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CHEMICAL PROCESS 
RESEARCH AND DEVELOPMENT PROGRAM 

INTRODUCTION 

The Chemical Process Research and Development 	is difficult, but necessary to permit development of 
Program has four main projects applying chemistry 	appropriate solvents for their removal. LBL studies 
and chemical engineering to problems in the produc- 	have successfully examined simultaneous solvent 
tion of unconventional new fuels, their environmental 	extraction in removal of ammonia and acid gases by 
impact, and energy storage. These projects are: 	 stripping. 

Production of synthetic fuels, predominantly 
by coal liquefaction 
Processing of effluent gases and liquids 
resulting from such synthetic-fuel produc-
tion, to provide acceptable waste or recycle 
streams 
Production of liquid fuels from biomass 
El ectrochemical energy storage. 

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

The first project is the liquefaction of coal. Selec-
tive hydrogenation achieves a substantial conversion 
of coal to liquid at moderate temperatures. Homo-
geneous metal-organic catalysts have interesting 
selectivities with respect to their ability to promote 
different types of hydrogenation and cracking 
involved in liquefaction. Another aspect of this work 
involves examining metal impurities in fossil fuels, 
especially crude petroleum and shale oil. These 
impurities have been shown to be métallo-organic 
compounds. Their isolation and identification is 
necessary if means are to be devised to separate 
them from the fossil fuels. One approach is to use 
metal-organic complexing to separate these impuri-
ties. 

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, partic-
ularly solvent extraction and stripping, to remove 
organics. Identification of the contaminating organics 

The conversion of biomass to liquid fuels has been 
an area of considerable research and deveIopment 
within the Chemical Process Program over the past 
several years. Two main approaches have been 
taken. The first is the liquefaction of biomass and 
peat. A bench-scale continuous liquefaction unit has 
been developed to evaluate the process steps and to 
determine the relevant engineering parameters and 
optimal conditions for reduction of the biomass with 
synthesis gas or H2-00 mixtures. Catalytic hydroge-
nation has been used to increase the value of the 
product oils. The second approach is the biological 
conversion of wood and agricultural residues to 
ethanol. An enzymatic hydrolysis of these cellulosic 
materials has been developed to yield monomeric 
hexose and pentose sugars. These can be subse-
quently 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 examined. 

The electrochemical energy storage program pro-
vides research to develop advanced battery systems 
for electric vehicle and stationary energy storage 
applications; General problem areas include 
identification of new electrochemical couples for 
advanced batteries, determination of technical feasi-
bility of the new couples, improvements in battery 
components and materials, establishment of 
engineering pri nci pies applicable to el ectrochemical 
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. 
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CHEMICAL LIQUEFACTION OF BIOMASS 

THE DIRECT LIQUEFACTION OF BIOMASS* 

H. G. Davis, C. Figueroa, R. Gansley, 
L.L. Schaleger, and D. Watt 

The usual objective of synthetic liquid fuel pro-
grams has been the production of high-quality distil-
late fuels. This has not been the case with biomass 
(primarily wood) liquefaction. Here the product that 
arises most readily is a heavy, bituminous material, 
pumpable as a liquid but generally suitable only as 
boiler fuel. Because of a high content of oxygenated 
compounds, there have been fears (not always war-
ranted) about its stability and corrosiveness. 

The advantages of this crude' product over raw 
biomass as a fuel lie in its effective densification 
(improvement in heating value per unit weight and 
per unit volume), dewatering, and conversion into a 
form that can be stored and pumped as a liquid. 
However, we currently question whether this product 
is valuable enough to justify commercial develop-
ment. 

Revamping the liquefaction program to focus on 
the goal of a distillate fuel has been difficult for both 
technical and economic reasons, but as the Biomass 
Group's FY 1982 program progressed, elements of a 
possible process appeared. Besides discussing our 
success in defining the limitations and possibilities of 
previously tested liquefaction processes, we will 
present the new approach, primarily as a basis for 
future effort. 

ACCOMPLISHMENTS DURING FY 1982 

In FY 1982, our continuous liquefaction unit (CLU) 
was operated successfully to obtain operating condi-
tions and product-yield distributions for the LBL, or 
water-slurry, liquefaction process. By comparing 

This work was supported by the Assistant Secretary for Conservation and 
Solar Energy, Office of Solar Applications for Industry, Biomass Energy Sys-
tems Division of the U.S. Department of Energy under Contract No. DE-
AC03-765F00098 and was funded through Battelle Pacific Northwest Labora-
tory, Lead Laboratory for the U.S. Department of Energy, Biomass Energy 
Systems Division, Thermochemical Conservation Program under Contract No. 
DE-At06-76RL01830.  

these results with those for the PERC, or wet-oil recy-
cle, process, we established the strengths and fail-
ings of the two approaches. As the year progressed, 
however, we were more and more impressed with the 
disadvantages of both processes. We also explored 
the use of solvolysis (dissolution of wood by appropri-
ate solvents), studied since 1979.1-5  We outlined a 
process based on this approaoh and studied some of 
its key elements through batch experiments. 

Our ability of characterize the products of liquefac-
tion improved considerably. We modified the SESC 
technique6  of sequential elution, which we adapted to 
biomass oils in 1981, to improve speed and reproduci-
bility. 7  It is proving to be a useful tool for following 
product changes that result from changes in opera-
tions. We have also applied various forms of high-
performance liquid chromatography (HPLC) to 
improve our characterization of water-soluble pro-
ducts, molecular-weight distributions, and other 
features. 

Comparison of CLU and PERC Operations 

The operation of the CLU and its results have been 
described in detail in several publications. 810  We 
give here only a brief summary of the findings, com-
paring them with those for the wet-oil recycle pro-
cess. 

At best—from Douglas fir wood with product 
oils having oxygen contents of 15-16%-- the 
yield distribution by the water-slurry process 
is as follows: oil, 40% by weight; water-
soluble organics (about half carboxylic acids 
or their anions), 25 wt.%; 002  and water, 35 
wt.%. If char forms, the oil yield is reduced 
further. On the basis of data from the 
Albany process development unit (PDU), the 
oil-recycle or PERC process can result in 
53% oil, 8% water solubles, and 39% CO 2  + 
water. The differences are the result of the 
high recycle of product oil, especially 
product-water solubles, and of the high ratio 
of oil to water in the PERC process. 
Aspen is a better raw material or substrate 
than Douglas fir. Oil yields can be about 
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10% higher and water-soluble organic yields 
about 10% lower. . The oil product is more 
fluid and contains less oxygen at comparable 
seventies (e.g., 13 wt.% vs. 16 wt.%. 
Little or no réducing.gas is consumed in the 
water-slurry process—again in contrast to 
the PDU-PERC result. Hence the gas can be 
CO, H2 , synthesis gas (syngas), or probably. 
an  inert gas like nitrogen. 	CO-steam 
liquefaction is largely pyrolysis under a pres-
sure of steam and a reducing gas. 
In the range studied (initial aqueous slurry 
-6 to 9), pH made little difference in pro-
duct distribution, except to affect the yield 
of formic acid. 

. About 350-360°C with about 20 minutes 
reaction time is a good operating range. 
.Above 360°C, there is a danger of slurries 
going. dry as the critical temperature and 
pressure of water are approached. 

The CLU has now been modified so that slurry pyro-
lysis, catalytic hydrogenation, with either a trickle bed 
or a CSTR, or a modification of the äriginal CO-steam 
can be studied as needed. 

Observations on LBL and PERC Processes 

Our observations on the state of the existing 
processes come from our own CLU studies (single-
pass water-slurry or LBL process) and from a careful 
review of the Albany, Oregon, PDU (wet-oil recycle or 
PERC) operation. (The PDU was operated for DOE by 
Rust Engineering.) Data on Rust Engineering's 11 ' 12  

Test-Run 12 (TR-12), supplemented by additional data 
from Rust, were statistically analyzed. We were able 
to reach credible atom balances for a range of reac-
tion seventies. 

The results of this study verify Rust Engineering's 
experimental oil yield of 53%. They indicate that, 
over the full range of temperatures used by Rust, 
yields and consumption vary as follows: 

• 	oil-53 wt.% to 51 wt.% 
• 	H20-7% to 8% 
• 	CO reacted-0.3 mol/100 lbs wood feed to 

0.6 mol 
• 	Water-soluble organics-9% to 7% 
• 	CO shifted to CO2--1 .2 mol/100 lbs wood 

feed, independent of temperature, but 
dependent on CO/wood ratio. 

This yield distribution is better than that we found 
with the water-slurry process. The cost of obtaining 
this improvement, however, is great. These costly 
steps are required: 

• 	Grinding of wood feed to flour 
• 	Drying of wood 
• 	High recycle of product oil (in TR-12, on the 

order of 19 parts recycled for each part new 
oil generated). 

• 	High recycle of water and water-soluble 
organics. 

• 	Substantial usage of CO (0.5 mol!100 lbs 
feed = 179 scf/100 lbs ,, 1300 scf/barrel oil 
produced). 	 ' 

• 	Shift reaction that converts -3100 scf/bbl 
CO to hydrogen. 

Our general conclusion is that the oil-recycle pro-
cess is operable on the basis of the TR-12 results, 
and that the water-slurry process probably can be 
made operable on 'the basis of our CLU work. But 
economic or commercial feasibility of either route 
cannot be achieved without great and far from obvi-
ous improvements. TR-12 demonstrated the operabil-
ity of several necessary components of an' ultimate, 
process—notably the 'ability to heat the oil-wood mix 
to 360-370°C in a direct-fired preheater and the sta-
bility of the oil during recycle. But a much better 
process than either PERC or LBL is needed. 

Characterization of Products 

Methods developed during FY 1981 were applied 
throughout the year to characterize our products and 
follow changes in variables. 

The SESC (sequential elution by solvent chroma-
tography) 13  procedure was especially valuable. A 
substantial improvement in its speed and reproduci-
bility . was obtained by applying the recently 
developed' "flash chromatography" technique. By 
this method, a whole, crude biomass oil product is 
divided into 8 (sometimes 9) fractions, mainly accord-
ing to polarity. The reproducibility of the modified 
procedure is shown by the results of Table 1. In a 
reàent publication, 7  we give detailed discussion of 
the method and the results found with our products. 

Several high-performance liquid chromatography 
(HPLC) techniques were developed or improved dur- 
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Table 1 	SESC fractionation of TR-7 oil. 

Fraction 
Amount 	Std. 

(%) 	0ev. 

F1,2 15%Benzene-hexanes 3.5 ±0.4 

F3 Chloroform 16.8 ± 2.3 

F4 6% Ether-chloroform 44.1 ± 3.7 

F5 4% Ethanol-ether 21.2 ± 3.0 

F6 Methanol 6.5 ± 1.3 

F7 4% Ethanol-CHCI3  1.0 ± 0.4 

F8 4% EtOH-THF 2.5 ± 1.7 

F9 HOAc 4.2 ± 0.6 

ing the year. With size-exclusion chromatography 
(HPSEC), we obtained, molecular-weight distributions 
of our product samples. With ion-exchange chroma-
tography (HPIEC), we obtained quantitative yields of 
the light carboxylic acids and ions. Using Douglas fir 
as substrate, we found that one such acid, glycolic, 
was the largest single product of the reaction. 

Proposed Use of Solvolysis 

We have developed 14  a conceptual schematic of a 
process based on solvolysis (Fig. 1). Biomass feed, 
with only incidental drying or grinding, is heated with 
a phenolic recycle oil at about 240°C. Separated 
water, if any, is removed by decantation, and the sol-
volysis product—effectively a solution of the biomass 
in recycle oil—is catalytically hydrogenated, or other-
wise partially depolymerized at temperatures around 
360°C. 

The final product is distilled, at atmospheric pres-
sure if possible, or under some variation (2:50 mm 
pressure). The overhead material is the product. 
This is further stabilized by hydrdgenation to remove 
reactive oxygen groups like carboxyl and olefinic dou-
ble bonds. If necessary for the end use, phenol 
hydroxyl is converted to ether by alkylation. 

The kettle product is the recycle solvolytic agent. 
If insolubles (chars) are formed in the process, the 
kettle liquid must be drawn off and used as fuel or 
gasifier feed. 

Preliminary experiments have been carried out with 
several forms of biomass. 14  They indicate that 
lower-boiling material is indeed formed during 
hydrogenation, oxygen content is reduced, and the 
product remains a solvolytic agent. But a large 
amount of research needs to be done. 

2 

Wet biomass 
feed 

Solvolytic reactor 

Product 
oil 

Process fuel 

Oil/water 	Hydrogenation 	Flash 	vacuum 
separator 	unit 	 tank 	distillation 

High pressure 	
column 

feed pump 

Figure 1 Schematic of solvolysis/ hydrogenation process. 	 (XBL 827-7096) 
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PLANNED ACTI VITIES FOR FY 1983 5. Davis, 	HG., 	et 	al. 	(1981), 	Research 	and 

(1) 	We will institute basic studies of the chemis- 
Development Activities on Direct Liquefaction 

try of solvolysis, using such model feeds as 
Technology, April-June 1981 	Quarterly Report, 

wood components (cellulose, xylan, 	lignin), 
Lawrence Berkeley Laboratory Report LBID-426. 

ligñin monomers, glucose, etc. 	Phenol will 
6. Schaleger, L.L., and Davis, H.G. (1982), 	"Pro- 

be used as a model solvolytic agent, but 
gress in the Characterization of the Products of 

recycle oils must also be studied. 
Direct Liquefaction of Douglas Fir," presented 

(2) 	The chemistry of catalytic hydrogenation of 
at the Workshop/Review Meeting on Biomass 

(a) crude solvolytic product and (b) distillate 
Liquefaction 	Research, 	National 	Research 

from the product of primary hydrogenation 
Council of Canada, Saskatoon, Saskatchewan, 

will be studied. 	Commercial hydrogenation 
February 	16-17, 	1982, 	Lawrence 	Berkeley 

and hydrocracking catalysts will be tried as 
Laboratory Report LBL-14017. 

well as cheap homemade catalysts like pre- 
7. Davis, 	HG., 	et 	al. 	(1982), 	The 	Products of 

cipitated, high-surface-area iron sulfide. 
Direct Liquefaction of Biomass," presented at 

Basic studies of the roles of the water-gas 
the International Conference on Fundamentals 

shift reaction and of formate ion and formàte 
f o 	Thermochemical Biomass Conversion, Estes 

esters in the chemisfry of reduction by car- 
Park, Colorado, October 18-22, 1982, Lawrence 

bon monoxide will be performed. 
Berkeley Laboratory Report LBL-15143. 

The possible role of supercritical solvents in 8. Figueroa, C., Schaleger, L.L., and Davis, H. G. 

solvolysis, 	liquefaction, 	or 	product 	separa- 
(1981), 	LBL Continuous Bench-Scale Liquefac- 

tion 	will 	be 	investigated. 	This 	should 
tion Unit, Operation and Results,' 	presented at 

include fundamental phase-rule studies with the 	6th 	Annual 	Conference 	on 	Energy from 

model compounds. Biomass and Wastes,Lake Buena Vista, Florida, 

(5) 	The organic chemistry of upgrading the dis- January 	25-29, 	1982, 	Lawrence 	Berkeley 

tillate product, 	e.g., 	of alkylation with fuel- Laboratory Report LBL-13709, 

grade methanol or ethanol, will be studied. 9. Davis, 	HG., 	Figueroa, 	C., 	Kloden, 	D., 	and 
Schaleger, L.L. (1982), Research and Develop- 
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FUELS FROM BIOMASS BY BIOCHEMICAL PROCESSES 

BIOCONVERSION OF CELLULOSE* 

H. W. Blanch, C.R. Vt41ke, A.F. Sciamanna, 
K. Murphy, D. Wiley, and H. Wong 

STUDIES OF THE MECHANISM AND 
KINETICS OF CELLULOSE HYDROLYSIS 

Most studies of enzyme kinetics have been con-
cerned with homogeneous systems: the action of 
soluble enzymes on soluble substrates. The minority 
of studies focusing on heterogeneous systems have 
largely been confined to the action of insoluble 
(immobilized) enzymes on soluble substrates. Much 
less research has looked at soluble enzymes on inso-
luble substrates. The enzymatic hydrolysis of cellu-
lose falls in this latter area. Its interest is thus both 
practical (for its applications in saccharification tech-
nology) and theoretical (as an investigation into this 
lesser-known area of enzyme kinetics). 

The kinetics of enzymatic hydrolysis of cellulose 
depends on the structural features of cellulose, the 
nature of the enzyme system, and the interaction of 
substrate and enzyme. Structural features pertinent 
to the development of a model for cellulose hydro-
lysis include particle size and degree of crystallinity. 
These influence both the surface available for 
enzyme binding and the rate of reaction, since amor-
phous regions are degraded readily, while hydrolysis 
of crystalline regions proceeds only slo1y. The 
nature of the cellulase system is described by the 
relative amounts of the constituent enzymes- 

endogl ucanases, exogi ucohydrolases, cell obiohydro-
lases and /3-glucosidases. The interaction of sub-
strate and enzymes includes adsorption, reaction, 
and product-inhibition phenomena. Development of a 
mechanistic model incorporating all three groups of 
factors is the objective of this work. 

Accomplishments During FY 1982 

The scheme for the purification of components of 
the ceHulase complex obtained from Trichoderma 
reesei has been modified (Fig. 1). In this scheme, 
changes were made in the composition of eluting 
buffers to optimize the separation, and steps were 
added to remove salts that interfered with separation. 
Results of the ion-exchange step (the second step of 
the purification scheme shown in Fig. 1) appear in 

RAW CULTURE FILTRATE 
TIRIHRMA REESSI 

LLTRAFILTRATION. 

ION.EXc*lAti3E 
CI-WOMATONRAPHY 

LYPI-I1LIZATION, LYOPHILIZATION, LYOPHILIZATION. 
RESLISPENSICPI 

I 
RESUSPENSION RESUSPENSION 

CATIONEEXCK4NGE 
1 

GEL PERMEA11ON GEL PERMEATION 
I 

CI-WOMATOGRAPHY CI-WOMATOGRAPHY 

I 
CI-WCMATOGRAPHY 

PURIFIED PURIFIED 
I, 

PURIFIED 
GLUCO5DASE ENtIOCLUCM.JASE CELLOBIcEffDRIXASE 

PURIFICATION OF CELLLLASE COMPONENTS 

lhis work was supported by the Director of Energy Research, Office of 
Basic Energy Sciences, Division of Chemical Science of the Department of 	 Figure 1. Purification of cellulase components. 
Energy under Contract No. DE-AC03.76SF00098. 	 (XBL 8111-1252913) 
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Fig. 2. Gel permeation chromatography of the cello-
biohydrolase has demonstrated that this component 
was purified to homogeneity. 

Planned Activities for FY 1983 

Determination of Langmuir isotherms for the 
adsorption of purified endoglucanase and purified cel-
lobibhydrolase, separately and in varying proportions, 
is the first step in developing a model to describe the 
interaction of these enzymes from T. reesei. 

Kinetic and inhibition constants for the action of f-
glucosidase and association constants for glucose-
endoglucanase and cellobiose-cel lobiohydrolase will 
be obtained from kinetic studies on the action of /3-
glucosidase in the presence of variable amounts of 
cellobiohydrolase, endoglucanase, cel lobiose, and 
glucose. This will characterize the homogeneous 
reactions in enzymatic hydrolysis of cellulose and, in 
conjunction with adsorption data; will comprise the 
kinetic model being devised. 

FUNDAMENTAL STUDIES OF HIGH-
PRODUCTIVITY FERMENTATI ONS: YEAST 
NUTRITION 

A basic study of nutrient requirements fOr yeast fer-
mentation of sugars to ethanol is important because 
nutrients are a significant part of ethanol production 
costs and because complex sources such molasses 
and corn-steep liquor provide many of the minerals, 
the growth factors, and the major effects of ethanol-
producing processes in media. 

