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CHEMICAL PROCESS |
RESEARCH AND DEVELOPMENT PROGRAM

INTRODUCTION

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

(a) Organometallic geochemistry ~
(b) Processing of effluent gases and liquids
resulting from synthetic-fuel production, to
~ provide acceptable waste or recycle streams
(¢) Production of liquid fuels from biomass
(d) Electrochemical energy storage
(e) Thermal energy storage

Each of these projects focuses on transport-process

principles, chemical kinetics, thermodynamics,
separation processes, and organic and physical
chemistry. '

The first project involves the removal of metal
compounds from the complex chemical matrices that
make up fossil-fuel precursors and products. Such
removal is important for efficient refining and for
environmental protection. Accordingly, LBL has
developed a program to molecularly characterize
these organometallic and inorganic complexes. The
program is also developing innovative methods to
remove these compounds by using model ligands for
future polymer-supported analogues.

The second project involves the development of
novel and improved methods for processing synfuel
condensate waters to make them suitable for recycle,
thereby minimizing process-water requirements. The
main emphasis is on physiochemical methods,
particularly solvent extraction and stripping, to
remove organics. Identification. of the contaminating
organics is difficult, but necessary to permit
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development of appropriate solvents for their
removal. LBL studies have successfully examined
simultaneous solvent extraction in removal of
ammonia and acid gases by stripping,.

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

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

The fifth project is a series of research and
development efforts in thermal energy storage. This
project focuses on new and innovative approaches
that have a broad range of applications and on the
utilization of solar energy. -



FUELS FROM BIOMASS BY BIOCHEMICAL PROCESSES

Production of Sugars from Cellulose:
The Kinetics of Endoglucanase in
Cellulose Hydrolysis*

B. Elzufon, D. Wiley, H. Blanch,
C. Wilke, and A. Sciamanna

The research of the Biochemical Process Group
has focused on the hydrolysis of lignocellulosic
materials to sugars and their subsequent fermenta-
tion by yeast to ethanol and other fuel-grade chemi-
cals. Various studies have examined the kinetics of
enzymatic hydrolysis of cellulose and hemicellulose
fractions for optimal sugar production, the physical
and chemical nature of the raw materials, the
optimal production and recovery of enzymes, and
the use of new organisms for converting polymeric
pentosans and hexosans to sugars.

Cellulase is composed of three individual
enzymes that function synergistically to break down
cellulose. An overall kinetic model of cellulase
behavior is being developed based on models of the
behavior of the individual enzymes. In this article,
an effort to develop a kinetic model of endoglu-
canase, one of the three cellulase enzymes, is
reported.

ACCOMPLISHMENTS DURING FY 1984

A modified viscometric technique was developed
to assay endoglucanase activity and was used to
determine its kinetic parameters. Endoglucanase was
found to be more active in its pure form than as part
of the cellulase system. This may be due to the accu-
mulation of cellobiose, a product of cellobiohydro-
lase, which inhibits endoglucanase. The influence on
endoglucanase activity of cellobiose and glucose,
known inhibitors of cellulase, was also studied. Cel-
lobiose was found to inhibit endoglucanase via par-
tial mixed-type inhibition. Glucose, however, was
found to be a nonessential activator of endoglu-
canase.

*This work was supported by the Office of Energy Research, Of-
fice of Basic Energy Sciences, Chemical Sciences Division of the
U.S. Department of Energy under Contract No. DE-ACO03-
76SF00098 and by the Solar Energy Research Institute under Con-
tract No. DX-4-04059-1.

An analytical technique was developed to meas-
ure enzyme activity that takes advantage of the
polymeric characteristics of cellulose.  Once
developed, this technique was used to study endoglu-
canase behavior. A kinetic model was then
developed based on experimentally determined
kinetic parameters. An additional model based on
these inhibition and activation mechanisms was
developed and was successful in predicting endoglu-
canase behavior.