Up to now, little effort has been devoted to defining 
the active components of these complex sources in 
yeast fermentation and to defining their optimal ratios 
for a balanced medium. A balanced medium will 
eliminate the cost of excess components and prevent 
their inhibitory effects on build-up in recycle 
processes with selective ethanol removal. Batch and 
continuous fermentations are therefore being carried 
out with synthetic and semisynthetic media to define 
quantitatively how all major media components are 
used for cell growth and ethanol production. 

— Endo- glucanase 

d._Cellobio-
hydro lose 

Soluble 
Protein 

g/D 

5 

Fraction number 

Figure 2. Ion-exchange chromatography of cellulase com- 
ponents. 	 (XBL 8111-1 2529A) 

Accomplishments During FY 1982 

The most important growth factors were identified 
in batch fermentation, and continuous cultures were 
used to determine the optimum levels of all medium 
components in ethanol fermentation. The case con-
sidered was a medium with only 10-15 g/l glucose to 
eliminate the effects of ethanol inhibition and glucose 
inhibition on the medium requirements. 

A novel procedure extending developments by 
Nateles and Battat was employed. Each medium 
componentis made the limiting substrate in terms of 
cell and ethanol yields. The limiting nutrient is first 
determined by observing which component, when 
injected as a concentrated pulse directly into the fer-
mentor, produces a transient increase in cell mass or 
ethanol. The yields of cell mass and ethanol with 
respect to the limiting nutrient can then be deter-
mined from the known continuous or steady-state 
feed rate of the limiting nutrient and from the known 
productivity rates of cell mass and ethanol prior to 
the injection. When this limiting nutrient is found, its 
concentration in the feed reservoir, which has been 
feeding at a steady-state dilution rate, is increased 
so that the nutrient is no longer yield-limiting up to a 
given level of cell mass and ethanol. This component 

ii 
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can then be eliminated from further testing while the 
next component in the chain is made yield-limiting. 

The minimal medium (no vitamins added) showed 
low cell and ethanol productivities with only about 
one-third of the available glucose consumed. Biotin 
added as a pulse gave a very positive response; 
when added continuously to the feed, it increased 
cell and ethanol productivities about three times. 

Pantothenic acid was the next growth factor to 
show a positive pulse response after the biotin 
requirement was met. In fact, previous studies had 
shown that unless the biotin requirement was met 
first, pantothenic acid and pyridoxine did not show 
positive responses, which implies that biotin is 
needed for a critical reaction before pantothenic acid 
or pyridoxine can be utilized in subsequent reactions. 
The addition of pantothenic acid to the feed medium 
increased ethanol and cell production to the point 
where the glucose was almost entirely consumed so 
that the glucose itself became the limiting substrate. 

Pyridoxine produced positive pulse and steady-
state responses. A combination of thiamine, inositol, 
nicotinic acid, and p-aminobenzoic acid was pulsed 
into the fermentor with a positive response. After 
steady state was re-established, thiamine was pulsed 
with a positive response. However, the steady-state 
response to thiamine addition to the feed showed no 
significant change. Subsequent injections of the rest 
of the combination—inositol, nicotinic acid, and p-
aminobenzoic acid—to the fermentor also showed no 
response. Yeast extract then gave a positive pulse 
response, indicating there were still nutrient limita-
tions. 

To observe the growth-limiting concentrations of 
the nutrient minerals, the medium was diluted to 10 
g/l glucose and to two-thirds of the previous minimal 
and growth-factor concentrations for this glucose 
level. An injection of a mineral mixture gave a posi-
tive response, as did a subsequent injection of 
(NH4 ) 2SO4, which indicated that it was the limiting 
component responsible for the earlier positive 
response. The steady-state response for (NH 4)2SO4  
addition to the feed showed a significant cell 
increase but a smaller ethanol increase. 

With a recycle process that can produce high cell 
densities, high specific ethanol productivity will result 
in high total productivity. However, the cost of 
ethanol production will be largely determined by its 
yield with respect to its sugar substrate. Sugar  

should therefore be made the limiting substrate. This 
requires that the usage or, inversely, the yield of 
ethanol with respect to all other medium components 
must be known so that they will not become limiting. 

Planned Activities for FY 1983 

Future work will be directed at scale-up of the low-
glucose, low-ethanol conditions to higher glucose 
(100 gIl) and correspondingly higher ethanol. As a 
basis for comparison, yeast extract as a general 
nutrient source will be studied at varying concentra-
tions. Then the effects of varying individual mineral 
and vitamin concentrations in a highly synthetic 
medium and in a semisynthetic medium with an inex-
pensive complex component—for example, corn-
steep liquor—will also be investigated. Finally, when 
we have determined the usage requirement of each 
medium component from studies of synthetic or 
highly synthetic media, the best composition of the 
inexpensive complex component of the medium, and 
all costs, we will then determine the optimum blend 
of components for the medium through a linear pro-
gram. This program can be used to give the econom-
ically optimum medium as prices change for various 
components. 

MODELS OF YEAST GROWTH, ETHANOL 
PRODUCTION, AND OXYGEN UPTAKE 
UNDER FERMENTATION CONDITIONS 

Under aerobic conditions, yeast demand for oxygen 
can be determined from the overall reaction for aero-
bic growth given by Harrison 2 : 

0.55556C6H1204  + 0.30017 NH3  + 1.45729 02 

	

100.00 g 	 5.10 g 	46.63 g 
(1) 

0.30017 C611 1003N + 2.28276 H20 + 1.53234 002 

	

43.23g 	41.08g 	67.42g 

Almost all of the oxygen consumed by this reaction 
goes into the catabolic function of respiration as the 
terminal electron acceptors Jn oxidative phosphoryla-
tion. This use of oxygen for respiration is well under -
stood and large enough to be easily measured. 

However, oxygen is also required for less well 
understood biosynthesis under both aerobic and fer- 
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mentative conditions. It has been shown repeatedly 
that complete anaerobiosis results in very low cell 
and ethanol productivity. 34  Adding both ergosterol 
and unsaturated fatty acids to the medium gives rela-
tively high cell yields even under anaerobiosis. 2  This 
suggests that oxygen is required for the synthesis of 
ergosterol and unsaturated fatty acids. Both are 
important components of, yeast lipid, the bulk of 
which is required for cell membranes. However, the 
biosynthesis requirement for oxygen is very low and 
difficult to measure. It is even ignored by Harrison 2  
in his overall reaction for fermentation: 

0.55556C6H1206  + 0.01214 NH3  - 

100.00 g 	 0.21 g 

0.01214 C6H 1003N + 0.05697 C3H803  

	

1.748g 	 5.241 g 

+ 0.01204 C411604  + 0.00071 C4H100 	 (2) 

	

1.42g 	 0.05g 

+0.01164H20 + 1 . 03076002 

	

0.21 g 	 45.32 g 

+ 1.00380 C2 1160 

46.17g 

The objective Of this research was to determine the 
fermentative oxygen requirement and its relationship 
to cell and ethanol productivities. 

Accomplishments During FY 1982 

All yeast fermentations are linear combinations of 
the approximate reactions (1) and (2) of Harrison. 
Thus it is possible tocalculate the fermentative oxy-
gen demand by measuring the total oxygen uptake 
and subtracting out the oxygen uptake from aerobic 
growth. The relative extent of aerobic growth to fer-
mentation can be determined from the respiratory 
quotient, which is the ratio of the áarbon dioxide evo-
lution rate to the oxygen consumption rate. 

Using a continuous culture, we determined the car -
bon dioxide evolution rate by measuring the total gas 
outlet rate from the fermentor and by measuring its 
CO2  composition by gas chromatography. The oxy-
gen consumption rate was measured by the dynamic  

method described by Taguchi and Humphrey. 5  This 
method requires measuring the dissolved oxygen con-
centration (DO.) in the fermentor as a function of 
time with a dissdlved oxygen probe. After a steady-
state D.O. is reached, the gas inlet containing the 02 
source is turned off. The slope of the D.O. decline 
gives the 02  consumption rate. A typical trace is 
shown in Fig. 3. The initial steady D.O. level is 
varied by changing the agitation rate. 

The yeast metabolism is assumed to be still 
predominantly fermentative even with the D.O. raised, 
mainly because of glucose repression of respiration 
and also because of the short time exposure to the 
higher D.O. level in some cases. According to 
Suomalainen, Nurminen, and Oura, 6  glucose concen-
trations over 50-100 mg/I result in a mainly or partly 
fermentative metabolism, even with intense aeration. 
Ferdouse et al. 7  observed that mitochondria and 
aerobic cytochromes appeared in yeast between 3 to 
6 hours after the transition from anaerobiosis to aeró-
biosis in the presence of only 0.02 to 1.66 mM glu-
cose. 

The maximum possible specific oxygen consump-
tion rate for a given specific growth rate is q02  max. 

However, it is achieved only when the dissolved oxy-
gen concentration is high enough to provide sufficient 
driving force for transport or for reaction, whichever 
is rate-limiting. The linear relationship in Fig. 4 
between q02  max and the dilution rate implies that a 

constant quantity of oxygen is used per unit yeast 

Air off 	Air on 
25rpm 600rpm 

FOilutiono te 313 hr 

8 	 6 	 4 	 2 	 0 

Time  

Figure 3. Typical dissolved oxygen trace for q02 'and KLa. 
(XBL 822-5278) 
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Figure 4. Maximum specific oxygen consumption versus 
dilution rate. 	. 	 (XBL 822-5286) 

from measurements of the gas-phase oxygen concen-
tration, fermentor mass transfer characteristics for 
oxygen will be studied. In particular, the effects of 

002 on the degree of mixing in the gas phase will be 
examined. 

Other environmental effects to be studied further 
are the inhibition of glucose, ethanol, and carbon 
dioxide. Glucose inhibition will be studied in batch 
culture with initial concentrations from 100 g/l to 400 
gil. The ethanol inhibition study will first check 
Bazua's model 8; the inhibition effects of the previ-
ously minimal medium supplemented with biotin, pan-
tothenic acid, pyridoxine, and thiamine will then be 
determined. The effect of carbon dioxide will be 
examined at concentrations from about 10% to about 
90% by volume in the fermentor headspace. 

mass. This relationship can best be quantified as fol-
lowS: 

q02  max (hr) = 0.0175 + 0.140 X 

dilution rate (hr 1 ) 

The slope of this equation implies that 0.140 g 021g 
cells is the maximum required for growth for dilution 
rates up to 0.39 hr 1 . The intercept gives the mainte-
nance requirement of 0.0175 g 0 2/g cells/hr. 

Planned Activities for FY 1983 

Other Models of Yeast Growth and Ethanol Production 
Future work will be directed at explaining the 

unaccounted-for use of oxygen during fermentation 
and investigating the transport mechanism for oxygen 
into the cells. Preliminary calculations indicate pas-
sive diffusion is sufficient to satisfy oxygen require-
ments for the fermentative conditions used. 

In addition to studying the effects of oxygen 
uptake, the effects of varying dissolved oxygen ten-
sion will be studied to determine if there is an 
optimum value for maximum ethanol productivity and 
yield. The dissolved oxygen range to be studied will 
be from below the detectable limits of current probes 
to the toxic levels much above atmospheric condi-
tions. As a method for determining dissolved oxygen 

By-Product Inhibition in Cell Recycle and Vacuum 
Fermentation 

Inhibition by secondary fermentation products may 
limit the ultimate productivity of glucose in ethanol 
fermentation processes. 9  New processes are under 
development whereby ethanol is selectively removed 
from the fermenting broth to eliminate ethanol inhibi-
tion effects, but these processes can concentrate 
minor secondary products to the point where they 
become toxic to the yeast. Vacuum fermentation 
selectively concentrates nonvolatile products in the 
fermentation broth; membrane fermentation systems 
may concentrate large molecules that are sterically 
blocked from membrane transport; and extractive fer-
mentation systems, employing nonpolar solvents, may 
concentrate small organic acids. Production rates 
and inhibition levels in continuous fermentation with 
Saccharomyces cerevisiae have been determined for 
many by-products, including acetaldehyde; glycerol; 
formic, lactic, and acetic acids; 1-propanol; 2-
methyl-i -butanediol; and 2, 3-butanediol, to assess 
their potential effects on new fermentation processes. 
Mechanisms for the various inhibition effects 
observed were proposed. These mechanisms will be 
described in forthcoming publications. 
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PRODUCTION OF SUGARS FROM 
CELLULOSE * 

C.R. Wilke, H. W. Blanch, N. Hendy, 
B. Maiorella, A. Mancuso, K. Murphy, 

S. Orichowskyj, and A. Sciamanna 

This research has focused on the hydrolysis of hg-
nocellulosic materials to sugars and their subsequent 
fermentation to ethanol and other fuel-grade chemi-
cals. Applied 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 continu-
ous ethanol removal and recovery process, as well as 
alternative methods of fermentation to ethanol, have 
also been studied. In all this work, the economic 
impact of each process change is evaluated. 

ACCOMPLISHMENTS DURING FY 1982 

Process Development Studies 

Enzymatic Hydrolysis of Corn Stover 
The hydrolysis of acid-treated corn stover with cel-

lulase from Trichoderma reesei Rut-C30 was 

This work was supported by the Assistant Secretary for Conservation and 
Solar Energy of the U.S. Department of Energy under Contract No. DE-AC03-
765F00098 and by the Solar Energy Research Institute under Contract No. 
DR-0-9058-1. 
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evaluated. 1  Experiments were conducted with sub-
strate concentrations of 5% to 25% by weight, 
enzyme activities of 0.5-7 International Units (lU) per 
milliliter, and residence times of 28-48 hours. The 
maximum conversion of available carbohydrates to 
fermentable sugars was 55% at a cellulase activity of 
25-30 IU/g; Optimum cellobiase activity for minimum 
cellobiose production was approximately 1 .8 cello-
blase units to 1 filter paper activity (FPA) unit. 

Hydrolysis experiments with steam-exploded corn 
stover, however, led to a maximum conversion of 
80%, significantly higher than the results obtained for 
acid-treated substrate. In addition, steam-exploded 
corn stover was shown to be a suitable carbon source 
for growth of T. reesei in submerged cultures. 

Computer-aided., process evaluations were 'con-
ducted for several processing alternatives, including 
steam explosion or dilute-acid pretreatment;' equili-
brium solid-liquid contacting or ultrafiltration for 
enzyme recovery; and batch, continuous, or continu-
ous with cell-recycle culture for enzyme production. 
With dilute-acid-pretreated materials, glucose may be 
produced for 12-22 cents per pound at corn stover 
costs ranging from $0 to $30 per ton. This constitutes 
a 33% reduction over previous, processing schemes 
employing cellulase from T. reeséi QM9414. Enzyme 
production is the single most expensive processing  

step, accounting for 40% of processing costs. Prel-
iminary evaluation of processing with steam-exploded 
corn stover leads to a glucose cost, of 10-15 
cents/pound for corn stover costing $0430 ton, with 
further improvement possible. The dominance of 
raw-material costs, however, tends to dampen the 
effect of process improvements on the cost of 
manufacturing ethanol. 

Economic Evaluation of Alternative Fermentation 
Processes.... 

A computer package (FERMEC) was developed, 
this being a comprehensive library of routines for the 
design and evaluation of alternative fermentation 
schemes. These schemes are compared on identical 
bases, using a single kinetic model of fermentation 
(based on the data of Bazua2) and identical economic 
assumptions. . The entire fermentation plant, i nd ud-
ing feed preparation, fermentation, distillation, stil-
làge processing, and feed and product storage is 
designed and costed (Fig. 1). 

With this computer, package, optimized designs 
were developed for batch, simple-continuous, series-
continuous, plug flow, tower, cell-recycle, 
immobilized-cell fermentations, and fermentations 
coupled with selective ethanol removal processes. A 
high fermentor-cell density is most important for 
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achieving reduced costs. Excluding the selective 
ethanol removal processes, the recycle and tower fer-
mentor processes are the most favorable, with similar 
economics. For ethanol produced from molasses 
containing approximately 50% fermentable sugars and 
priced at $85/ton, with a credit for yeast of 11.4 
cents/kg and a 15% after-tax return on investment, 
the minimum charge is 48.2 cents/I, compared to 
52.8 cents/I for the optimum conventional ..batch 
design. 

For a selective ethanol removal, process with a high 
separation factor (such, as flash fermentation), the 
charge for ethanol, excluding the separator cost, is 
reduced to 42.9 cents/I, for a saving of 5.4 cents/I, 
the maximum achievable with a separator of the 
specified characteristics. This results not primarily 
from a' reduction in fermentation or distillation costs, 
but from a reduction in the cost of auxiliaries such as 
stillage handling. If a dilute sugar source (sUch as 
glucose hydrolyzate) is used' instead of molasses, 
then the cost of, feed concentration offsets these sav-
ings. 

With' the FERMEC package, we evaluated possible 
iermthtation cost savings from the use of genetically 
modified fermentation organisms. The yeast 'microor -
.ganism Säccharomyces cerevisiae (ar anamensis), 
grown in continuous culture with centrifuge recycle, 
was taken.. as' a base case. We then used the 
economic model to assess the cost savings if each of 
four kinetic parameters could be raised by 15% 
through 'organism improvement techniques. 

The results indicate sthat the greatest cost savings 

would , be achieved by developing, high-yielding, 
ethanol-tolerant organisms.. A very high fermentation 
rate is of only secondary significance. The bacterium 
Zymomonus mobilis should be of ,particular interest 
because of its high product yield (approaching 0.49 

Documentation of the FERMEC package for use by 
other groups in evaluating alternative fermentation 
processes is nearing completion. 

Evaluation of the High-Pressure Hydrogen Chloride 
Process ,. 

Saturating wood particles with HCI gas under pres-
sure before subjecting the wood to dilute-acid hydro-
lysis was found to be an effective pretreatment—the 
glucose yield was doubled. The HCI gas makes the 
wood more susceptible to hydrolysis, which is other-
wise inhibited by the tight lattice structure of cellu-
lose., 

The saturation was most effectively performed in a 
fluidized-bed reactor, with pure HCI gas fluidizing 
equal volumes of ground wood and inert particles, as 
shown in Fig. 2. The fluidized bed effectively dissi-
pated the large amount of heat released upon HCI 
absorption into the wood. Batch reaction times of 
one hour at 314.7 psia gave, glucose yields of 80% 
and xylose yields of 95% after dilute-acid hydrolysis. 
A noncatélytic gas-solid reaction model, with gas 
diffusion into the solid as the rate-limiting step, was 
found to describe this HCI-wood reaction. 

F-tydrogen chloride formed a stable adduct with the 
lignin residue in the wood, in a ratio of 3.33 moles 
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per mole of lignin monomer. This resulted in a loss 
of 0.1453 pounds of HCI per pound of wood. The 
adduct was broken upon the addition of water. 

A process design and economic evaluation for a 
plant producing 214 tons. per day of glucose from 
ground and air-dried poplar wood (Populus tristi) gave 
an estimated glucose cost of 15,1 cents per pound. 
This would correspond to $2.54 per gallon of ethanol 
if the glucose were fermented. Key factors contribut-
ing to the cost of glucose production were 
unrecovered HCI, which contributed 5.70 cents per 
pound of glucose, and the cost of wood, which, at 
$25 per ton, contributed 4.17 cents per pound. 

Microbiological and Enzymatic Studies 

Production of Cellulase Enzyme from High- Yielding 
Mutants 

Economic studies of enzymatic hydrolysis of 
biomass have indicated that enzyme production alone 
accounts for some 40% of the cost of glucose pro-
duction from cellulosic material. To reduce the cost 
of enzymes, corn-steep liquor (CSL) has been investi-
gated and found to be an adequate replacement for 
the more expensive proteose peptone. CSL at 0.5% 
w/v adequately replaces 1 g/l proteose peptone. 

Two-stage continuous fermentation to increase cel-
lulase production was also studied. This process 
uses two vessels; for both, the optimum pH was 0 
and the optimum temperature was 28°C, and the 
incoming medium contained 20 g/l Solka Floc (finely 
ground, bleached white spruce). Maximum produc-
tivity was obtained at a dilution rate of 0.046 hr 1  in 
the first stage and 0.028 hr 1  in the second stage. 
This resulted in an exit stream containing 3.3 lU/mi of 
filter paper activity (FPA) at a productivity of 58 lU/l-
hr. The first stage, viewed separately, produced 2.1 
lU/mI FPA at a productivity of almost 100 lU/l-hr. The 
results are summarized in Fig. 3. 

Fed-batch' cultivation of the high-yielding fungus 
T. reesei Rut-C30 resulted in great improvements in 
cellulase productivity as well as enzyme activity. 
This mode of cultivation allows the use of high sub-
strate concentration without leading to the repression' 
effects and the agitation and aeration difficulties 
encountered with batch fermentation. The 
experiments were started as a conventional batch, 
process with an initial Solka Floc concentration of 20 
g/l. After 48 hours, Solka Floc was regularly added  

without exceeding a concentration of 20 gIl. In this 
manner, the total effective Solka Floc concentration 
was raised to as high as 150 gIl. Up to this limit, a 
proportional increase in cellulase production resulted. 
A maximum of 30.4 lU/mI FPA was achieved (the 
highest activity yet reported for this strain), with 47.6' 
gIl soluble protein at a high titre productivity of 206 
lU/I-hr and a maximum productivity of' 177 lU/I-hr. 
Further experiments will examine the upper limit of 
substrate concentration and the optimal conditions 
for enzyme production and activity by this very 
efficient cultivation procedure. 

Hydrolysis Reactor Development 

Enzyme Recovery in Cellulose Hydrolysis. The 
adsorption of cellulase enzymes on unconverted cel 
lulosic solids represents a large loss of enzyme, and 
hence increased glucose production costs. Alterna-
tive means to enhance the recovery of Rut-C30 cellu-
lase enzyme from corn-stover hydrolysis were investi-
gated. 

In one, several nitrogenous salts were introduced 
to the hydrolysis to maximize the fraction of 'enzyme 
remaining in solution. 4  Urea was then added to the 
enzyme solution at a concentration of 1 M, resulting 
in 65% retention of enzyme in the hydrolyzate, with 
about 35% remaining on the extracted residue, com-
pared to the usually observed 50 to 60% retained on 
the unextracted residue. For subsequent fermenta-
tion of the hydrolyzate, it is necessary to concentrate 
the sugar solution, which results in 5-7 M urea levels. 
However, at urea concentrations greater than 0.75 M, 
metabolic activities of Saccharomyces cerevisiae 
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were greatly inhibited. Therefore, addition of urea to 
the hydrolysis is not feasible. No economical means 
of removing the urea prior to fermentation was found. 

Among other alternatives investigated, counter-
current contacting of the solids results in an 
estimated 27% recovery of the enzyme entering the 
hydrolysis. A solids wash with concentrated urea 
solution recovers an estimated 35% of the enzyme 
entering the hydrolysis from the solids alone. 
Ultrafiltration was also evaluated. Because of losses 
attributed to the ultrafiltration units, the maximum 
enzyme recovery is estimated to be 56%. This alter-
native is marginally uneconomical because of exces- 
sive consumption of urea. Replacing the 
ultrafiltration units with precipitation of enzyme by 
acetone results in greater costs. 

It is concluded that the most economical alterna-
tive for enzyme recovery is countercurrent contacting 
of the hydrolyzate with fresh solids. This is discussed 
further below. 

Cellulase 	Recovery 	by 	Countercurrent 
Adsorption. This study evaluated countercurrent 
adsorption as a means of recovering enzyme from 
hydrolyzate. 5  Results from adsorption studies and 
hydrolysis experiments were used to design a system 
for enzymatic hydrolysis of steam-exploded corn 
stover that operated with two stages of counter -
current adsorption. Steam-exploded corn stover was 
selected because of the high conversions obtained 
(as much as 949/6) through enzymatic hydrolysis. 
Enzyme concentration determinations included 
refinement of the assays for filter paper, crystalline, 
amorphous, and cellobiase activities, as all of the 
enzymatic assays are inaccurate when a high concen-
tration of background sugars is present. To over-
come this problem, acetone precipitation can be 
used to separate enzyme from sugars. Standard 
curves were constructed for the recovery of enzyme 
after acetone precipitation. 

Studies to determine the effect of temperature and 
solids concentration on enzyme adsorption were per-
formed. The initial enzyme-to-substrate ratio was 25 
filter paper units (FPU) per gram solid. Adsorptions 
at 5.0 wt.% were observed at 15, 25, 35, and 45°C. 
In all four cases, adsorption decreased considerably 
within 5 to 10 minutes. At 30 to 45 minutes, 35% of 
the original filter paper activity remained in solution, 
regardless of temperature. Adsorption is greatest at  

low temperatures and low enzyme loadings. Enzyme 
is adsorbed quickly; most of the adsorption is com-
plete within 5 minutes. Steam explosion is superior 
to Wiley milling followed by acid treatment in increas-
ing the susceptibility of the substrate to enzyme 
attack. 

Adsorption of filter-paper activity, activity towards 
cotton, activity towards carboxymethylcellulose, and 
cellobiase activity onto steam-exploded corn stover 
were measured and modeled by a Langmuir isotherm. 
The enzyme responsible for activity toward cotton is 
adsorbed to the greatest extent. Adsorption of cello-
biase is weak. 

Glucose yields as high as 94% are achieved by 
enzymatic hydrolysis of steam-exploded corn stover. 
High conversions permit release of enzyme so that it 
may be recovered from the liquid. The glucose yield 
decreases with increasing solids concentration 
because of product inhibition by glucose and cellobi-
ose. 

A 10 wt.% suspension of steam-exploded corn 
stover was hydrolyzed with an enzyme loading of 25 
FPU/g at 45°C for 24 hours. Enzyme in the hydro-
lyzate was recovered by two stages of countercurrent 
adsorption, with each stage operated at 25°C for 45 
minutes. The make-up enzyme requirement, meas-
ured as filter paper activity, was 35% of that required 
for the control experiment (batch hydrolysis without 
enzyme recovery). Compared to the control experi-
ment, the release of filter paper activity and the rate 
of sugar production was considerably slower. This is 
attributed to poor recovery of cellobiase. 

A preliminary economic evaluation showed that the 
enzyme production cost can be reduced by 61% if 
enzyme is recovered by countercurrent adsorption. 
This includes the cost of operating the counter-
current adsorption system. 

Xylose Fermentation 

Xylose Utilization by Bacillus Macerans. The abil-
ity of B. macerans to ferment pentoses to ethanol 
was examined. 6  The organism was grown in a 
continuous-flow stirred-tank fermentor. In continuous 
culture at steady state, ethanol and acetic acid and 
acetone were produced. The organism was found to 
have a relatively high maximum specific growth rate. 
This maximum was higher than previously reported for 
B. macerans organisms. 
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Figure 5. Fermentation profile of Clostridium thermohydro- 
sulfuricum. 	 . 	( XBL 823-5405) 
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However, B. macerans had difficulty attaining and 
maintaining a steady state when grown in continuous 
culture. A perturbation of the conditions in the fer-
mentor, such as a step-change to a higher dilution 
rate, as shown in Fig. 4, or injection of a small 
amount of xylose into the fermentor, would cause 
growth to stop. Several days were required for the 
fermentor to return to normal. 

A possible explanation for this behavior is an 
interaction between the magnitude of the transmem-
brane pH gradient, the metabolic rate, and pro-
tonated acetic acid inhibition. At a constant external 
pH, a decreasing metabolic rate would cause the pH 
gradient to decrease; this would increase acetic acid 
inhibition, in turn causing the metabolic rate to 
decline further. This was enhanced by the strong 
dependence of cell yield on metabolic rate. A small 
decrease in metabolic rate would cause a large 
decrease in specific growth rate because cell yield 
would decrease. A satisfactory mathematical model 
of the growth and metabolism of B. macerans was 
constructed to test this hypothesis of an interactiOn 
between metabolic rate, pH gradient, and acetic acid 
inhibition. 

Although B. macerans grows rapidly and produces 
ethanol from pentoses, its instability and transient 
behavior in continuous culture render, it unsuitable for 
use in a commercial process.  

(b 
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Figure 4. (a) Xylose concentration during a transient 
induced by a step-change in dilution rate from 0.03 to 0.06 
hr 1 . Inlet xylose concentration was 11.6 g/l. (b) Cell den-
sity during a transient induced by a step-change in dilution 
rate from 0.03 to 0.06 hr 1 . Inlet xylose concentration was 
11.6 gIl. [(a) XBL 819-1823; (b)XBL 819-1819] 
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Xylose Fermentation by Clostridium the rmo-
hydrosulfuricum. The economic feasibility of fer-
menting xylose to ethanol with Clostridium thermohy-
drosulfuricum was examined. Initial experiments 
aimed at determining basic fermentation kinetics, as 
shown in Fig. 5. The maximum specific growth rate 
and specific ethanol productivity was found to be 
0.32 hr 1  and 0.31 g/l-hr, respectively, while the yield 
of ethanol from xylose was 0.33 g ethanol/g xylose. 
By-products of the fermentétion include lactate and 
acetate. 

These organisms are very sensitive to ethanol. 
Growth inhibition of 50% ws observed in the presence 
of 0.5 w!v% ethanol. To improve the organism's 
tolerance, an adapted strain, capable of growing at a 
rate of 0.29 hr 1  in 3.5 w/v% ethanol, has been 
developed. Unfortunately, the adapted organism pro-
duces ethanol at a reduced yield of only 0.20 g/g 
xyl ose. 

Recent research has focused on increasing the 



yield of ethanol produced by this ethanol-tolerant 
strain of C. thermohydrosulfuricum (strain UC-40). 
the effect of pH and by-product concentrations on 
ethanol yield has been examined. In addition, 
mutants producing relatively less by-product acids 
than UC-40 have been isolated. 

C. thermohydrosulfuricum was grown at various 
pH's ranging from 6.0 to 7.9. The growth rate was 
highest (0.48 hr 1 ) at pH 7.2. The yield of ethanol 
(0.22 gIg xylose fermented) was not a strong function 
of pH. Specific ethanol productivity had a maximum 
value of 0.36 hr 1  over a pH range of 6.0 to 6.8. 

Adding acetate and lactate to the growth medium 
shifted the distribution of end products formed by 
strain UC-40. Low concentrations (1 to 3%) of ace-
tate completely suppressed acetate formation; the 
yield of ethanol was increased by 20%, while the 
yield of lactate was unaffected. Lactate formation 
was inhibited by including lactate (? to 3%) in the 
medium; a corresponding increase in acetate forma-
tion but no ethanol formation was observed. 

Ethyl methane sulfonate was used to induce 
mutants with lower lactate yields than strain UC-40. 
Strain UC-40-L1 produced 60% less lactate and 20% 
more ethanol than UC-40. Unfortunately, this strain 
was not very stable and reverted after approximately 
35 generations. Another strain (UC-40-L2), one pro-
ducing 57% less lactate, has also been isolated. This 
isolate appears to be more stable than ,UC-40-L1 and 
is currently being characterized. 

Fermentation and Separation Processes 

Ethanol Distillation Technology 
The DISTILL computer package for the design and 

evaluation of alternative ethanol/water distillation 
processes has been completed and used to deter-
mine the minimum ethanol/water separation cost for 
an efficient two-stage vacuum distillation process. 

At high-feed ethanol concentrations, the distillation 
energy requirement for 95 wt.% azeotropic" ethanol 
production is set by an azeotrope-associated pinch. 
This pinch limitation is reduced at low pressure. The 
ETOH equilibrium package, using a modified 
temperature-dependent UNIQUAC equilibrium model 
based on over 2,000 data points, allows accurate dis-
tillation design, including evaluation of reduction of 
the pinch limitation at low pressure. The minimum  

external reflux ratio to distill a concentrated feed is 
reduced from 3.3 at one atmosphere to 1.8 at 100 
mmHg pressure. The savings at 100 mmHg can be 
realized only after a feed of at least 13.2 wt.% 
ethanol is used. 

The two-stage vapor reuse method overcomes this 
feed limitation. Dilute beers are fed first to an atmos-
pheric pressure stripper. The concentrated stripper 
product is then fed to the vacuum distillation. High 
energy efficiency is maintained by reusing the 
stripper heat, condensing the stripper vapor in the 
vacuum distillation reboiler to drive this second distil-
lation step. 

The cost of this process has been assessed for 
base-case cost assumptions of steam at $31511000 
pounds, cooling water at 22.6 cents/1000 gal, labor 
(including supervision) at $1 2.6/man-hour, 18-year 
depreciation, and a 15% after-tax return on invest-
ment. For very dilute feeds (1 wt.% ethanol), the 
charge for distillation is high (7.5 cents/I). At typical 
(6 wt.%) feed concentrations, the distillation cost is 
reduced (2.2 cents/I). Beyond 9 wt.% ethanol, the 
pinch limitation (even at reduced pressure) is control-
ling and the distillation cost to produce 95% wt.% 
product is constant (1.8 cents/I). The steam require-
ment for an optimized typical 6 wt.% feed case is 
1.61 kg/I of product. 

The sensitivity of these costs to changes in the 
cost of steam and cooling water and to changes in 
required return on investment were also studied. 

Finally, the vapor-reuse methods were extended to 
develop a five-column distillation process with acetal-
dehyde and fuel-oil removal to produce anhydrous 
ethanol. Capital costs are increased (for the added 
columns), but by careful staging of distillation-column 
pressures, no added energy is required to produce 
anhydrous ethanol as compared to 95 wt.% ethanol. 

Solvent Extraction for Ethanol Recovery 
Solvent extraction represents a process for ethanol 

recovery that can allow significant energy savings 
compared to distillation, especially when the ethanol 
is to be recovered from a fairly dilute process stream. 
The advantage of extraction is in avoiding the vapori-
zation of large quantities of water that occurs during 
distillation. The key to achieving this, however, lies 
either in using a solvent with a high separation factor 
(the ratio of ethanol to water distribution coefficients). 
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or in selectively removing the ethanol from -the 
extractant stream. 

Progress has been made toward the first goal with 
the experimental finding that high-molecular-weight 
aldehydes have better distribution coefficients and 
separation factors than any compounds tested previ-
ously. While the use of aldehydes in a commercial 
process is questionable because of their reactivity 
(including oxidation and aldol condensation), their 
desirable properties suggest that solvents with similar 
functional groups but less reactivity should be investi-
gated. Interestingly, the effect of temperature on the 
ethanol distribution coefficient for aldehydes is oppo-
site that for similar acids or alcohols. That is, the 
coefficient decreases with increasing temperature in 
the case of aldehydes, while it increases in the other 
cases. - 

The UNIFAC model for activity coefficient calcula-
tion has been applied to the ethanol-water-solvent 
systems, using the liquid-liquid equilibrium parame-
ters suggested by Magnussen et al. 7  Although the 
results. are not quantitatively correct, they are 
qualitatively correct in all cases tested. This holds 
the promise of a valuable method of screening sol-
vents and ranking them in order of distribution 
coefficients and separation factors. Such an 
approach could significantly reduce the amount of 
experimental work necessary to identify good extrac-
tion solvents. 

To synthesize an extraction process, a flexible 
computer simulation package is being prepared that 
incorporates economic analysis. The executive pro-
gram is working, and a series of subroutines to model 
extraction, stripping, absorption, heat exchange, and 
other unit operations is being developed. The result 
will allow extraction optimization with regard to sol-
vent, operating temperature, - and process 
configuration. 

PLANNED ACTIVITIES FOR FY 1983 

Mutation and selection studies on Clostridium ther-
mohydrosulfuricum will be continued, with the objec- 

tive of finding mutants suitable for ethanol production 
in the flash-fermentation apparatus. Once suitable 
strains are found, the efficiency of this device for 
xylbse utilization will be examined, both experimen-
tally and economically. 
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OIL-SHALE AND PETROLEUM-RELATED RESEARCH 

HOMOGENEOUS CATALYTIC 
HYDROGENATION: REGI OSPECI Fl C 

REDUCTIONS OF POLYNUCLEAR 
AROMATIC AND HETEROAROMATIC 

NITROGEN COMPOUNDS CATALYZED BY 
TRANSITION- METAL CARBONYL 

HYDRI DES* 

R.H. Fish, A.D. Thormodsen, G.A. Cremer, 
T. Vermeulen, and H. Heinemann 

Synthetic fuel products derived from coal or oil 
shale require additional hydroprocessing to minimize 
their nitrogen and sulfur content; the selective 
hydrogenation of polynuclear heteroaromatics there-
fore becomes critical. 1  To this end, it is extremely 
important to have a basic understanding of which 
polynucl ear aromatic and heteroaromatic compounds 
are hydrogenated in these complex fossil-fuel 
matrices. 

Recently, Pettit and his co-workers4 	elegantly 
demonstrated the use of carbon monoxide and water 
as an alternative reducing agent to hydrogen in the 
hydroformylation of olefins and the reduction of 
nitroarenes. These reactions were catalyzed by tran-
sition metal carbonyl compounds [M(CO)]  and are 
thought to proceed via the formation of transition 
metal càrbonyl hydrides (e.g., H2MX(CO)Y),  by nucleo-
philic attack of water or base on coordinated carbon 
monoxide. 79  Other methods of generating transition 
metal carbonyl hydrides from the corresponding car-
bonyls have used carbon monoxide and hydrogen and 
hydrogen alone as reagents. 10  

We therefore thought that the rather facile genera-
tion of transition metal carbonyl hydrides under 
water-gas shift (CO, H 20, base) and synthesis gas 
(CO, H2 , 1:1) conditions as well as strictly hydrogena-
tion conditions (H2  alone) made these reagents very 
attractive for the purpose of testing their regioselec- 

This work was jointly supported 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, Liquefac. 
tion Division of the U.S. Department of Energy through the Pittsburgh Energy 
Technology Center under Contract No. DE-AC03-76SF00098.  

tivities in the reductions of polynuclear aromatics and 
polynuclear heteroaromatic nitrogen compounds. 
Additionally, it is well known that homogeneous 
catalytic reductions proceed at lower temperatures 
and pressures, and, in fact, give the higher 
regioselectivities we were seeking when compared to 
their heterogeneous counterparts. 11 ' 12  

ACCOMPLISHMENTS DURING FY 1982 

Figure 1 shows the polynuclear aromatic and 
polynuclear heteroaromatic nitrogen compounds (1-8) 
that we used as model synthetic fuel compounds. 

We reacted a wide variety of transition metal car-
bonyl compounds with compounds 1-3 under water-
gas shift (wgs) and synthesis gas (sg) conditions 13  
and found that only Fe(CO) 5, Mn2(C0)8(Bu3P)2 , and 
CO2C06((' 3P)2  produced reduction products. For 
example, I was reduced to 9,10-dihydroanthracene 
(9) under wgs conditions with these carbonyls in 
rather poor yields of 8%, 13%, and 3% respectively, 

I 	 2 	 3 

rono 
4 	 5 	 6 

7 	 8 

Figure 1. Model synthetic fuel compounds used in the 
catalytic hydrogenations with transition-metal carbonyl 
hydrides: 1, anthracene; 2, phenanthrene; 3, pyrene; 4, 

5,6-benzoquinoline; 5, 7,8-benzoquinoline; 6, phenanthri- 
dine; 7, acridine; and 8, quinoline. (XBL 821-7773) 
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while substrates 2 and 3 were totally unreactive. 
In view of these discoveries, we decided to learn 

more about this reaction, using Mn 2(C0)8(Bu3P) 2  as 
the catalyst. The reaction of carbon monoxide and 
deuterium oxide (020)  with 1 provided only 9,10-
dideuteroanthracene (10),14and  this result strongly 
indicates that the hydrogen comes exclusively from 
water. 

To elucidate the stereochemistry of the anthracene 
reaction, we reacted an analog of 1, 9,10-
dimethylanthracene (11) with Mn2(CO)8(Bu3P) 2  under 
wgs conditions (1800,  5 hrs, 350 psi CO, 0.2 M KOH 
in THF, substrate-catalyst ratio = 20) to provide a 
30% yield of cis and trans 9,10-dihydro-9,10-
dimethylanthracene (12 and 13), in a ratio of 
53%:47%. 15  A similar result was recently reported by 
Sweany et al., 16  for the reaction of 10 and HMn(C0) 5  
and by Taylor and Orchi& 7  with HC0(C0) 4  under sg 
conditions (CO, H2  1:1, -200°). 