A typical single polymeric carbohydrate com-
ponent from biomass contains molecules of many
different chain lengths. A molecular weight measure
will therefore yield only an average value. There are
three methods of averaging the molecular weight of
different polymer chains in a mixture: (1) a
molecule-number average molecular weight, M,; (2)
a weight average molecular weight, M _; and (3) a
viscosity average molecular weight, M.

M, is determined by counting the number of
molecules in a sample of a given weight and deter-
mining the average weight on the basis of the
number of molecules at each weight. Molecular
weights can be measured by determining the number
of molecules in a sample of known weight by chemi-
cally reacting the end groups with some compound
so that they can be distinguished from the other
monomer units. An example is the colorimetric
reaction.! This method of molecular weight determi-
nation is also the basis for the reducing sugar assay.
M, is usually the most probable molecular weight
and lies near the peak of a molecular weight distribu-
tion curve, as shown in Fig. 1.

M, determines average molecular weight by the
weight percent of each molecule present. The ratio of
M, to M, is a measure of the range of the molecular
weight distribution and is called the polydispersity;
for carboxymethyl cellulose (CMC), polydispersity is

assumed to be two.2

M, is determined by relating molecular weight to
solution viscosity and is the simplest experimental
method for measuring the molecular weight of a
polymer. It lies between M , and M, and is usually
closer to M, as shown in Fig. 1. Since M is close
to M, it is approximately equal to M ; therefore, M,
~ M, ~ 2M,. Thus the viscosity method for assay-
ing endoglucanase activity is also the basis for
measuring the molecular weight of a polymer.
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Figure 1. Molecular weight distribution of a typical poly-
mer. (XBL 839-6385)

M, is related to the intrinsic viscosity of a poly-
mer. by the Mark-Houwink equation:

] = HM,) , (1)

where H and x are constants and [»] is the intrinsic
viscosity.3 Intrinsic viscosity is a physical property
of the polymer and is defined as a measure of the
polymer’s ability to increase the viscosity of a sol-

" vent in the absence of polymer-polymer interaction

or at infinite dilution.? The relationship between
viscosity and concentration that is most suited to
CMC is the Baker relation:

8
i=[1+%L], @

Ns

where g 1s the solvent viscosity and 7 is the solution
v1scosny The Baker relationship is only valid for
polymer solutions of low concentration.

This method of molecular weight determination
is applied to the viscometric assay by measuring the
viscosity change in a dilute solution with time once
the enzyme has been added. Viscosity is related to
M, by the relation:

(a) ‘ ()
n [7] M M, |

v n

Its structure is close to that of cellulose except that,
on some of the monomer units, a carboxymethyl
group (-OCH,COO") is substituted for the hydroxyl
group attached to the sixth carbon. While structur-
ally similar to cellulose, CMC is water soluble.
Therefore, it can be used to examine the kinetic
behavior of endoglucanase or cellulase on long poly-

* mer chains.

where (a) is Eq. (2), (b) is Eq. (1), and (c¢) is the

polydispersity.

CMC was used as a substrate for all the kinetic
experiments; it is a cellulose ether produced by react-
ing alkali cellulose with-sodium -monochloracetate.
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- The CMC used was medium viscosity; obtained
from Sigma Chemical (No. C-4888), it had a
reported viscosity average molecular weight of
250,000 daltons, an average degree of polymerization
of 1100, and a degree or substitution of 0.7. The
molecular weight of this lot of CMC ranged from
130,000 to 250,000 daltons as determined viscomet-
rically. The CMC was dissolved in 0.05 M sodium
acetate buffered to a pH of 5.0. The polydispersity
was assumed to be two, and the Mark- Houwmk con-
stants from Eq. (1) were H = 2.17 X 1075 and x =
0.83 (Ref. 2).

At low concentrations,

CMC solutions are

- Newtonian fluids, but, at higher concentrations, they

exhibit power-law behavior. For the kinetic experi-
ments done in this study, the solution concentrations
ranged from 10 to 30 g/L. The rheological behavior
of CMC in this range is summarized in Table 1. In
the concentration range used, CMC behaved as a
power-law fluid. For the inhibition experiments, glu-
cose and cellobiose were also added to the solutions,
which did not affect the rheological behavior of the
solution.

The mutant strain of Trichoderma reesei,
Rutgers-C30, produced the cellulase enzyme used in
this study. Endoglucanase and cellobiohydrolase are
extracellular enzymes, ‘while B-glucosidase is pri-
marily cell-bound.* The fermentation broth was
ultrafiltered with 0.005 M ammonium carbonate and
concentrated to 238 grams of soluble protein per

Table 1.

Rheology of concentrated, medium-viscosity
CMC. '

M, CMC K Napp
(dalton) (g/L) (P/sec) n? (cp)
280,000 10 0816  0.87 37.4
250,000 30 41.7 0.65 512

20 5.54 0.78 148

10 0.424 0.89 21.9

130,000 30 5.47 0.80 165
0.86 51.0

20° 1.18

3r = K(D)", where 7 is shear stress and D is shear rate.

napp—K(D)" ! for D = 400 sec™



liter.> The raw cellulase had specific endoglucanase

activity of 6.0 units per mg of soluble protein and a
specific 8-glucosidase activity of 2.6 units per mg. A
unit of activity is the micromoles of bonds broken or
micromoles of reducing sugars produced per minute
when an appropriate substrate is enzymatically
reacted.

The cellulase was fractionated using ion
exchange chromatography,5 and seven separate peaks
were collected. The results of the typical ion
exchange are shown in Table 2. Fractions Il and V
showed significant endoglucanase activity. Fraction
II was a low molecular weight protein that also had
B-glucosidase activity. Fraction V was a high molec-
ular weight protein with a very low g-glucosidase
activity, approximately 96% pure endoglucanase,
used in this study. Gel electrophoresis showed it to
have two components. The major component had a
molecular weight of approximately 66,000, and the
minor component had a molecular weight of approx-
imately 29,000. Each enzyme component obtained
in the ion exchange was purified further by gel per-
meation chromatography (GPC). Fraction V-A was
shown to be pure protein via gel electrophoresis, and
it had a specific endoglucanase activity of 25.4
U/mg. The other peak, V-B, was also high in endo-
glucanase activity with a specific activity of 10.2
U/mg. )

In order to correlate viscosity with intrinsic
viscosity, and thus with molecular weight, it -was
necessary to obtain samples covering a range of
molecular weights typical of those found over the
assay reaction period. This was done by adding

Table 2. Cellulase enzyme description.

varying amounts of cellulase to a polymer solution
and allowing the reaction to take place at 40°C for 5
minutes. The reaction was quenched by increasing
the pH of the solution to 10, temporarily deactivat-
ing the enzyme. The cellulase was then denatured by
heating the solution to 90°C for about 5 minutes,
and the solution was returned to its original pH of 5.

Samples of different molecular weights were
prepared this way, and the apparent viscosity of each
sample was determined at the high substrate concen-
trations. Each sample was then diluted and its
intrinsic  viscosity measured. Correlation curves
were developed in this manner for 10, 20, and 30 g/L
CMC solutions. The relationships developed were
used to correlate viscosity, », to intrinsic viscosity,
[7], and were of the form,

" =a +bn . (3)

The values of a and b that were determined are
listed in Table 3. These correlations are considered
valid for CMC solutions of number average molecu-
lar weights ranging from 50,000 to 130,000.

A Couette viscometer was used to measure the
rheology of the concentrated solutions, and a capil-
lary viscometer was used to measure the viscosity of
the dilute solutions. The assay, when performed in a
Couette viscometer, was at a constant shear rate for
the entire reaction period. The original viscosity of
the CMC solution was measured, cellulase or endo-
glucanase was added to the solution, and the solution
was returned to the viscometer. Viscosity change
was measured with respect to time by measuring the
change in torque with respect to time at a constant
shear rate. A typical degradation curve is shown in
Fig. 2. The reaction progress was recorded in this
manner for approximately 5 minutes or until the
viscosity change became very small. All assays were
performed at 40°C, which is near the optimum tem-