We also found that, under sg conditions (CO/H 2  
1) 13  better yields of reduced polynuclear aromatic 
products could be obtained using Mn 2(C0) 8(Bu3P) 2  as 
the catalyst and compounds 1-3 as substrates. 
Thus, reaction of 1 with Mn 2(C0)8(Bu3P)2  provided,9 
in 30% yield, while reaction with 2 gave no product 
and 3 produced 4,5-dihydropyrene (14), in a 3% yield. 

From these results, it is evident that bent polynu-
clear aromatic compounds are extremely unreactive 
under either wgs or sg conditions when compared to 
1, a linear polynuclear aromatic compound. 18 ' 19  

As previously stated, it is important to study the 
polynucl ear heteroaromati c nitrogen compounds 
under various homogeneous hydrogenation conditions 
because they are prevalent in all coal and oil shale 
products. Despite this importance, few studies of 
their reactivity under either wgs or sg conditions or, 
for that matter, under strictly hydrogenation condi-
tions, have been published. For example, Lame et 
al. 20  reported on the hydrogenation of the mononu-
clear heterocyclic compound pyridine under wgs con-
ditions with Rh(CO)16  as catalyst, and Derencsenyi 
and VermeulenT9  reported that, under sg conditions, 
quinoline, 8, was regioselectively reduced to 1,2,3,4-
tetrahydroquinoline, using Mn 2(C0)8(Bu3P) 2  as a 
catalyst. Furthermore, Jardine and McQuillin 21  have 
reported that 8 was again reduced to 1,2,3,4-
tetrahydroquinoli ne, when RhCl 2Py2(dmf)BH4  was 
used as the catalyst. 

As seen in Table 1, we found a greater reactivity  

Table 1. Reductions of polynuclear heteroaromatic nitrogen com-

pounds 4-8, under water-gas Shifta  (wgs) and syngas (sg) 
conditionsb with transition metal carbonyls as catalysts. 

Substrate catalyst Sub/Cat Temp. Time Conditions Products (%)d 
ratio (SC) (hr) 

4 Mn(C0)8(Bu3P) 20 200 2 sg 1,2,3,4- 
tetrahydro 
5,6-benzo- 
quinoline (7) 

4 Mfl2(co)8(BU3p) 20 200 5 wgs 1,2,3,4- 
tetrahydro- 
5,6-benzo- 
quinoline (4) 

4 Fe(co)(13u3P) 10 180 5 wgs 123,4, 
tetrahydro- 
5,6-benzo- 
quinoline (1) 

4 C0(00)6(4P) 20 200 2 sg 1,2,3,4- 
tetrahydro- 
5,6-benzo- 
quinoline (8) 

5 Mn(CO) 8(Bu3P) 20 200 2 sg 1,2,3,4- 
tetrahydro- 
7,8-benzo- 
quinoline (2) 

5 Mn(C0)8(Bu3P) 20 200 2 ss No product 

8 Mn(c0)8(Bu3P) 20 200 2 ws 9,10-hydro- 
phenanthridine (1) 

8 Mn(c0)(8u3P)2  20 200 2 sg 9,10-cdhydro- 
phenanthridine (11) 

6 C0(C0)6(03P) 20 200 2 sg 9,10-dihydro- 
phenanthridine (21) 

7 Fe(CO)5c 10 180 2 wgs 9.10-dihydro- 
acridine (100) 

7 Mn(C0)8(BuP) 10 200 2 wgs 9.10.dihydro- 
acridine (38) 

7 Mn(CO)8(Bu3P) 20 200 2 59 9,10-dihydro- 
acridine (100) 

7 co(C0)6(4'3P)2  20 200 2 sg 9,10-dihydro- 
acridine (100) 

B Fe(cO) 10 180 2 Vgs 1,2,3,4- 
tetrahydro- 
quinoline (0) 

B Mn(CO)8(Bu3P) 20 200 5 wgs 1,2,3,4- 
tetrahydro- 
quinoline (4) 

8 Mn(c0)(Bu3P) 20 200 5 59 1,2,3,4- 
tetrahydro- 
quinoline (33) 

B Co(C0)6(I'3P) 20 200 1 . 	 sg 1.2,3,4 
tetrahydro- 
quinoline (70) 

apeacti on  run in THF (12 ml) with 0.2 MKOH (3 ml), 350 psi CO. 

11350 psi H2  and 350 psi CO in THF (15 ml). 

C800 pj CO 

dDetermined by capillary CC using a digital integrator (HP 5880A). Isolated by 
column chromatography (Florisil) and identitied by CC-MS and NMR spectroscopy 
(250 MHz, 'H). 

for the polynucl ear heterocycl i c nitrogen compounds, 
4-8, under either wgs or sg conditions, compared to 
their carbon analogs; e.g., acridine, 7, is more reac-
tive than anthracene, 1. It is also important to note 
the high regioselectivity of compounds 4-8--only the 
nitrogen ring was hydrogenated. This regioselectivity 
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might be explained by the lowered aromaticity of the 
nitrogen-containing ring versus that of their carbon 
analogs, which would provide a lower activation 
energy for hydrogenation. 22  

That Fe, Mn, and Co carbonyls did provide reduced 
product under wgs conditions, while other transition 
metal carbonyls did not, may indicate that the former 
compounds are very poor shift catalysts. 23  Moreover, 
Mn and Co catalysts were also able to hydrogenate 
the substrates studied under sg conditions, while the 
other transition metal carbonyls were unreactive 
under these conditions. 

We examined the reaction parameters and found 
that reduced product dramatically increased when 
carbon monoxide was removed from the reactions 
catalyzed by ruthenium carbonyls. 

In initial experiments, we used Ru(Cl) 2(CO)2(4'3P) 2  
as a catalyst. Interestingly, with this catalyst, both 
hydrogen and base were needed to reduce compound 
1. 24  No reaction occurred in the presence of carbon 
monoxide or in the absence of base. The reduction 
of 1 was highly regiospecific and gave exclusively 
1 ,2,3,4-tetrahydroanthracene, 15, in 30% yield. 25  A 
control experiment was performed to establish that 
9,10-dihydroanthracene, 9, was not the initial product 
formed; this product rearranged to compound 15. We 
reacted 9 under similar reaction conditions and found 
that it did not produce compound 15; hence, no rear-
rangement occurred. 

Compounds 2 and 3 were unreactive under the 
reaction conditions, consistent with the previous 
finding that bent aromatic compounds are extremely 
unreactive versus the linear aromatics such as 1. 
The polynucl ear heteroaromati c nitrogen. compounds, 
4-8, were reacted under similar conditions to pro-
duce poor to moderate yields of reduced product 
(Table 2). However, we found that the removal of 
base (KOH) in the reactions of 4-6 and 8 (but not 7) 
with Ru(Cl) 2(CO) 2(('3P) 2  as catalyst provided an 
increase in the yields of all reduced products (Table 
2). For example, compound 5 provided no reduced 
product with base present, while affording a 72% 
yield of 1,2,3,4-tetrahydro-7,8-benzoquinoline, 16, in 
the absence of base. Additionally, as with compound 
1, carbon monoxide totally inhibited reduced product 
formation in the reactions of 4-8 with 
Ru(Cl) 2(CO)2( 3P)2  as catalyst. Interestingly, com-
pound 8, with H2  and base, provided a small amount 
(5%) of the reduced aromatic ring compound 5,6,7,8- 

Table 2. Reductions of compounds 1-8 Wth Ru(Cl)2(C0)2(4'3P) 2  and 

H4Ru4(CO) 12  as catalysts. 

Substrate 	Catalyst 	 Products (%)b 

1 	Ru(C1)2(C0)2( 3p)28 
	

1 .2,3,4-tefrahydroanthracene (30) 

1 	Ru(Cl) 2(C0)2( 3P)2° 
	

no product 

2 	Ru(0) 2(CO) 2(4,3p)28.c 
	

no product 

3 	Ru(C1) 2(C0) 2(4P)2ac no product 

4 	Ru(Cl) 2(C0) 2(4 3p)2a 
	

1 ,234-tetrahydro-7,8-benzoquinoline (10) 

4 	Ru(Cl) 2(CO) 2(I,3P)2c 
	

1 ,23,4letrahydro-7,8-benzoquinoline (92) 

5 	Ru(Cl)2(C0)2( 3P)28 
	

1 2,3,4-tetrahydro-78-benzoquinoline (0) 

5 	Ru(Cl)2(C0)2(4,3P)2c 
	

1 ,234-tetrahydro-7,8-benzoquinoline (72) 

6 	Ru(Cl) 2(CO) 2(4'3P)28 
	

9, 10-dihydrophenanthridine (5) 

6 	Ru(Cl) 2(CO)2(.f,3P)2c 
	

9,10-dihydrophenanthridine (15) 

7 	Ru(C1) 2(C0) 2(43p)2a 
	

9,10-dihydroacridine (100) 

7 	Ru(C1) 2(C0) 2(F3P)2' 
	

9, 10-dihydroacridine (74) 

8 	Ru(CI)2(C0) 2(4 3p)2
8 

	
1 23,4-tetrahydroquinoline (42) 

5,67,8-tetrahydroquinoline (5) 

8 	Ru(C1) 2(C0) 2(t,3P)2c 	I ,2,34-tetrahydroquinoline (100) 

4 	H4Ru4(CO) 12d 1 ,2,3,4-tetrahydro-5,6-benzoquinoline (75) 

5 	H4Ru4(CO) 12d 11, 234-tetrahydro-5,6-benzoquinoline (8) 

6 	H4Ru4(CO) 12d 9,10-dihydrophenanthridine (15) 

7 	H4Ru4(C0) 12 ' 9,10-dihydroacridine (100) 

8 	H4Ru4(CO) 12d 1,2.3,4-tetrahydroquinoline (100) 

aExper iments were performed in a 45 ml Parr mini-reactor containing 1 mM of 
substrate, 0.1 mM Ru(C1) 2(C0)2((D3P) 2  in THF (12 ml), 0.2 M KOH (3 ml), 
180°C, 350 psi H2  for 5 hr , 1-7 2 hr, 8. 
bAnal yzed by gas chromatography on a 12 m X 0.1 mm id. fused silica capil-
lary column (OV101) using an HP-5880A instrument vith flame ionization and 
digital integration. The percent product conversion was obtained by integra-
tion of product and any starting material remaining and normalizing to 100%. 
Products were isolated by column chromatography (Florisil) and identified by 
GC-MS and NMR spectroscopy ( 1 1-1, 250 ml-tz). 

11800C THF (12 ml), 0.1 mMRu(Cl) 2(CO) 2(4'3P) 2 , 1 mM substrate, 350 psi H2  
for 2 hr. 
dExperi ment s  were performed in a 45 ml Parr mini-reactor containing 1 mM of 
substrate, 0.1 mM H4Ru4(CO) 12  (10:1 substrate-to-catalyst ratio) in 15 ml of 
cyclohexane voth 350 psi H2  for 2 hr at 150°C. 

tetrahydroquinoline, which was not produced when 
base was omitted. 

In concurrent experiments, we discovered that 
tetrahydridotetraruthenium dodecacarbonyl, 
H4Ru4(CO) 12, was also an excellent catalyst for the 
hydrogenation of compounds 4-8 but was inactive for 
the reductions of compounds 1-3 under the condi-
tions studied. 26' 27  It was not, however, the initial 
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catalyst used; rather, we employed the catalytic 
activity of triruthenium dodecacarbonyl, Ru 3(CO) 12 . 
We found that, under our reaction conditions, 
H4Ru4(C0) 12  readily formed (lR and MS analysis) by 
reaction of Ru3(CO) 12  with hydrogen gas (Eq. 1) 27 :  

4Ru3(CO) 1 2 + 6112 -* 	 (1) 

3H4Ru4(CO) 12  + 12C0 

Under the latter reaction conditions, reduction of 4-8 
was evident; however, catalytic activity increased 
dramatically if H4Ru4(C0) 12  was formed prior to sub-
strate addition. In this process, CO was flushed from 
the system. Evidently, even a small partial pressure 
of CO ['-'10 psi CO was generated in the formation of 
H4Ru4(CO) 12  from Ru3(CO) 121 was sufficient to inhibit 
substrate coordination to ruthenium and greatly 
reduced product yield. For example, Ru 3(CO) 12  pro-
vided a 7% yield of 1,2,3,4-tetrahydro,-5,6-
benzoquinoline (17) from 4, while H4Ru4(CO) 12  pro-
duced the same product in 75% yield. 

Tetrahydridotetrarutheni um dodecacarbonyl has 
been previously described as a hydrogenation 
catalyst for olefins, carboxylic acids and ketones, 28 ' 29  

but, to our knowledge, never for polynuclear 
heteroaromatic nitrogen compounds. 30  As with 
Ru(Cl) 2(CO) 2((p3P) 2, the results of these catalytic 
hydrogenations with H 4Ru4(CO) 12  indicate high 
regioselectivity for the nitrogen heterocyclic ring. 

PLANNED ACTIVITIES FOR FY 1983 

This study has provided evidence for the individual 
reactivity of a number of model synthetic fuel com-
pounds under homogeneous catalytic hydrogenation 
conditions. However, their relative reactivities need 
to be ascertained, especially in mixtures of these 
compounds and in the presence of other polynuclear 
heterocyclics (e.g., sulfur and oxygen heterocycles). 
Also, work on the many mechanistic details, as well 
as expansion to the reactivities of polynuclear hetero-
cyclic compounds of oxygen and sulfur, and the 
activity of heterogenized forms of the reported 
catalysts, is being pursued. 31  

Finally, our results point to the possible usefulness 
of these homogeneous catalysts and others in future 
synthetic fuel processes concerned with ultimately  

removing nitrogen from the nitrogen-containing ring in 
polynuclear heterocyclic nitrogen compounds. 32  The 
reported catalysts may also find some important uses 
in synthetic organic chemistry. 33  

REFERENCES 

1. Whitehurst, D.D., Ed. (1980), Coal Liquefaction 
Fundamentals, ACS Symposium Series 139, 
American Chemical Society, Washington, D.C. 

2. Larsen, J.W., Ed. (1978), Organic Chemistry of 
Coal, ACS Symposium Series 7, American 
Chemical Society, Washington, D.C. 

3. Yen, T.F., and Chillingarian, CV., Eds. (1976), 
Development of Petroleum Science, Vol. 5, Oil 
Shale," Elsevier Scientific Publishing Co., 
Amsterdam. 

4. Kang, H.C., et al. (1977), "Reductions with Car-
bon Monoxide and Water in Place of Hydrogen. 
1. Hydroformylation Reaction and Water Gas 
Shift Reaction," J. Amer. Soc. 99, p.  8923 and 
references therein. 

5. Cann, K., et al. (1978), "Catalytic Reductions 
Using Carbon Monoxide and Water in Place of 
Hydrogen. 2. Reduction of Aromatic Nitro 
Compounds to Amines," J. Amer. Chem. Soc. 
100, p.  3969. 

6. Cole, T., et al. (1980), "Hydrogeneous Catalyst 
for Utilization of Synthesis Gas as a Reducing 
Agent," J. Amer. Chem. Soc. 102, p. 6182. 

7. Grice, N., Kao, S.C., and Pettit, R. (1979), 
"Chemical Properties of Metal locarboxyl ic Acids 
of Transition Metals," J. Amer. Chem. Soc. 
101, p.  1627. 

8. Darensbourg, D.J., Baldwin, B.J., and Froelich, 
J.A. (1980), "Phase-Transfer-Catalyzed Nucleo-
philic Reactions of Hydroxide Ions at Metal-
Bound Carbon Monoxide Centers," J. Amer. 
Chem. Soc. 102, p.  4688. 

9. Ford, P.C. (1981), "The Water-Gas Shift Reac-
tion: Homogeneous Catalysis by Ruthenium and 
Other Metal Carbonyls," Accts. Chem. Res. 14, 
p.31. 

10. Kaesz, H.D., and Saillant, R.B. (1972), "Hydride 
Complexes of the Transition Metals," Chem. 
Rev. 72, p. 231, and references therein. 

11. James, B.J. (1973), Homogeneous Hydrogena-
tion, John Wiley and Sons Inc., New York 
(1973). 

1-22 



12. Parshall, G.W. (1980), "Organometallic Chemis-
try in Homogeneous Catalysis," Science 2098, 
p. 1221. 

13 Fish, R.H., Thormodsen, A.D., and Cremer, G.A. 
(1982), "Homogeneous Catalytic Hydrbgena-
tions, 2: Regiospecific Reductions of Polynu-
clear Aromatic and Polynuclear Heteroaromatic 
Nitrogen Compounds Catalyzed by Transition-
Metal Carbonyl 1-tydrides," J. Amer. Chem. Soc. 
104, p.  5234, Lawrence Berkeley Laboratory 
Reports LBL-13734 and LBL-13735. 
GC-El mass spectral analysis showed m/e 182 
(1005/6), consistent with two deuterium atoms 
being incorporated into compound 1 (m/e 178). 
The cis and trans isomers of 9,10-dihydro-9,10-
dimethylanthracene (12, 13) could be cleanly 
separated on a 12 m X 0.1 mm i.d., fused silica 
capillary column (OV 101) using a HP 5880A 
instrument with flame ionization detection (tem-
perature programming 60 0-200 0C, 101/mi n). 
Sweany, R., Butler, S.C., and Halpern, J. (1981), 
"The Hydrogenation of 9,10-Dimethylanthracene 
by Hydridopentacarbonyl Management (I.). Evi-
dence for a Free Mechanism," J. Org. Chem. 
213, p.  487. 
Taylor, P.D. and Orchin, M.J. (1972), "Hydroge-
nation 	of 	9,10-Dimethylanthracene 	with 
Cobalthydride Carbonyl," J. Org. Chem. 37, p. 
3913. 
Friedman, S., et al. (1959), "Selective Hydroge-
nation of Polynuclear Aromatic Hydrocarbons," 
J. Org. Chem. 24, p.  1287. 
Derencsenyi, T.T., and Vermeulen, T. (1979), 
Kinetics and Mechanism of Metal-Carbonyl-
Catalyzed Hydrogenation of Aromatic Hydrocar-
bon Models for Coal Constituents ( Ph.D. disser-
tation of T.T.D.), Lawrence Berkeley Laboratory 
Report LBL-9777; also (1980), Chem. Abs. 93, 
no. 188929. 
Lame, R.M., Thomas, D.W., and Cary, L.W. 
(1979), "Catalytic Reactions of Pyridine with 
Carbon Monoxide and Water. Reduction of Car-
bon Monoxide to Hydrocarbon. Applications of 
the Water-Gas Shift Reaction," J. Org. Chem. 
44, p. 4964. 
Jardine, I. and McQuillin, F.J. (1970), Chem. 
Comm., 626. 