B8-Glucosidase =~ Endoglucanase
activity activity
Wt.% (U/mg) (U/mg)
of total
Cellulase soluble ion gel ion gel
fraction protein  exch. perm. exch. perm.
Total
cellulase  100.0 2.6 6.0
I-A 10.1 27 146.0 0.32 1.0
I-B 7.3 0.4
I 31.0 4.2 0.2 16.0 27.2
111 17.3 0.03 0.05 1.3 3.7
v 8.0 0.03 0.03 0.74 0.78
V-A 8.3 0.04 0.04 248 25.4
V-B 0.3 0.03 10.2
VI 11.4 0.05 0.09 1.6 5.0
VII 13.9 0.01 0.0 0.53 0.29

Source: Ref. 5.

Table 3. Parameters for viscosity—intrinsic viscosity
correlation for medium viscosity carboxy-
methylcellulose.

CMC

(e/L) a B

10 0.251 1.40 X 1072
20 0.254 2.51 X 1073
30 0.257 6.04 X 1074

3Parameters fitting Eq. (3).
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Figure 2. Effect of enzymatic degradation on solution
viscosity. (XBL 839-6388).

perature of 45°C for cellulase activity and is con-
sistent with kinetic experiments carried out by oth-
2 .. .
ers.” Activity was determined from the slope of the
linear portion of a plot of 1/M, versus time accord-
ing to Eq. (1). A typical plot is shown in Fig. 3.
Activity was measured as a function of substrate -
concentration for different enzyme concentrations,
and inhibition parameters were then determined for
cellulase and endoglucanase. At a constant enzyme
concentration, activity was measured at different cel-
lobiose concentrations; these experiments were
repeated using glucose. In order to determine the
type of inhibition present, experiments were per-

formed in which both glucose and cellobiose were

added to the reaction mixture.

10

1 T 1

Slope= \,/(S)

Vp £ 0.538 pmol/L-sec

[S]= 20 /£
[£]=0.038 g/

1 1 1
[¢] 100 200 300 400
Time (sec)

Figure 3. Activity determination for endoglucanase.
: (XBL 839-6389)
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The kinetic parameters describing the behavior
of endoglucanase were determined from experimen-
tal data. First, the effect of enzyme concentration on

- reaction velocity, v, was examined. Second, the role

of glucose in endoglucanase regulation along with the
effect of cellobiose on endoglucanase activity was
considered. Third, the behavior of purified endoglu-
canase was compared to the behavior of endoglu-
canase in the presence of the other cellulolytic
enzymes. Using initial rate models for activation
and inhibition, kinetic parameters were fit to the
data and incorporated into an overall model of endo-
glucanase behavior. _

An assumption of Michaelis-Menten kinetics® is
that the reaction velocity is directly proportional to
the concentration of the enzyme substrate complex,

vo = Kp[ES] . ©)

It then follows that the maximum reaction velocity
is proportional to the total enzyme concentration,

Viax = ko E] (5)
where k_is the rate constant for the product-forming
step. Lineweaver-Burk plots were prepared for vari-
ous enzyme concentrations, and Vmax was deter-
mined at each concentration for both cellulase and
endoglucanase. In the range of enzyme concentra-
tions tested, ¥ was a linear function of E, as can
be seen in Figs. 4 and 5.

The advantages of the Couette viscometric tech-
nique are that it can measure initial rates and allows
the use of higher enzyme and substrate concentra-
tions. On the basis of the consistency of the results
of the kinetic studies, it is an effective method for
studying initial rate kinetics. However, it is limited
for the study of reaction progress versus time
because the molecular weight distribution and how it
changes with time is not known. If the initial value
of the polydispersity can be determined exactly, then
the assay can measure absolute activities rather than
relative values. '

While the V_  values may be slightly inaccu-
rate, the values o% the Michaelis constant and the
inhibition and activation parameters will not be
affected by a change in the value used for k. A seri-
ous limitation of the assay is that the dependence of
the molecular weight distribution on time must be
determined concurrently, such as with GPC,