Dewar, M. J. S. (1969), The Molecular Orbital 
Theory of Organic Chemistry, McGraw-Hill, New 
York. 
For example, we found that Mn 2(CO)8(Bu3P)2  
did not produce CO2  and H2  to any significant 
extent in the absence of substrates 1-8 under 
wgs conditions (350 psi CO, 0.2 M KOH, 200 0  
for 5 hr gave 10 psi 112). Selected gas analysis 
under wgs conditions gave a qualitative order of 
wgs activity as follows: Rh6(CO) 16  > RU3(CO)12  
> Cr(CO) > Mo(C0) 6  > W(CO) > Fe(CO)5 > 
Mn2(CO) 12  > CO2(CO)8 . 
Ru(Cl)2(CO)2( 3P)2  has been described as a 
homogeneous hydrogenation catalyst (H 2) for 
aliphatic and aromatic aldehydes [Strohmeier, 
W. and Weigelt, L. (1978), J. Organometal. 
Chem. 145, 189]; however, no references to its 
use as a homogeneous catalyst for polynuclear 
aromatic or heteroaromatic compounds have 
been found. 
A similar regioselectivity was obtained with 1 
and a ruthenium anion hydride under strictly H 2  
conditions. See Grey, R.A., Pez, PG., and 
Wallo, A. (1980), "Selective Homogeneous 
Catalytic Hydrogenation of Polynuclear Aromat-
ics," J. Amer. Chem. Soc. 102, p. 5948, and 
references therein. 
Piacenti, F., Bianchi, M., Frediani, P., and 
Benedetti, E. (1971), "Preparation and Reac-
tivity of Some Ruthenium Carbonyl Hydrides," 
lnorgan. Chem. 10, p. 2759. 
Knox, S.A.R., Keopke, J.W., Andrews, M.A., and 
Kaesz, H.D. (1975), "Synthesis of Hydrido- and 
Deuterio-Carbonyl 	Cluster 	Complexes 	of 
Ruthenium, Iron-Ruthenium, and Osmium from 
Metal Carbonyls and Hydrogen at Atmospheric 
Pressure," J. Amer. Chem. Soc. 97, p. 3943. 
Valle, M., Osella, D., and Vaglio, D. (1976), 
lnorg. Chem. Acta.. 20, p. 213, and references 
therein. 
Bianchi, M., et al. (1980), "Homogeneous Cata-
lytic Hydrogenation of Free Carboxylic Acids in 
the Presence of Cluster Ruthenium Carbonyl 
Hydrides," J. Organometal. Chem. 188, p. 109. 
Infrared analysis of the yellow-colored reaction 
solutions of compounds 4-8 clearly shows 
H4Ru4(CO) 12  still present after reaction. More 

1-23 
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found 	after 	reaction 	at 	15000 	for 	the centrations of these trace metals—primarily vanadium 
H4Ru4(CO) 12 	catalyzed 	hydrogenations. 	The and, to a lesser extent, nickel---are small, usually at 
infrared analysis does not unequivocally demon- the parts per million level, their harmful effects—both 
strate 	that 	H4Ru4(CO) 12 	is the actual 	active to the processing catalyst and, 	potentially, 	to the 
catalyst, as pointed out by a referee, and we environment—are severe. 
are presently running these reactions in a spec- To design processes capable of efficiently remov- 
troclave 	(high-pressure 	RI 	cell) 	to 	clarify this ing vanadium and nickel from heavy crude oils before 
point, processing, it is essential to characterize', or speciate 
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182nd 	National 	American 	Chemical 	Society present. 	Such knowledge will be valuable mT several 

Meeting, 	August 	23-28, 	1981, 	New 	York ways. 	The information will help us to: 

(Abstract lnorg. 49), and at the Pacific Confer- 
design selective separation, 	removal, and 
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Chem. Soc. 104, p.  1763. about the origin and biogenesis of heavy 

crude petroleum deposits. 11 
 

MOLECULAR CHARACTERIZATION AND 
FINGERPRINTING OF VANADYL 

PORPHYRIN AND NON- PORPHYRI N 
COMPOUNDS FOUND IN VARIOUS HEAVY 

CRUDE PETROLEUMS AND THEIR 
ASPHALTENES* 

R.H. Fish, J.J. Komlenic, 
B. Vines, and T. Vermeulen 

As reserves of light crude oil throughout the world 
decrease, and as the nation switches to a more 
diversified and self-sufficient energy base, the pro-
cessing of heavy crude petroleums and residuals will 
become increasingly important. In the past, primarily 
because of uneconomical catalyst poisoning effects 
associated with naturally occurring trace metal corn-
pounds in these oils, processing of such heavy crude 

This work was supported by the Assistant Secretary for Fossil Energy and 
the Division of Oil, Gas and Shale Technology, and the Bartlesville Energy 
Technology Center of the U.S. Department of Energy under Contract No. 
DE-Ac03-76SF00098. 

ACCOMPLISHMENTS DURING FY 1982 

Speciation Using HPLC-GFAA 

The automatic coupling of a hi gh- performance 
liquid chromatograph to a graphite furnace atomic 
absorption spectrometer (HPLC-GFAA) is a promising 
means of speciating unidentified vanadyl compounds 
in heavy crude oils. This coupling of instruments pro-
vides continuous, on-line,, element-specific detection 
of HPLC effluent peaks and combines the versatility, 
speed, and efficiencyof HPLC with the selectivity and 
sensitivity of GFAA detection. This coupled system 
has been described elsewhere. 1213  

Model Vanadyl Porphyrin and Non-Porphyrin 
Compounds 

Speciation using the HPLC-GFAA technique 
requires a large collection of model 'compounds in 
order to compare and characterize the elution 
behavior of unidentified components. 14 ' 5  

Figure 1 shows VOEtio, VODPEP, and VORhodo 
porphyrin compounds that have been identified in 
heavy crude oils, as well as model vanadyl porphyrins 
and non-porphyrins used in this study. Porphyrin 
compounds consist of a 16-member ring containing 

1-24 



100 

	

N 	 QIN 	 N,11,N- 
'11, 	

,000 	 I 

// 
C3H7 

C4H9 

	

VOETIO I 	 VORH000 	 VODPEP 	 10,000 . 	PS9500 

#Me 	 PS3IOO 

N 
1) 

Me 	 Me 	 - 
Ni 	

- , 	 1,000 	 4CMTPP 
S 

° 	 •VOOEP 
VOETIO I . 

o 	 VOBENZOSALEN 	VOBZEN 

	

N1ETIO I 	 VOT3MePP 	 VOTPP 	 w 
VOSALEN VOTADA 

100 - 
	 CH2CI 

C=N NrC 
H 	\J. 'H 

VOTADA 	 VOSALEN 

H 	\ / 	H 

© 
VOBENZOSALEN 	 VOBZEN 
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Figure 2. Log plot of molecular weight versus retention 
time for the 50/100 A column combination. 

(XBL 826-10469) 

four nitrogen donor atoms located in four conjugated 
pyrole groups. When a vanadyl ion is incorporated 
into this structure, these systems are extremely 
stable. VOT3MePP and VOTPP represent synthetic 
(not occurring in nature) vanadyl porphyrins that, 
because of the added conjugation of the peripherally 
attached phenyl rings, are stable in strong acid solu-
tions. 

Vanadyl non-porphyrins constitute a much broader 
class of compounds, with ring sizes varying from 12 
to 16 members and with nitrogen, oxygen, and sulfur, 
in a variety of combinations, constituting the donating 
atoms. Although they give characteristic absor-
bances in the UV region of the spectrum, absorbance 
in the visible region is possible, depending on the 
extent of ring conjugation. Unlike vanadyl porphyrins, 
most vanadyl non-porphyrins decompose readily in 
dilute acid solutions. V0Benzosalen, VOSalen, 
VOTADA, and VOBZEN represent vanadyl non-
porphyrin compounds that have yet to be identified in 
heavy crude petroleums. 

The SEC calibration plot for the 50/100 A column 

combination, which gives a linear working range of 
100 to 3000 daltons, is shown in Fig. 2. Vanadyl por-
phyrin and non-porphyrin compounds have again been 
used as calibration standards, to minimize error when 
assigning molecular weights to components in the 
petroleum samples. Polystyrene standards of 3100 
and 9500 daltons have been used to calibrate the 
high molecular weight ranges, since no vanadyl com-
pounds at these ranges were available. 

The 50/100 A SEC-HPLC-GFAA data for the 
separation of several of the standards is shown in 
Fig. 3 (a). The polystyrene standards were monitored 
at 254 nm, the vanadyl porphyrins and the metal-free 
porphyrin at 400 nm, and the vanadyl non-porphyrin 
compounds at 320 nm. The lower portion of Fig. 3 
(a) shows the GFAA vanadium histograms. The 
added 100 A column provides increased resolution of 
molecules with molecular weights greater than 900 
daltons, allowing for accurate determination from 100 
to slightly greater than 2000 daltons. All quantitative 
calculations in this study have therefore been based 
on the 50/100 A column combination. 
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The results shown in Fig. 2 were used to classify 
vanadyl compounds in the heavy crude oils by assign-
ing them to one of four molecular-weight categories. 
In the first two categories, compounds with molecular 
weights of less than 400 daltons were classified as  

low-molecular-weight vanadyl non-porphyrins, and 
those between 400 and 900 daltons as vanadyl por-
phyrins, according to the definitions of these com-
pound classes. With molecular weights above 900 
daltons, vanadyl porphyrins cannot be present 
because of the increased ring conjugation that would 
be necessary. Instead, compounds with molecular 
weights between 900 and 2000 daltons were 
classified as high-molecular-weight vanadyl com-
pounds, and, above 2000 daltons, as very high molec-
ular weight vanadyl compounds. These latter two 
categories could include both low-molecular-weight 
vanadyl porphyri ns and non-porphyri ns intercalated 
into the asphaltenes, and high-molecular-weight vana-
dyl porphyrin and non-porphyrin compounds existing 
as asphaltenes. 

Although vanadyl porphyrin compounds are not nor-
mally associated with molecular weights greater than 
900 daltons, complexation to the asphaltene fraction 
of the oil could drastically increase their apparent 
molecular weight and change their physical and 
chemical properties. Likewise, low-molecular-weight 
vanadyl non-porphyrins could be incorporated into the 
asphaltene fraction of the oil by H-H interaction or 
hydrogen bonding, drastically altering their stability 
and other spectroscopic properties. 

Figures 3 (b), (C), and (d) show the 50/100 A 
column combination data for Boscan crude oil, the oil 
after extraction, and the extract, respective!y. The 
upper portion of Fig. 3 (b) shows the visible absor-
bance, measured at 408 nm, while the lower portion 
gives the vanadium histogrammic output. The histo-
grammic peaks show vanadium in Boscan crude elut-
ing at retention times from 20 to 40 minutes, 
corresponding to molecular weights ranging from 
more, than 10,000 to 100 daltons. Interestingly, the 
HPLC-GFAA output shows that Boscan crude con-
tains nearly equivalent percentages of vanadyl com-
pounds in all four molecular-weight categories. 

Figure 3 (c) shows vanadyl compounds being 
removed from the entire molecular-weight range of 
the crude oil. However, asevidenced in Fig. 3 (d), 
only vanadyl compounds with retention times greater 
than 28 minutes and centered at 32 minutes, 
corresponding to a molecular weight of 350 daltons, 
exist in the extract. Thus, although vanadyl com-
pounds have been extracted from molecular weights 
greater than 900 daltons, only low-molecular-weight 
(less than 400 daltons) vanadyl porphyrin and non- 
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porphyrin compounds are present in the extract. 
On the basis of the accuracy of the calibration data 

in Fig. 2, most of the vanadyl compounds in the 
extract can be classified as vanadyl non-porphyrins. 
The absence of high-molecular-weight vanadyl com-
pounds from the extracts indicates that pyridine did 
not remove them from the oil. This raises important 
questions regarding the chemical nature of the non-
extractable vanadyl compounds remaining in the 
asphaltenes. 

Comparisons of the four oils, based on the 
SEC-HPLC-GFAA fingerprints from selective solvent 
extraction experiments, reveal several important 
features. Although the vanadi urn concentration 
varies widely, each oil contains a nearly similar per-
centage of all four molecular-weight categories. Geo- 

chemically, this is important, because it suggests 
that a similar mechanism of incorporation and com-
petition for ligand sites occurs for the four oils. Also, 
vanadyl compounds remaining after extraction are 
evenly distributed between the two higher molecular-
weight classes. This suggests that these heavier 
vanadyl compounds are similarly complexed. Of the 
three oils studied, only Prudhoe Bay crude shows any 
high-molecular-weight vanadyl compounds present in 
the extracts; this may be accounted for by a 
difference in the biogenesis and maturation of this 
relatively ancient petroleum. 

Molecular-weight data for the four oils, based on 
the 50/100 A SEC column combination, are summar-
ized in Table 1. This table shows the vanadium con-
centrations (ppm) and percentage distributions for 

Table 1. Molecular-weight distributions of vanadyl compounds present in heavy crude oils, oils after 
extraction, and the extracts, as determined by 50/100 A SEC-HPLC-GFAA analysis. 

Boscan Cerro Negro 

Molecular <2000 <900 <2000 <900 

Source Weight >2000 >900 >400 <400 >2000 >900 >400 <400 

Heavy crude oil V (ppm) 307•a 229. 257. 315. 175. 123. 114. 148. 

V(%) 279b 20.0 23.4 28.7 31.3 21.9 20.4 26.4 

Oil after V (ppm) 176. 128. 127. 109. 106. 93.0 55.7 25.2 

extraction V (%) 32.6 23.7 23.6 20.1 37.9 33.2 19.9 9.0 

Removed V(ppm) 131. 92. 130. 206, 69.0 30.0 58.3 123. 
V ( 0/6) 42.3 41.8 50.7 65.4 39.4 24.4 51.1 83.0 

Extract V(ppm) - 6.0 136.0 418. - - 74.0 206. 
V (%) - 1.1 24.3 74.6 - - 26.4 73.6 

Wilmington Prudhoe Bay 

Heavy crude oil V (ppm) 13.8 11.1 9.3 14.3 5.8 5.3 4.3 3.3 

V (0/0) 28.5 22.9 19.1 29.5 31.1 28.6 22.9 17.4 

Oil after V(ppm) 2.6 1.8 1.1 0.9 3.2 2.8 2.1 1.1 

extraction V (%) 40.2 28.3 16.8 14.7 34.6 30.6 22.9 11.9 

Removed V (ppm) 11.2 9.3 8.2 13.4 2.6 25 2.2 2.2 

V(%) 81.1 83.8 88.2 93.7 44.8 47.2 51.1 66.7 

Extract V (ppm) 0.3 0.8 7.5 33.5 0.5 0.5 3.1 5.4 

V(%) 0.8 1.9 17.8 79.5 5.0 5.0 32.9 57.1 

8Concentration of metal present at molecular weights greater than 2000 daltons. 

bPercen tage  of total metal present at molecular weights greater than 2000 daltons. 
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the whole crudes, the oils after extraction, and the 
extracts in terms of the four molecular weight 
categories. The vanadium percentages were calcu-
lated using the 50/100 A SEC calibration data from 
Fig. 2 and the digitally recorded histogrammic out-
puts. From Fig. 2, the retention times for eluting 
species in each molecular-weight category were 
ascertained. The. histogrammic vanadium outputs in 
each category were then summed and divided by the 
total histogrammic output for each oil, as summed 
over all four molecular-weight categories. 

The vanadium concentrations (in ppm) were then 
calculated by multiplying each percentage by the 
total amount of vanadium present in the heavy crude 
oils and in the oils after five extractions. The vana-
dium concentrations for the extracts were calculated 
from the amount of vanadium removed by extraction 
from each oil. Va!ues for vanadium removal were cal-
culated by subtracting vanadium concentrations after 
extraction from those concentrations before extrac-
tion for each molecular-weight category; the 
corresponding percentages were calculated by divid-
ing the vanadium concentration for each molecular-
weight category by the total vanadium extracted from 
each crude oil. 

Although the total amount of vanadium in Boscan, 
Cerro Negro, and Wilmington crude oils varies sub-
stantially, the percentages of vanadyl compounds 
present in each molecular-weight category are very 
similar. As Table 1 indicates, they have nearly equal 
percentages of vanadyl compounds in the heaviest 
and lightest classes (greater than 2000 and less than 
400 daltons) and also contain nearly equivalent per-
centages of vanadyl compounds in the intermediate 
classes. These three oils have approximately 10% 
less vanadium in the two intermediate molecular-
weight fractions than in both the heaviest and light-
est fractions. Prudhoe Bay crude, however, has 
increasing percentages of vanadyl compounds as 
molecular weight increases over all four fractions. 

As Table 1 shows for the crude oils after extrac-
tion, the percentages of vanadyl compounds with 
molecular weights greater than 2000 daltons 
increased for all four oils. The increases ranged from 
11% for Prudhoe Bay oil to 41% for Wilmington oil, for 
an average increase of 22%. The percentages of 
vanadyl compounds between 900 and 2000 daltons 
also increased, from 7% for Prudhoe Bay to 52% for 
Cerro Negro, for an average increase of 25%. The  

percentages of vanadyl compounds with molecular 
weights between 400 and 900 daltons decreased by 2 
and 12% for Cerro Negro and Wilmington oils, rbut 
remained equal for Prudhoe Bay and increased by 1% 
for Boscan. The percentages of vanadyl compounds 
of less than 400 daltons decreased for all four oils, 
from 30% for Boscan to 66% for Cerro Negro, an aver-
age decrease of 44%. 

Table 1 also shows the weight percentages of 
vanadyl compounds removed from the four 
molecular-weight categories for each oil. While the 
oils show a trend toward increased removal at 
decreased molecular weights (especially for less than 
400 daltons), Wilmington crude oil shows significantly 
more vanadium removal over all four fractions. 

That extraction of vanadyl compounds from the 
low-molecular-weight categories was greater than 
that from the high-weight categories is not surprising. 
Vanadyl porphyrin and non-porphyrin compounds in 
the low-molecular-weight, malthene fraction of the 
crude oils occur freely suspended and are therefore 
more likely to form ligational complexes. Vanadyl 
compounds in the high-molecular-weight, asphaltene 
fraction can be strongly complexed to the asphal-
tenes, making removal more difficult and sometimes 
impossible. 

Finally, Table 1 shows the amounts and percen 
tages of vanadyls in the four weight categories for 
each crude-oil extract. These data indicate that most 
of the vanadyl compounds in each extract exist at 
molecular weights of less than 400 daltons. Cerro 
Negro extract contains no vanadyl compounds above 
900 daltons. Of the other extracts, only Prudhoe 
Bay has significant amounts of vanadyl compounds 
at molecular weights greater than 900 daltons. 

This finding is important because it reveals that, 
although vanadyl porphyrin compounds are present in 
the extracts, they account for only 18 to 33% of the 
total vanadium present. The majority of the vanadyl 
compounds in the extracts are low-molecular-weight 
vanadyl non-porphyrin compounds. Demetallation of 
the pyridine extracts coiceivabty prohibits 
identification of these compounds because of their 
instability in dilute acid solutions. 

This lack of high-molecular-weight vanadyl com-
pounds in three of the four extracts suggests that, if 
distinct species are in fact present, removal of these 
highly conjugated molecules with coordinating sol-
vents will be difficult. 
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SEC-HPLC--GFAA Analysis of Heavy Crude 
Asphal tenes 

The asphaltenes in the heavy crude oils contain a 
significant percentage of the vanadium, and thus 
examination of their content for vanadyl porphyrin 
and non-porphyrin compounds by HPLC-SEC-GFAA 
analysis would be critical. Additionally, extraction of 
the asphaltenes with a pyridine/H 20 solution would be 
helpful in learning more about non-porphyrin vanadyl 
compounds complexed to the macromolecular struc-
ture of the asphaltenic fraction. 

During this year, work has continued with the 
asphaltenes of Boscan, Cerro Negro, Wilmington, and 
Prudhoe Bay heavy crude oils. Separation is 
achieved by agitating samples in 10 volumes of pen-
tane at about 300 motions per minute for 24 hours. 
Separations have also been made using heptane as 
the solvent, but these samples have not yet been 
ahalyzed. The asphaltenes are separated from the 
pentane solubles with a 0.45 micron Millipore filter, 
washed with pentane, and stored under nitrogen. X-
ray fluorescence analysis for vanadium has been per-
formed and compared with earlier results for whole 
crude oils (Table 2). A significant percentage of the 
vanadium in the oils is contained in the asphaltenes. 
The percentage of vanadium in the asphaltenes is not 
directly proportional to the amount of asphaltenes 
present in an oil; and although the asphaltenes 
represent less than 3% of the weight of a crude, they 
still account for almost half of the vanadium present. 

Samples of the asphaltenes are redissolved in 
methylene chloride and analyzed by 
HPLC-SEC-GFAA using 50A and iooA SEC columns 

Table 2. Concentrations of vanadium in heavy crude oils 
and asphaltenes. 

Wt.%of 	Wt.%of 
ppm V in ppm V in asphaltene total V in 

Sample 	crude oil asphaltene in crude asphaltene 

Boscan 	1100 	4310 	25 	98 

Cerro Negro 	560 	1680 	20 	60 

Wilmington 	49 	422 	6.2 	53 

Prudhoe Bay 	19 	280 	2.9 	43  

in series with element-specific vanadiuni detection at 
318.4 nm. The visible detector was set at 408 nm to 
detect the soret bands of vanadyl porphyrins. The 
extraction and analysis were repeated three times for 
each oil. Figure 4 shows a typical SEC result. The 
asphaltenes were separated into the four molecular- 

X408nm 
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(12000 dilution) 

I 	I 
I 

Molecular Weights 0,000 	2,0 
I
0 9II0 	400 

AAX3l8.4nm 	

IIllliIllll Vanadium  
I 	II 

X408nm  

Boscon Maltene 
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Molecular Weights io.000 	2,000 900 	400 

I 	 l 

AA X3lB.4nm  

Vanadium iii 	Ijl 	dill] 	lillIlIllil. 
I 	 I 
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I 	I 
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minutes 

Figure 	4. 	Combined 	50/100/1000 	A 	column 
SEC-HPLC-GFAA analysis of Boscan asphaltene, 

	

malthene, and asphaltene extracts. 	(XBL 8210-3112) 
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weight fractions used before: greater than 2000, 
between 2000 and 900, between 900 and 400, and 
less than 400. The third fraction is assumed tobe 
rich in vanadyl porphyrins. It can be shown that the 
percentage of vanadium in the 900-to-400 fraction is 
much lower for the asphaltenes. This does not mean 
that fewer porphyrins are in the asphaltenes, but 
rather that the asphaltenic porphyrins are incor -
porated into larger complexes, because there is 
intense visible absorption in the highest molecular-
weight fraction. 

The pentane-soluble, malthene fractions of the oils 
were vacuum-distilled to remove the pentane and 
then dissolved in methylene chloride for 
HPLC-SEC---GFAA analysis. Figure 4 shows a typical 
vanadium distribution for the malthene of Boscan 
heavy crude oil. By, comparing the asphaltenes and 
malthenes with their whole oils, it can be observed 
that, in general, the asphaltenes are richer in the 
high-molecular-weight vanadium compounds, while 
the malthenes are richer in the two middle fractions. 
The heavier vanadium concentrations in the very 
highest and very lowest fractions of the asphaltenes 
conform well with the concept of asphaltenes as 
large molecules with smaller molecules encapsulated 
within them. It is also interesting to note that Boscan 
crude, which has the highest asphaltenic vanadium 
concentration of the four oils studied, has an asphal-
tenic vanadium distribution very similar to the vana-
dium distribution of the whole crude oil. 

The four oils can also be divided into two groups: 
high-asphaltene oils, including Boscan and Cerro 
Negro, and low-asphaltene oils, including Wilmington 
and Prudhoe Bay. The high-asphaltene oils have 
similar molecular-weight distributions of vanadium in 
their asphaltenes and whole oils and have similar per-
centages of vanadium in the highest and lowest 
molecular-weight ranges of the asphaltenes. The 
low-asphaltene oils have more extreme variations in 
vanadium distribution between the asphaltenes and 
the whole oils, and their vanadium concentrations are 
significantly greater in the heaviest range than in the 
lightest. This feature is especially pronounced in the 
lowest-asphaltene oil, Prudhoe Bay, which has 57% of 
its vanadium in the greater-than-2000 range and only 
17% in the less-than-400 range. 

We have also attempted to isolate vanadyl porphy -

rins from the asphaltenes. Following a, procedure 
similar to that used by other researchers, the asphal- 

Table 3. Vanadium distribution in,pyridine-water extracts 
of asphaltenes (percent of total V in four classes 
of molecular weights). 

Molecular Weight 

Sample 	 <2000 <900 
>2000 >900 >400 <400 

Boscan Extract 	 4 	18 	39 	39 

Cerro Negro Extract 4 	20 	36 	40 	- 

Boscan Filtrate 	 54 	24 	12 	10 

tenes were dissolved in xylene and extracted with a 
pyridine-water solution. The extracts have a strong 
absorbance at 408 nm, typical for vanadyl porphyrins. 
Of the four crude oils, only Boscan and Cerro Negro 
gave extracts with sufficiently large vanadium con-
centrations to make GFAA analysis possible. 
Analysis using the HPLC-SEC-GFAA combination 
showed that. a substantial portion of the vanadium 
present in these two extracts had a molecular weight 
too small for porphyrins (Table 3). Further analysis 
with a second HPLC system equipped with an amino-
cyano column and a rapid scanning UV-VIS detector 
has established the presence of several vanadyl non-
porphyrin compounds in the pyridine-water extract. 
Future work will characterize these compounds. 

PLANNED ACTIVITIES FOR 1983 

We will continue to work on the speciation of vana-
dyl non-porphyrin compounds in heavy crude petrole-
urns and their asphaltenes; we expect the resulting 
knowledge may lead to rational removal methods and 
contribute to understanding catalyst poisoning 
phenomena. 
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compounds thought to be present in oil shale kero-
gen and the products of its pyrolysis, including the 
retort waters. 1 ' 2  These studies led to the 
identification, for the first time, of methyl and 
phenylarsonic acids in these precursors and products. 

We have since initiated studies to find innovative 
methods of removing these compounds and other 
organometallics from fossil fuel products. In this 
regard, we have been experimenting with a method 
that utilizes substituted catechols as potential ligands 
that could be placed in a polymeric matrix for the 
future removal of organoarsenic compounds from the 
above mentioned products. 

Surprisingly, we found very few references on the 
reactions of catechols with alkyl or arylarsonic 
acids3  and none on similar reactions with substi-
tuted catechols. 9  

ACCOMPLISHMENTS DURING FY 1982 

Chart 1 shows the catechols, 1-4, that we used in 
the reactions with methyl and phenylarsonic acid, 5 
and 6. Compound 1 reacts with either 5 or 6 to pro-
vide a mixture of cis and trans five-coordinate 
organoarsenic catecholates 7-10 (Eq. 1). 

R 	 CH3 R 
OH 

Rs(OH)2  + 2 I( 	C6H5 	 + 	 + 3H20 

CH3 	5h 	 &H3 
c/s 	 /rofls 

5 RCH3 	 7-10 
6 RPh 	. 	 (I) 

SYNTHESIS, STRUCTURAL ELUCIDATION, 
AND STEREOCHEMISTRY OF FIVE- 

COORDINATE ORGANOARSENIC 
CATECHOLATES* 

RH. Fish and R.S. Tannous 

Recently, we have been investigating the specia-
tion or molecular characterization of organoarsenic 

This work was supported by the Assistant Secretary for Fossil Energy and 
the Dvision of Oil, Gas and Shale Technology, and the Bartlesville Energy 
Technology center of the U.S. Department of Energy under contract No. DE' 
Ac3-76SFOOO98. 

9ZOH cH30g#H 

CH3  

I 	 2 

	

a 0,  0 H 	H H 

	

0C 	OH H 9~ :~9 
V-(CH2)4-N-- 

Chart 1. Catechols used in the synthesis of five-coordinate 
organoarsenic catecholates. 	 (XBL 823-8458) 
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Compounds 7-10 were characterized by a combina-
tion of nuclear magnetic resonance spectroscopy 
(NMR), mass spectrometry (MS), infrared spectros-
copy (lR), and elemental analysis. 10  The 250 MHz 1 H 
NMR spectrum provided definitive evidence that com-
pound 1 reacted with either 5 or 6 to give a mixture 
of cis and trans isomers (7, 8 R = OH3  and 9, 10 R 
= Ph). Thus, compounds 7 and 8 showed two methyl 
resonances (catecholate ring) at 2.21 and 2.19 ppm 
(benzene-d6 , TMS) and two methyl resonances for 
groups bonded to arsenic at 1.33 and 1.32 ppm in the 
ratio of 53:47. 

The corresponding cis and trans compounds, 9 and 
10, where R = Ph, had methyl resonances at 2.26 
and 2.12 ppm (benzene-d 6 , TMS) in the ratio of 
90:10. The complexity of the phenyl region at 250 
MHz did not allow the catecholate protons and 
phenylarsenic protons to be separated, and thus the 
1 H NMR spectrum was obtained at 400 MHz. The 400 
MHz 1 H NMR spectrum of 9, 10 (benzene-d6, TMS) 
showed resonances at 7.81 (doublet, J = 8.3 Hz); 
6.83 (multiplet) and 6.74 ppm (overlapping triplets J 

= 8.3 Hz) for the phenylarsenic protons in the ratio 
of 2:1:2. The catecholate protons were found at 6.56 
(doublet of doublets, Jortho = 7.8 Hz, Jmeta = 1.4 
Hz); 6.65 (overlapping triplets, J = 7.8 Hz), 6.93 (tri-
plet, J = 7.8 Hz) and the methyl groups at 2.24 ppm  

(singlet) in the ratio of 2:2:2:6. The complexity of the 
phenyl region, where protons on the phenyl group 
attached to •arsenic appeared to be all non-
equivalent, provided tentative evidence for the cis 
isomer, 9, rather than the trans isomer, 10, as the 
major product in this reaction. 

In order to unequivocally ascertain the stereochem-
istry of the major isomer, as 9 (cis) or 10 (trans), we 
obtained a single-crystal x-ray analysis. Figure 1 
shows an ORTEP drawing of the major isomer, 9, with 
the methyl groups clearly cis to each other and the 
geometry around the arsenic essentially rectangular-
pyramidal (951/6), while the axial phenyl group is 
twisted so that it lies in the same plane as oxygen 2 
and oxygen 3. The angle between the carbons 1 
through 6 on the phenyl group attached to arsenic 
and the oxygen-arsenic-oxygen plane is 4.7 1 . (See 
Table 1 for other pertinent •bond angles and 
lengths. 124) Recently, Day et al 15  reported on the 
crystal structure of a product from the reaction of 
phenylarsenic acid and catechol. 6  This five-
coordinate organoarsenic catecholate was also found 
to have a rectangular pyramidal geometry around 
arsenic. 15  Our study represents the first stereochemi-
cal assignment to be made on a five-coordinate 
organoarsenic catecholate and has implications for 
the mechanism of formation of these compounds. 

Figure 1. ORTEP diagram of cis (3-CH3-C611302) 2  AsC6H5, compound 9, showing 
50% probability ellipsoids. 	 (XBL 823-8156A) 

1-32 



Table 1. Selected bond lengths and anglesfor 
cis (3-CH3-C611302)2AsC6115, 95 

Atoms Bond Length 	Atoms 	Angle, Deg. 

As-01  1.806 (1) 01 -As-02  87.93(7) 

As-02  1.799(2) 01 -As-03  85.43(7) 

As-03  1.784(2) 01 -As-04  150.84(9) 

As-04  1.825(2) 02-As-03  149.85(9) 

As-C 1 
 

1.899(2) 02-As-04  82.71 1 (8) 

1.365(3) 03-As-04  88.95(9) 

C8-02  1.370(3) 01 -As-C1  105.5 (8) 

C14-03  1.413(3) 02-As-C1  104.99(9) 

C15-04 
 

1.345(3) 03-As-C 1  105.12(9) 

C12-C13  1.474(4) 04-As-C 1  103.59(9) 

CIGFC20 1.410(4) As-0 1 -C7  111.12(13) 

aEsti mated standard deviations in parentheses. 

Compound 2 reacted with 5 to provide a com-
pound, 11, with a single methylarsenic resonance at 
1.92 ppm ( 1 H, 250 MHz, DMSO-d6, TMS) and a single 
methoxyl resonance at 3.78 ppm; this is indicative of 
one isomer, which we presume to have cis stereo-
chemistry as in 9. Compound 2 also reacts with 6 to 
provide a mixture of. compounds, 12 and 13, with two 
methoxyl signals ( 1 H, 250 MHz, DMSO-d6, TMS) at 
3.76 and 3.74 ppm in the ratio of 95:5. Again, as 
with 11, we presume cis stereochemistry for the 
major isomer. 

Compound 3, a benzo-substituted catechol, 
reacted with 5 and with 6 to give the five-coordinate 
organoarsenic compounds 14 and 15. respectively. 
While, no stereochemistry is involved in the formation 
of either 14 or 15, it is important to note that substi-
tution on the naphthyl ring is certainly possible for 
future attachment of this type of compound to 
polymeric backbone. The pertinent 1 H NMR data 
(250 MHz, DMSO-d6, TMS) provided an upfield shift, 
as with the NMR spectra of compounds 7-13, for the 
catechol ring protons of 14 and 15 when compared to 
3. Thus, 14 had the catechol protons (singlet) at  

7.09 ppm, 15 at 7.10 ppm, and 3 at 7.12 ppm, which 
indicates the influence of arsenic atoms on the shift 
of protons on catechol rings to higher fields. A simi-
lar NMR result was obtained by McArdle et al. 16  for 
some gallium and rhodium catecholate complexes. 

Our final ligand of interest, 4,17  was important to 
study, since it represented a model for a recently 
reported polymer of potential use for our future appli-
cations. 18  We chose 4 (4-LICAM) after making Dreid-
ing models that clearly showed the central cavity 
capable of accommodating an arsenic atom (-3.58 
to 3.63 A, Fig. 1). Reaction of 4, with either 5 or 6 
provided the intramolecular five-coordinate organoar-
senic derivatives 16 and 17 (Eq. 2). 

R 

_- 	+ 3H20 	(2) 4+50r6 
THF 
5 h 

?H' 4C  

16 RCH3  
17 R Ph 

The 250 MHz 1 H NMR and 70 eV MS (solid probe) 
data were consistent with the structures assigned. 
Notably, the mass spectra provided the parent ion 
and an ion resulting from a loss of the catechol group 
with a carbonyl attached. This was followed by a 
fragmentation of the -CH 2CH2-NH groupings. For 
example, with 17, the MS ions of interest were: m/e 
508 (M'); 373 (M-C 7H13N203); 331 (M-C9H81\103); and 
287 (M-C1 1 H13N203). 

A typical procedure for the preparation of a five-
coordinate organoarsenic catecholate derivative is 
that for 9, as follows. 

In a 50 ml flask, equipped with condenser, drying 
tube, and Dean-Stark trap for water removal, was 
placed 1.29 g (10.42 mtv of phenylarsonic acid and 
1.05 g (5.21 mM) 3-methylcatechol (freshly sublimed) 
in 30 ml of benzene. The reaction mixture was 
refluxed for 5 h. The benzene was removed on a 
rotary evaporator and the compound recrystallized 
from carbon tetrachloride/methanol and dried under 
vacuum to give 1.88 g (91% yield) of 9 (melting point, 
134-135 0C). Calculated for CH 1704As: C. 60.6; H, 
4.3. Found: C, 60.39; H, 4.46; electron impact mass 
spectrometry (70 eV, solid probe), mle 396 (M), 
274, 197, 151, 106. 19 , 20  

We have used this procedure to derivatize both 
methyl and phenylarsonic acid, 5 and 6, that had 
been isolated from a Green River oil shale kerogen by 
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extraction with methanol. Since 7 and 9 can be 
chromatographed on a 30 m fused silica capillary 
column (OV101), the use of GC-MS will enhance the 
utility of these organoarsonic acid derivatives for 
other applications. 

PLANNED ACTIVITIES FOR 1983 

In future experiments, we hope to place several of 
our catechol derivatives in polymeric backbones to 
see if they retain their reactivity with organoarsonic 
acids. 
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ORGANOMETALLI C GEOCHEMISTRY: 
ISOLATION AND IDENTIFICATION OF 

ORGANOARSENIC COMPOUNDS FROM 
GREEN RIVER FORMATION OIL SHALE* 

R.H. Fish, R.S. Tannous, W. Walker, 
C. S. Weiss, t  and F. E. Brinckmant 

The molecular characterization of naturally occur-
ring organometallic compounds in fossil fuel precur-
sors is becoming a significant area of research 
because of the importance of these compounds in 
emerging synthetic fuel processes and their impact 
on the environment. 1  

Recently, using a high-performance liquid chroma-
tograph coupled to a graphite-furnace atomic absorp-
tion spectrometer as an element-selective detector 
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Office of Standard Reference Materials. C.S.W. was a National Research 
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It 

(HPLC-GFAA), we identified methyl- and phenylar-
sonic acids as well as arsenate in oil-shale retort 
waters, 2  We also have analyzed the oils produced by 
shale pyrolysis and have found that the same 
organoarsonic acids occur, but in association with 
iron-containing macromolecules with molecular 
weights in the range of 2000 to 4000 daltons. 3 ' 4  

In order to discern whether these compounds were 
natural products in the precursor of the shale oil and 
the retort waters or were formed during pyrolysis, we 
examined a sample of Green River Formation oil 
shale. Oil shale from the Green River Formation is a 
fine-grained sedimentary rock that contains appreci-
able quantities of organic material. It consists of 
three fractions—kerogen, bitumen, and an inert sub-
stance. Kerogen and bitumen, which constitutes the 
organic material, are regarded as biogeochemical 
fossil products, emanating largely from lipid fractions 
of ancient algae and forming the ubiquitous oil-source 
matrix in shales. 5  

ACCOMPLISHMENTS DURING FY 1982 

The Green River Formation oil shale sample (10 g) 
was crushed and Soxhlet-extracted with 500 ml of 
methanol for 48 hours. This effectively removed 
about 20% of its total arsenic. The Green River oil 
shale sample from Anvil Points, Colorado (NBS Stan-
dard Reference Material)  was found to contain 
approximately 20 ppm of total arsenic.] Following 
evaporation (25 ml) and filtration, we speciated the 
extract by HPLC, using a Dionex anion exchange 
column with 0.2 M ammonium carbonate in 
water/methanol (85:15) as the eluting solvent. The 
arsenic compounds were detected via automatic 
GFAA analysis at 197.3 nm. 1 ' 2  

Figure 1 gives the arseni c- specific chromatogram of 
the compounds we identified as methylarsonic acid, 
phenylarsonic acid, and arsenate, based on retention 
times of the authentic arsenic compounds. 2  One or 
more unknown neutral organoarsenic compounds also 
eluted with the solvent front. 

We recently studied the reactions of methyl- and 
phenylarsonic acids with substituted catechols and 
established that they provide five-coordinate 
organoarsenic catecholates. 6  Since many of these 
organoarsenic catecholates can be gas-
chromatographed on fused silica capillary columns 
and characterized by electron impact mass spectros- 

Standard 
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MJs(OH)2 ©—ls(014)2  As0 

Methanol Extract of Green River Formation Oil Shale 

Methyl- and 
Phenylorsonic 

Unknown Or9ano- 	 Acids 	 Arsenate 
arsenic Compounds 	 U 

0 	5 	10 	15 20 25 30 35 40 45 50 
Mm 

Figure 1. HPLC-GFAA analysis of Green River Formation 
oil shale extracted with refluxing methanol. AA detection 
of arsenic was at 193.7 nm. For HPLC, a Dionex anion-
exchange column with 0.2 M.  (NH4)2CO3  in aqueous 
methanol as the eluting solvent was used. Bracketed 
areas were isolated by preparative HPLC. (XBL 8210-3116) 

copy (GC-EIMS), we decided to apply this technique 
to unequivocally identify the methyl- and phenylar-
sonic acids in the oil shale extract. 

The methanol extract was purified by preparative 
HPLC (the area from 22 to 35 min was collected, see 
Fig. 1), lyophilized, and dissolved in benzene. To this 
solution was added excess 3-methylcatechol, and the 
reaction mixture was refluxed for 5 h and worked up 
to remove the excess 3-methylcatechol. A concen-
trated sample was subjected to GC-EIMS analysis to 
provide spectra and scan numbers (retention times) 
identical to the known samples of the 3-
methy1catecholates of both methyl - and phenylarsonic 
acids. 

Figure 2(A) shows the reconstructed ion chromato-
gram of the two standards, 3-methylcatecholates of 
methyl- and phenylarsonic acids; the single-ion 
chromatograms show pertinent fragments of interest 
at m/e 197 and 212 for the methylarsonic acid 
derivative [Fig. 2(B),(C)] and m/e 197 and 274 for 
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Figure 2. GC-EIMS analysis of the 3-methylcatecholates 
of methyl- and phenylarsonic acids. (A) Reconstructed ion 
chromatogram of known methyl- and phenylarsonic acid 
derivatives of 3-methylcatechol. (B) Selected ion chroma-
togram showing m/e 197 for each derivative. (C) 
Selected ion chromatogram for methylarsonic acid-3-
methy1catecholate at m/e 212. (D) Selected ion chroma-
togram for phenylarsonic acid-3-methylcatecholate at m/e 
274. (XBL 828-10938A) 

the phenylarsonic acid derivative [Fig. 2(B),(D)]. Fig-
ure 3(0) shows the region we purified by HPLC con-
taining the organoarsonic acids, which were 
derivatized, and the expanded sections of this 
chromatogram containing the organoarsenic catecho-
lates with the important ions, m/e 197, 212, and 274, 
clearly evident for the 3-methy1catecholates of 
methylarsonic [Fig. 3(A)] and phenylarsonic [Fig. 
3(8)] acids. Additionally, the inorganic anion, arsen-
ate (As043 ), was verified in a similar fashion 
(preparative HPLC of the region from 35.5 to 41 mm) 

1000 1200 1400 1600 1800 2000 Scan (No.) 
640 20:00 23:20 26:40 30:00 33:20 Time (mm) 

Figure 3. GC-EIMS analysis of the derivatized, HPLC-
purified methanol extract. (A) Ion chromatograms near 
scan 1137 for m/e 197 and m/e 212, confirming 
identification of 3-methylcatecholate of methylarsonic acid 
in (C). (B) Ion chromatograms near scan 2030 for m/e 
197 and m/e 274, confirming identification of 3-
methy1catecholate of phenylarsonic acid in (C). (C) Recon-
structed ion chromatogram of HPLC-purified methanol 
extract; arrow on left designates methylarsonic acid-3-
methyl catecholate, and arrow on right designates 
phenyl arsonic acid-3-methyl catecholate. (XBL 828-1 0939A) 

by preparation of the tris (trimethylsilyl-) derivative of 
the ammonium salt of arsenate and analyzing the 
purified extract by CC-ElMS for ions at m/e 207, 343, 
and 358. The organoarsenic compound or com-
pounds that elute with the solvent front (Fig. 1) have 
not yet been identified, and work is in progress to 
determine the structure. 7  
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PLANNED ACTIVITIES FOR FY 1983 

We believe these identifications of the organoar-
sonic acids to be the first such molecular characteri-
zations of trace organometallic compounds to be 
reported for any fossil fuel precursors and that they 
initiate a new field, organometallic geochemistry, that 
has heretofore been totally unexplored. 

Our findings imply that these organoarsonic acids 
are natural products and hence have a biogeochemi-
cal origin in the oil shale fossilization process. It is 
also interesting to note that no examples of biophen-
ylation have been reported, whereas biomethylation 
of arsenic compounds is well-known. 8  How the 
phenylarsonic acid forms will have to be answered by 
examining oil shale precursors such as freshwater 
algal mats and other biogeochemical samples. We 
plan to proceed with this aspect in FY 1983. 

Finally, the fact that these organoarsonic acids are 
released upon oil shale pyrolysis has important impli-
cations for synthetic fuel processes in which the role 
of organometallic compounds in poisoning probess 
catalysts and in contributing to environmental prob-
lems is paramount. 9  
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COAL-RELATED RESEARCH ' 

PROCESSING OF CONDENSATE WATERS 	A000MPLISHMENTS.DURING FY 1982. 
FROM COAL GASIFICATION* 

\2 

C.J. King, J. MacGlashan,"D. Mohr, P. Mackenzie, 
R. Thompson, andJ. Bixby 

Large volumes of condensate water are formed 
when effluents from coal-gasification reactors, are 
cooled. These waters contain large concentrations of 
dissolved acid gases and ammonia, as well as sub-
stantial amounts of dissolved polar organics, notably 
phenols and related compounds. For water economy 
and environmental pr,otection, it is desirable to recy -
cle these waters to the gasification process. The 
principle objective of this project is to develop work-
able, reliable, and economical physicochemical, pro-
cessing methods that will I  enable such condensate 
waters to be recybléd. Particular attention is being 
given to solvent-extraction and energy-efficient strip-
ping processes, and to combinations of these. 

Work to date has 'focused upon four areas: 
analyses of individual components contributing 

to the measu,red Chemical Oxygen Demand (COD); 
extraction with 'both bonventional and novel sol-

vents to allow more complete reduction of COD 
and/or lower energy consumption; 

interpretation of rates of stripping of ammonia 
and acid gases from condensate waters; and 

innovative combinations of extraction and strip-
ping that have the potential to reduce substantially 
the energy required to remove ammonia and isolate it 
as a salable product. 

Results through 1981 are described in the Annual 
Reports for FY 1979 through 1981. 

This work was supported by the Assistant Secretary for the Environment, 
Office of Environmental Compliance and Overview, avision of Environmental 
and Safety Engineering, Environmental Control Technology Branch of the 
U.S. Department of Energy under Contract No. DE-AC03-765F00098. 

Analyses of Condensate Waters 

In the preceding year (FY 1981), 	three 
condensate-water samples, were obtained from the 
sl,agging fixed-bed gasifier at the, Grand Forks, Energy 
Technology Center (GFETC) and analyzed (see FY 
1981 Annual Report). During FY .1982, a fourth sam-
ple (RA-120) was obtained, also from GFETC. This 
sample was analyzed by a reversed-phase, gradient-. 
elution, h i gh- performance . liquid, chromatography 
(HPLC) technique. This technique can detect very 
polar, hydrophilic compounds that are not recovered 
by the methylene chloride extraction step in many. 
gas-chrornatography/mass-Spectrometry (GC/MS) 
analytical, procedures.. Qualitative . identification of 
individual HPLC fractions was accomplished by 
CC/MS and co-chromatography tests with known com-
pounds. The procedures for condensate-water sam-
pling and for 'qualitative and quantitative analysis 
have been described previously. 1  

Table 1 shows the results of chemical analyses of 
the four condensate-water samples 'received so far 
from 'GFETC. The compounds are divided into three 
categories—monohydric phenols and their derivatives 
(ñoS. 1-5), dihydric phenols (nos; 6-9), and hydantoin 
compounds (nos. 10-12). The hydantoin compounds 
are very polar and have low distribution coefficients 
(KD) into common solvents. The structure of dimethyl 
hydantoin is shown in the FY 1981 Annual Report. 2  

The concentrations of compounds 1-9 in the RA-
120 sample did not change significantly from the ini-
tial measurement to a sample age of 65 days. The 
concentration of dimethyl hydantoin measured in RA-
120 increased with time from 70 ppm at 0.7 days to 
165 ppm and 110 days, with intermediate values of 
110 ppm and 150 ppm at 10 and 30 days, respec-
tively. These observations are similar to the time-
dependent behavior of the samples discussed in the 
FY 1981 report. 

The most important differences between the sam-
ples are the high concentration of dihydric phenols 
(components 6-9) in the first two samples (RA-78 and 
RA-97), and the high concentration of dimethyl 
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Table 1. HPLC analyses of GFETC gasitier condensate waters (all 

concentrations expressed in ppm, w/w). 

Date of sample: 6/20/80 6/10/81 9/30/81 4/20/82 

GFETC run no: RA-78 RA-97 RA-106 RA-120 

Sample age at analysis (days): 200 40 1.7 0.7 

Components: 

Phenol 5028 7405 3528 4370 

Cresols 3238 4267 2422 2565 

C2  Monohydric phenois 456 473 434 400 

o-Methoxy phenol 259 448 165 260 

p-l-iydroxy acetophenone 48 33 3 ND 

Pyrocatechot 973 848 38 2 

4-Methyl catechol 613 497 21 ND 

Resorcinol 62 28 2 ND 

Hydroquinone 33 25. 1 ND 

5,5-Dimethyl hydantoin 1755 294 293 70 

(C5H802N2) 

5-Methyl hydantoic acid 99 128 ND 35 

(C4H602N2) 

5-Methyl hydantoin 136 41 ND 10 

(C4H602N2) 

Measured COD 35810 46650 23,510 24,740 

Fractions of measured COO 

accounted for by: 

Components 1-5 0.621 0.661 0.685 0.797 

Components 6-9 0.092 0.059 0.005 0.0001 

Components 10-12 0.112 0.014 0.019 0.004 

All identified components 0.825 0.734 . 0.709 0.801 

ND = not detected 

hydantoin in RA-97. These differences may be due to 
changes in the operation of the coal-gasification pro-
cess. 

As reported in Table 1, the identified compounds 
account for 71 to 83% of the measured COD in these 
condensate-water samples. 

Extraction of Condensate Waters 

Additional information about the chemical nature of 
the organic compounds in these samples can be 
obtained by various solvent-extraction procedures. 
This information can also be used to evaluate the 

performance 	of 	industrial 	solvent-extraction 
processes. 

Methylisobutyl ketone (MIBK) is an attractive sol-
vent for an industrial condensate-water treatment pro-
cess because it gives high equilibrium distribution 
coefficients compared to other conventional solvents, 
and because it can be regenerated easily by distilla-
tion. Two sequential batch extractions with MIBK at 
a solvent-to-water volume ratio of 1:1 in each stage 
removed 92.5% of the COD from the RA-1 20 sample 
at a sample age of 0.7 days. This degree of COD 
removal could be accomplished in a countercurrent 
extraction process with an economically feasible 
solvent-to-water ratio. 

Two other solvents were studied—tributyl phos-
phate (TBP) and 25 wt% trioctyl phosphine oxide 
(TOPO) dissolved in MIBK. TBP is a stronger Lewis 
base than MIBK, and TOPO is a stronger Lewis base 
than TBP. Batch extractions with a solvent-to-water 
volume ratio of 1:1 removed the following fractions of 
the COD from the RA-120 sample at a sample age of 
11 days: MIBK, 0.881; TOPO!MIBK, 0.915; TBP, 
0.920. Each solvent removed nearly all of the com-
pounds 1-9 in Table 1. The COD that remains after 
extraction is therefore due to compounds that have 
not yet been identified. These remaining organic 
compounds are very polar and hydrophilic. Since the 
stronger Lewis-base solvents remove more of them, 
some of them may be Lewis acids. Ultrafiltration 
experiments using a membrane with a nominal 
molecular-weight cut-off of 1000 showed that none of 
the solutes remaining after MIBK extraction were 
retained by the membrane. 

The portion of the COD removed from the RA-120 
sample by a single extraction with MIBK decreased 
from 88.5% at a sample age of 0.7 days to 86.4% at a 
sample age of 190 days. The portion of the COD 
removed by two sequential MIBK extractions 
decreased from 92.5% to 88.4% over the same inter-
val. This indicates that chemical reactions occurred 
during storage. It also demonstrates the importance 
of testing proposed treatment processes with fresh 
condensate-water samples. 

Repeated extractions with MIBK from the RA-120 
sample at 190 days showed that about 10% of the 
COD had a vanishingly small KD  into this solvent. 
Residual dissolved MIBK was removed from the 
raffinate water after extraction by nitrogen stripping 
under conditions shown to leave no appreciable 
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amount of the solvent in the water. This stripping 
was to prevent dissolved MIBK from contributing to 
the COD analysis. 

A technique for measuring organic nitrogen has 
recently been applied to the RA-120 sample. In this 
procedure, NaOH was added to the condensate 
water, and most of the ammonia was stripped out of 
the solution with 4 moles N 2  per mole H 2  0 at 25°C. 
The difference between Kjeldahl nitrogen and 
ammonia nitrogen was then interpreted to be nitrogen 
contained in organic compounds. At an age of 190 
days, the RA-120 sample contained about 250 mg Nil 
of organic nitrogen. After repeated extractions with 
MIBK, about 150 mg Nil remained in solution. This 
organic nitrogen has a very small KD  into MIBK and 
was not removed by MIBK or methylene chloride at 
high pH. Therefore much of the poorly extracted 
COD may be due to very polar, nitrogen-containing 
compounds. 

Extraction of Phenols with Trioctyl Phosphine 

Oxide (TOPO) 

Measurements 	of 	equilibrium 	distribution 
coefficients (KD)  for extraction of phenol, resorcinol, 
and pyrogallol from water into solvent mixtures of 
TOPO and diisobutyl ketone (DIBK) have been com-
pleted. The results and their interpretation in terms 
of complexation equilibria are presented elsewhere. 3  

We have found that regeneration of TOPO solutions 
by back-extraction into strong aqueous bases is com-
plicated by emulsification. Also, the variation of KD 
with temperature3  appears to be insufficient for a 
regeneration process based upon back-extraction into 
water at higher temperature. Regeneration by distil-
lation is more likely to be cost-effective. Since DIBK 
has a lower boiling point than phenol, a higher 
ketone, isobutyl helptyl ketone (IBHK), was tested as 
a diluent for TOPO. Although the normal boiling point 
of phenol (181°C) is less than that of IBHK (218 0C), it 
was found that complexation of phenol with TOPO 
substantially reduces the volatility of phenol under 
distillative regeneration conditions. For a solvent 
composed of 25% wlw TOPO in IBHK, measured 
values of the relative volatility of phenol to IBHK were 
only 0.85 and 1.11 at TOPOiphenol molar ratios of 1.0 
and 0.5, respectively. Diluents with still higher boil-
ing points appear to be required if phenol is to be 
regenerated from TOPO by distillation. 

Combined Stripping andExtraction for Removal 

and Isolation of Ammonia 

As explained in the FY 1981 report, it may be pos-
sible to reduce the steam requirements for stripping 
ammonia and acid gases (carbon dioxide and hydro-
gen sulfide) from water by carrying out stripping and 
solvent extraction simultaneously. The energy used 
for this combined process plus that for solvent regen-
eration may be less than that for stripping alone. 
The process would also isolate the ammonia from the 
acid gases. 

Before FY 1982, we had determined that 
(1) ammonia rather than the acid gas should be 
extracted, (2) a liquid ion exchanger is needed to 
achieve a high degree of ammonia removal, (3) the 
rate of acid gas removal by stripping in the presence 
of such a solvent 'is substantially faster than by strip-
ping in the absence of a solvent, and (4) certain 
liquid ion exchangers can be regenerated by stripping 
at a temperature greater than that of the original 
combined stripping and extraction. 

Several difficulties arise with liquid ion exchangers, 
however. Since they are ionic, they tend to be 
surface-active and to have a fairly high solubility in 
an aqueous phase, particularly in the salt form. This 
can result in poor phase separation and excessive 
extractant losses. In addition, they can degrade ther -
mally at elevated temperatures, which would lead to 
additional costs for replenishing the extractant. 

Work carried out in FY 1982 addressed the prob-
lems of extractant purity, alternative liquid ion 
exchangers degree of ammonia extraction, phase 
separation, extractant losses, and regenerability. 

Previously, the principal extractant studied had 
been di-2-ethylhexyl phosphoric acid (D2EHPA). The 
commercial product contains about 2% mono-2-
ethyihexyl phosphoric acid, which is water soluble. In 
a continuous process, this impurity would wash out of 
the organic phase fairly quickly. To obtain meaning-
ful results for the degree of extraction, extractant 
losses, etc., the commercial D2EHPA was purified by 
a copper-salt precipitation method 4  for measurements 
that began in FY 1982. 

Other extractants examined were dinonylna-
phthalene sulfonic acid (DNNSA) and octyiphenyl 
phosphoric acid (OPAP). DNNSA had been shown 
previously to degrade irreversibly when attempts were 
made to regenerate it. OPAP comes as a mixture of 

1-40 



mono- and di-acids, so it was washed before use to 
remove the di-acid. It gave results comparable to 
D2EHPA for ammonia extractability and phase separa-
tion, but, being a stronger acid, it is much more solu-
ble in the aqueous phase than D2EHPA. Thus 
D2EHPA is still the most promising extractant exam-
ined thus far. 

Since D2EHPA is a viscous liquid, it is dissolved in 
an organic diluent before use. The nature of this 
diluent can affect the degree of extraction, phase 
separation, extractant losses, and regenerabi I ity. 

The degree of ammonia extraction by D2EHPA is 
greater in an inert diluent, such as an aliphatic hydro-
carbon, than in an aromatic, such as toluene. This is 
probably due to the interaction of the ir electrons of 
the aromatic with D2EHPA, which reduces the availa-
bility of D2EHPA for ammonia extraction. Under 
identical conditions, using Norpar 12 (King Industries) 

(C11 to C 13  paraffins) as diluent, 96% of the ammonia 
is extracted from an aqueous solution, while only 94% 
is extracted when the diluent is toluene. 

Using a mixed diluent of toluene plus a modifier 
with D2EHPA allows us to take advantage of the 
chemical nature of a modifier that might be too 
viscous to use alone, but much depends on the aci-
dity or basicity of the modifier. If the modifier is a 
stronger base than ammonia, such as a secondary or 
tertiary amine, ammonia extraction is markedly 
decreased. TOPO, a weaker base, which therefore 
does not compete as successfully for the D2EHPA as 
the amines do, has only a slightly detrimental effect 
on extraction. 

Use of 1,1,2,2-tetrachloreothane, which has acidic 
protons, as a modifier with D2EHPA and toluene does 
not affect the degree of extraction much. Adding 
carboxylic acids, especially straight-chain ones such 
as 1-decanoic acid, as modifiers with D2EHPA and 
toluene greatly enhances the extraction of ammonia, 
although the carboxylic acids themselves do not 
extract ammonia significantly. 

Sterically unhindered alcohols and phenols added 
as modifiers also exhibit this enhancement. For 
instance, under otherwise identical conditions, a 
diluent composed of 12.2% (by volume) 1-octanol in 
toluene results in 96.2% extraction of ammonia by 
D2EHPA, while a diluent composed of 12.2% (vol) 2-
ethyl-1-hexanol in toluene yields only 93.6% extrac-
tion. Likewise, a diluent composed of 18.8% (vol) 
nonylphenol in toluene used with D2EHPA extracts  

98.9% of the ammonia, while 18.8% (vol) 4-sec-butyl-
2-(a-methylbenzyl) phenol in toluene as a diluent with 
D2EHPA extracts only 93.7%. These results are to be 
compared with 94% for toluene alone as the diluent. 

To illustrate this point about alcohols further, the 
following percents of ammonia extracted were found 
for D2EHPA mixed with a diluent of toluene plus 
increasing amounts of 1-décanol: Zero percent 
decanol, 94% extracted; 1.8% (vol) decanol, 95.4% 
extracted; 12% (vol) decanol, 96.3% extracted; 50% 
decanol, 97% extracted; and 100% decanol, 98.5% 
extracted. Commercially available isodecyl alcohol 
behaves similarly to 1-decanol. The -OH group may 
be solvating the ammonia-D2EHPA complex in the 
organic phase and therefore lowering its activity. 

Another problem in this system, poor phase separa-
tion, manifests itself as a white emulsion at the inter-
face. We therefore attempted to reduce the surfac-
tant nature of the organic phase. Since the 
ammonium salt of D2EHPA is highly surface-active, 
operating under conditions of low conversion of the 
D2EHPA to the salt form improved the phase separa-
tion. Modifiers that interact with the ammonium salt 
of D2EHPA also can decrease its interfacial activity. 
Hence, adding the unhindered carboxylic acids, 
alcohols, and phenols as modifiers to a toluene 
diluent greatly improves phase separation, especially 
at high modifier concentrations. Of particular interest 
are the excellent separations attained with a diluent 
composed of only 1.8% (vol) 1-decanoic acid in 
toluene and with another diluent containing 50% (vol) 
isodecyl alcohol in a commercial aromatic diluent 
(Chevron Solvent 25), both at an aqueous-to-organic 
phase ratio of 0.185. 

Extractant losses from the organic phase to the 
aqueous phase are also affected by the nature of the 
organic diluent. These losses were quantified as 
follows: A solution of D2EHPA at 0.2 M in a given 
diluent was contacted with an aqueous solution con-
taining 0.58 M ammonia, at an aqueous-to-organic 
phase ratio of 0.185. The concentration of 
phosphorus-containing compounds in the resulting 
aqueous phase was measured by a standard decom-
position and precipitation method. 5  

Replacing an aliphatic diluent with an aromatic 
reduces extractant losses by about 50%, because the 
aromatic can better solvate the D2EHPA and its 
ammonium salt. By using modifiers in toluene that 
reduce the extraction of ammonia, less of the 
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ammonium salt of D2EHPA was formed, and the 
extractant loss was also reduced. Presumably, this is 
because the ammonium salt of D2EHPA is more solu-
ble in water than is D2EHPA itself. 

Sterically unhindered carboxylic acids, alcohols, 
and phenols added as modifiers to toluene also 
significantly reduce extractant losses to the aqueous 
phase. The strong interaction between the -OH 
group on these compounds and the ammonia-D2EHPA 
complex is probably responsible. For instance, using 
50% isodecyl alcohol in the aromatic diluent, Chevron 
Solvent 25 reduces the extractant losses by 90% from 
those measured using an aliphatic diluent (Norpar 
12). Under practical operating conditions, the extrac-
tant losses can thereby be redUced to less than 
$1 .90/1000 gallons of water treated. 

These results point to 50% isodecyl alcohol in an 
aromatic solvent as a good choice of diluent for 
D2EHPA, at least with respect to phase separation 
and extractant losses. So far, only one attempt has 
been made to regenerate such a solvent system. It 
was easily regenerated at 160°C, but some evidence 
of thermal decomposition was noted. Regeneration, 
therefore, will probably have to be carried out at a 
lower, temperature. Thismay require a diluent that 
gives a lower extraction efficiency for ammonia, since 
the ammonia will then not be as tightly held and will 
therefore be more readily liberated from the solvent. 
A trade-off may exist between costs for extractant 
losses and steam requirements for regeneration. 

PLANNED ACTIVITIES FOR FY 1983 

Analyses of condensate waters will continue, with 
the objective of identifying the remaining unknown 
components contributing to the COD. The initial 
focus will be on organic nitrogen compounds and 
amphoteric ionizing compounds. Solvent-extraction 
measurements will be continued to provide chemical 
information on the condensate-water constituents, 
and to provide effective solvent-extraction processes 
for removal of the compounds that have been 
identified. 

Higher-boiling diluents for TOPO will be sought, 
most likely from among commercially available 
ketones, aromatics, alcohols, and naphthalenes, with 
aliphatic solvents being added to the diluent when 
needed to alter density or viscosity. Equilibrium data 
for the extraction of phenol will be obtained for mix-
tures of TOPO with diluents which appear promising 
from the standpoint of solvent-regeneration proper-
ties. - 

In the experiments directed toward simultaneous 
extraction of ammonia and stripping of acid gases, 
regeneration rates will be measured for mixtures of 
TOPO with diluents composed of aromatics and -OH-
containing compounds, with the aim of identifying the 
most attractive diluent mixture on the bases of regen-
erability, low extractant losses through solubility or 
poor settling, and low thermal degradation. Equili-
brium data will be quantified for the more attractive 
extractant/diluent combinations, and tests will be 
made with samples of real condensate waters. 
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ELECTROCHEMICAL ENERGY STORAGE RESEARCH 

TECHNOLOGY BASE RESEARCH PROJECT 
FOR ELECTROCHEMICAL ENERGY 

STORAGE* 

E.J. Cairns and F.R. McLarnon 

Table 1. Topics covered by the Technology Base 
Research Project for electrochemical 
energy storage. 

I. ELECTROCHEMICAL SYSTEMS 

• New Rechargeable Electrochemical Cells 

• 	Metal/Air Cells 
The Lawrence Berkeley Laboratory (LBL) is lead 

center for management of the Technology Base 
Research (TBR) Project. During FY 1982, this project 
consolidated the research activities of several smaller 
programs in the electrochemical branch of DOE's 
Energy Storage Division. The general aim of the TBR 
Project is to provide an applied research base sup-
porting the development of batteries and electro-
chemical systems that exhibit superior performance 
and acceptable life-cycle costs. The intended appli-
cations include electric vehicles and stationary 
energy storage and conversion. A major goal is to 
identify electrochemical technologies having the 
greatest potential to satisfy performance and 
economic requirements and transfer them to DOE's 
Exploratory Technology Development and Testing pro-
ject and/or private industry for further development 
and scale-up. 

The TBR Project includes four major elements: 
electrochemical systems, supporting research, elec-
trochemical processes, and fuel cell research, (Fuel 
cell research is managed by the Los Alamos National 
Laboratory.) The generic research topics included in 
each of these elements are listed in Table 1. 

The LBL scientists who participate in the program 
are E.J. Cairns and F.R. McLarnon of the Energy and 
Environment 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 Conservation and 
Renewable Energy, Office of Energy Systems Research, Energy storage Divi-
sion of the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098. 

II. SUPPORTING RESEARCH 

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 Physiochemical Methods 
for Electrochemical Research 

Materials Research 

Ceramic, Molten-Salt, Glass, and 
Polymeric Electrolytes 

' Novel Electrode Structures 

New Fabrication Techniques for 
Components 

• Battery Separators 

Ill. ELECTROCHEMICAL PROCESSES 

• Corrosion Problems in Electrochemical 
Storage Devices 

• Characterization of MultiPhasea 
Electrochemical Systems 

• 	Electroorganic Synthesis 

• Thermally-Regenerative Cells 

IV. FUEL CELL RESEARCH 

• New Components for Fuel Cells 

• New Electrolytes 

• 	Electrocatalysis 

8Gas-solid-liquid. 
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ACCOMPLISHMENTS DURING FY 1982 this 	material 	is 	therefore 	unsuitable 	for 

LBL monitored 40 subcontracts during FY 1982 and 
use in Na/S cells. 

(c) 	An attempt by the University of Southamp- 
conducted 	a 	vigorous 	in-house 	research 	program. 

ton (England) to employ Raman spectros- 
The 	in-house 	work, 	"Electrochemical 	Energy 
Storage," is summarized in the next article and in the 

copy 	to 	identify 	reaction 	products 	at 

Materials 	and Molecular Research 	Division 	1982 
metal/electrolyte interfaces suffered from 

Annual Report (LBL-15150). 	Progress in the subcon- 
very low signal-to-noise ratios. 

tracted work, divided according to the four major ele- 
(d) 	Measurements of composition profiles in 

ments of Table 1, can be briefly described as follows: 
LiAI/LiCl-KC1/FeS 	cells 	at 	Oak 	Ridge 
National Laboratory lacked sufficient accu- 

Electrochemical Systems Research 
racy 	to 	confirm 	or 	refute 	proposed 
mathematical models. 

(e) 	The Energy Research Corporation had pre- 
A multicell 	phototype Al/air system was suc- 

viously shown that adding certain oxides 
cessfully tested at Lawrence Livermore National to ZnO material employed in Zn/KOH/NiOH  
Laboratory. cells 	could 	reduce 	the 	solubility 	and  
A 	new. 	project 	to 	investigate 	the 	use 	of 

increase 	the 	conductivity 	of 	the 	ZnO, 
sulfolane-based 	organic 	electrolytes 	in which could thereby lead to improvements 
ambient-temperature rechargeable lithium bat- in 	cell 	performance 	and 	lifetime. 	How- 
teries was initiated at EIC Laboratories, Inc. ever, subsequent work showed that these 

additions 	lowered 	the 	electrochemical 
Supporting Research activity of the ZnO. 

(1) 	SkI 	International 	has nearly completed a pro- 
(f) 	A study of transition-metal-coated porous  

titanium electrodes for redox batteries by 
gram to measure the electrochemical kinetic 

the 	University of Akron failed to identify 
parameters of rechargeable alkaline Zn, Fe, and 

cost-effective catalyst/substrate combi na- 
Ni OOH electrodes. 

tions.  
(2) 	A 	new 	effort 	to 	adapt 	a 	'transformation 

toughening" procedure to the manufacture of 
ceramic electrolytes was initiated at Rockwell 

Electrochmical Processes 
International, 	Inc. 	Tetragonal 	Zr02 	is 	incor- 
porated into beta alumina (0"-A1 203) electro- 

(1) - A four-year joint project conducted by Diamond  
lytes in high-temperature Na/S cells. Shamrock 	Corporation 	and 	Case 	Western 

(3) 	Several 	less-promising 	research 	and develop- Reserve University was successfully completed. 
ment projects have been phased out of the TBR A primary objective was the development of a  
Project: high-performance 	oxygen 	electrode 	for 

(a) 	Three projects (conducted by SRI lnterna- chlorine/caustic cells, thus reducing cell operat- 

tional, 	EIC Laboratories, and Giner, Inc.), ing voltage 	1.0 V below that in conventional 
focusing on photoelectrochemical storage cells. 	Diamond Shamrock Corporation has now 

cells, 	identified significant material 	corro- commercialized this technology. 
sion problems and/or very low current den- (2) 	A new effort to explore the use of transition- 

sities. metal macrocyclic compounds as catalysts for 

(b) 	NASICON (Na1+Zr2SiP012,  0 < x < air electrodes was initiated at Case Western 
3) was shown by LBL and Ceramatec, Inc. Reserve University. 
to be unstable in molten sodium at 300°C; (3) 	All research and development activities related 

91 
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to electrolytic technology have been phased out 
of the TBR Project, including the following 
topics: 

 Transport 	processes 	in 	membranes 
employed in chlorine/caustic cells. 

 Transport 	phenomena 	and 	electrolyte 
impurity effects in 	magnesium reduction 
cells. 

 Mathematical 	modeling 	of 	processes 	in 
aluminum reduction cells. 

 Use of biomass materials to reduce cell 
voltages in electrolysis and electrowinning 
cells. 

Fuel Cells 

Los Alamos National laboratory has prepared a p!an 
for a Fuel Cells for Transportation' Program. This 
document identifies and evaluates several candidate 
fuel cell technologies potentially suitable for use in 
vehicles. 

PLANNED ACTIVITIES FOR FY 1983 

Major new initiatives include the following: 

A prime contractor for research and develop-
ment of Al/air cells will be selected. 
Fuel cell research projects focusing on new 
electrocatalysts and solid polymer electrolytes 
will be initiated. 
Industrial participation in lithium-alloy/metal-
disulfide research and development activities 
will be solicited. 
Research to identify new separators for alkaline 
zinc cells will be initiated. 
Additional studies of polymeric and/or liquid 
electrolytes for ambient-temperature recharge-
able lithium batteries will begin. 
Carbon corrosion phenomena in air electrodes 
will be examined, as will corrosion problems in 
high-temperature cells employing sulfur elec-
trodes. 
Work on thermally regenerative electrochemical 
systems will be initiated. 

BATTERY ELECTRODE STUDIES*t 

E. J. Cairns, F. R. McLarnon, J. H. Flatt, 
M. lsaacson, M.H. Katz, P. Lessner, 

K. G. Miller, and T. J. Nichols 

The purpose of this research is to study the 
behavior of electrodes used in secondary batteries 
and to investigate practical means for improving their 
performance and lifetime. Systems of current 
interest include ambient-temperature rechargeable 
cells with zinc electrodes [Zn/NiOOH, Zn/AgO, Zn/C1 2 , 

Zn/Br2, Zn/air, and Zn/Fe(CN)} and rechargeable 
molten-salt cells (Li-Al/FeS, Li-Al/FeS 2, Li-Si/FeS, Li-
Si/FeS21  and Na/"-A1 203/NaCl-AlCl 3-SCl4). The 
approach used in this investigation is to study life-
and performance-I imiting phenomena under realistic 
cell operating conditions. 

ACCOMPLISHMENTS DURING FY 1982 

Investigations have centered on the zinc electrode, 
which exhibits satisfactory performance in recharge-
able alkaline cells (Zn/NiOOH, Zn/air, Zn/Fe(CN), 
Zn/Ago) but has an inadequate cycle life. Its short 
lifetime and continual loss of capacity are closely 
related to a phenomenon known as shape change, 
the redistribution of active material over the face of 
the electrode as the cell is cycled. 

Computer Control of Electrochemical 
Experiments with Application to Zinc/Nickel 
Oxide Cells 

(by M.H. Katz, E.J. Cairns, and F.R. McLarnon) 

A computer-controlled test system has been 
designed and constructed to allow the simultaneous 
and continuous cycling of 16 or more electrochemical 
cells. The system offers resolution and stability 

*This work was supported by the Assistant Secretary for Conservation and 
Renewable Energy, Office of Energy Systems Research, Energy Storage Dlvi. 
sion of the U.S. Department of Energy under Contract No. DE-AC03-
76SF00098. 

tlhis project is part of a larger effort, 'Electrochemical Energy Storage, 
described in the Materials and Molecular Research CVvision 1982 Annual Re-
port (LBL.15150). 
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within 0.025% of full scale, and response times are 
typically 1 millisecond. A wide variety of charge and 
discharge regimes, including pulsed charge and 
power discharge profiles, are implemented through 
various computer algorithms. The software 
configuration allows two programs to execute con-
currently in the computer memory and to communi-
cate with each other through a set of codified mes-
sages. This arrangement permits flexible interaction 
with all experiments and provides on-line data reduc-
tion and display. 

The test system has been employed to investigate 
the effects of constant-current and various pulsed-
current charging modes on the cycle life and capa-
city retention of Zn/NiOOH cells cycled at 100% 
depth-of-discharge. Test results included cell vol-
'tages, potentials of the NiOOH and Zn electrodes 
versus Hg/HgO reference electrodes, coulombs, watt-
hours, average voltages, and associated efficiencies. 
Postmortem tests included Zn electrode x-ray studies. 

A pulse profile of 30 ms-on/90 ms-off, with a 15 
mA/cm2  peak current density, improved the operating 
conditcns of the cells by minimizing the overpoten-
tials on the Zn and NiOOH electrodes. In contrast to 
all other charge profiles tested, it eliminated cell 
shorting (for at least 100 cycles) and slowed the loss 
of ZnO reserve, thereby preventing a rapid decline in 
cell capacity. 

Active Materials Redistribution Rates: Effect of 
Alkaline Electrolytes Having Reduced Zinc Oxide 
Sol u bi Ii ty 

(by J.T. Nichols, E.J. Cairns, and F.R. McLarnon) 

A series of electrolytes formulated with low 
hydroxide-ion concentration has been tested in 1.35 
Ah tn-electrode Zn/NiOOH cells to assess their ability 
to reduce zinc redistribution rates. A 3.5 M 0H 
electrolyte and a 3.5 M 0H-3.4 M F electrolyte 
were tested along with a borate electrolyte. The 
electrolytes were chosen to exhibit ZnO solubility 
approximately one-fourth that of the standard 30% 
KOH-1% LiOH electrolyte. A 6-hour charge rate and 
a 2 1/2-hour discharge rate were employed for the 62-
by-70 mm zinc oxide, Teflon-bonded electrodes to 
which 2% PbO was added to reduce hydrogen evolu-
tion rates. Zinc redistribution rates were found to be 
lower for electrolytes with reduced ZnO solubility, and 
zinc penetration of the separator was non-existent,  

even when overpotentials approached 130 mV when 
charging the Zn electrode in the, borate electrolyte 
and 290 mV in the fluoride electrolyte. The 3.5 M 
0H electrolyte demonstrated reduced zinc penetra-
tion, and the cells with standard electrolyte shorted 
from zinc penetration through the face of the separa-
tor. The high overpotentials were found to exist 
when substantial amounts of ZnO remained in the 
electrode. Less than 2% inactive zinc was found in 
the zinc electrodes cycled in the fluoride and borate 
electrolytes, and a similar tow amount was present in 
electrodes cycled in the 3.5 M and 7.4 M 0H elec-
trolytes. 

Mathematical Modeling 

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

The zinc electrode in Zn/NiOOH cells exhibits 
failure upon cycling, and the purpose of this work is 
to develop a comprehensive model that describes 
this behavior. Suggested causes of failure include 
passivation by a zinc oxide film 1 ' 2  and shape change, 
the redistribution of zinc across the face of the elec-
trode due to the high solubility of zinc-bearing 
species.35  Models have already been written to 
describe the variation of current density and species 
concentrations in directions parallel to 4  and perpen-
dicular to 1  the electrode surface. The present work 
combines both features to provide a two-dimensional, 
time-dependent model. The equations for the model 
are being developed, and an existing mode1 6  is being 
coupled with more rigorous chemical analyses to 
determine mechanisms of electrode failure. 

Other activities include experiments to determine 
parameters needed for modeling efforts. Microscopy 
will also be performed on cycled zinc electrodes to 
determine the character of the zinc deposit on the 
current collector. 

Effect of Mixed Electrolytes on the Performance 
and Cycle Life of Zn/NiOOH Cells 

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

The high solubility of the zincate ion in Zn/NiOOH 
battery electrolytes contributes to its limited cycle 
life. 3 ' 4  The solubility of the zincate ion may be 
decreased by adding a less polar solvent, such as an 
alcohol, to the electrolyte while maintaining a high 
KOH concentration. These additions may improve the 

a 
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cycle life of Zn/N100H cells. Microscope 

ZnO 	solubilities 	were 	measured 	in 	KOH-water- 
and 

camera 

methanol 	and 	KOH-Water-ethanol 	electrolytes 	to 
determine 	the extent of the Zn 	species solubility Electrolyte 	 Reference U suppression. 	The data for 30% KOwater-rnethanol e1ectrode  

electrolyte showed: 

The 	solubility 	was 	a 	maximum 	for 	30% 
Cover 	 . 	..- 	j__SPacer 

slide 	1 w*  . 	 & 

KOH-70% water. 
The solubility decreased by 75% for a 30% Counter 
KOH-40% water-30% methanol electrolyte. eIectIDde- Zinc _______ 
The solubility decreased by 90% for a 30% 

	

Electrical 	 wcrking 

	

leads 	 electrode 
KOH-20% water-50% methanol electrolyte. 

Cell cycling to determine the effect of the alcohol 
Side view 

 
additions on 	cycle 	life 	and cell 	performance 	are Figure 1. 	Electrochemical cell for studying the behavior of 
planned, a model zinc electrode pore in alkaline electrolyte. 

(XBL 831-27) 

Study of Model Zinc Electrode Pores 

(by J. H. Flatt, E.J. Cairns, and F.R. McLarnon) sulfur may foul these electrodes when operated in the 

An electrochemical cell 	has been developed to 
anodic direction. 

 
study the behavior of a model zinc electrode pore in Future work will include an assessment of desirable 

 
alkaline electrolyte. 	The cell design (Fig. 1) permits 

qualities of electrolytes and an analysis of the effect 

in-situ microscopic observation of the electrode sur- 
of cell geometry and optical variables on photoelec- 

face, 	and 	multiple 	zinc 	reference 	microelectrodes 
trochemical cell performance. 

 
provide simultaneous measurements of local electro- 
chemical potentials. 	The reference microelectrodes PLANNED ACTIVITIES FOR 1983 
are fabricated by using semiconductor processing 

Planned 	efforts 	for 	each 	on-going 	project 	are 
techniques, including vacuum metal deposition and 

described in the previous sections. 	New projects 
photolithography. 	The effect of varying pore diame- 

include the study of phase equilibria in molten lithium 
ters, 	electrolyte 	formulations, 	and 

polysulfide 	electrolytes, 	the 	examination 	of 	novel 
electrode-arealelectrolyte-volume 	ratios 	on 	zinc 

electrolytes 	for 	use 	in 	Li/S 	cells, 	the 	study 	of 
electrode discharge behavior will be studied. 	Experi- 
ments are in progress. 

corrosion-resistant current collector materials for use 
In sulfur electrodes, and an assessment of superacid 

Engineering Analysis of Photoelectrochemical 
electrolytes for fuel cells. 
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