Endoglucanase activity was evaluated assuming
that Michaelis-Menten kinetics could be applied
under the given experimental conditions. The
assumptions -on which the Michaelis-Menten model
are based appear to be reasonable for the experimen-
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1-6

El +S o KS EIS 8 kp Et + P
K 1[ a K “
[
| |
+ +
E+S K k E+P
s p
~ - ES >
+
+
A A
K aK
a
EA + S aK, bk EA + P
—r—— ESA —_—t

Figure 6. Schematic model of endoglucanase behavior: A
nonessential activator in competition with a partial
mixed-type inhibitor. (XBL 8311-4474)

tal conditions in this study. One of these assump-
tions is that V nax 15 directly proportional to the total
enzyme concentration. As can be seen in Figs. 4 and
5, a linear enzyme dilution curve was obtained. Glu-
cose and cellobiose have been identified as inhibitors
of the cellulase system. Their effect on endoglucanase
was studied. Cellobiose was found to inhibit endo-
glucanase via a partial mixed-type inhibition
mechanism. Glucose, on the other hand, was found
to be a nonessential activator of endoglucanase. The
overall model of endoglucanase behavior can be
represented schematically by Fig. 6. This is a model
of a nonessential activator in competition with a par-
tial mixed inhibitor. The values of the kinetic
parameters for this model are summarized in Table
4,

Table 4. Kinetic parameters for endoglucanase
activity.
Cellulase Endoglucanase
K, 0.030 0.028
K; 0.012 0.004
a 1.26 1.70
B 0.572 0.606
K, 2.00 0.250
a 0.468 0.470
b 2.21 1.15




PLANNED ACTIVITIES FOR FY 1985

The results reported here will be incorporated
into an overall model for the cellulase system of
enzymes derived from the T. reesei mutant strain
Rut-C30.
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Production of Sugars from Cellulose:
Cellulase Production by 7. Reesei in
Continuous Culture in Lactose
Medium*

F. Castillo, H. Blanch, and C. Wilke

In the process of cellulose utilization, perhaps
the most obvious area for major improvement is the
production of cellulase enzyme for hydrolysis of
wood and agricultural residues that can then be fer-
mented into ethanol fuel. Nearly 50% of the cost of
producing glucose from cellulosic material is attri-
buted to enzyme production alone. Improvements
in this step would therefore have dramatic impact
and are important if economical hydrolysis processes
are to be realized.

The first major thrust in this aréa has been the
development of improved mutant strains of the
filamentous fungus Trichoderma reesei, free from
“catabolite repression and capable of constitutive cel-
lulase production. One such hyperproducmg
mutant, developed at Rutgers University (Rut-C30)
and isolated,! presents an interesting potential for
the development of processes aimed at the commer-
cial production of cellulases.

Lactose is utilized by this microorganism; when
it grows on this disaccharide, the enzymes of the cel-
lulase complex are induced. This fact suggests that

*This work was supported by the Assistant Secretary for Conser-
vation and Renewable Energy of the U.S. Department of Energy
under Contract No. DE-AC03-76SF00098 and by the Solar Energy
Research Institute under Contract No. DR-0-9058-1.

6. Segel, LH.

-demand (BOD)

Viscometric  Determination of - Enzymic
- Activity,” Biochim. Biophys. Acta. 139, p. 248.
3. Billingham, N.C. (1977), in Molar Mass Meas-
urement in Polymer Science, Wiley and Sons,
New York.
4. Ghose, TK. (1977), in Advances in Biochemi-
' cal Engineering, Vol. 6, p. 39, T.K. Ghose, A.
Fiechter, and N. Blakebrough, Eds., Springer-
- Verlag, Berlin.
5.  Wiley, D. (1985), Mechamsm ‘and Kinetics of
- Cellulose Hydrolysis, Ph.D. Thesis, University
of California, Berkeley.
(1975), in Enzyme Kinetics,
Chapters 3-5, Wiley and Sons, New York.

milk or cheese whey may be used as a medium to
grow Rut-C30 and produce the enzymes. This pro-
cedure may also be an efficient method of whey
treatment, reducmg its high biological oxygen
Additional advantages of whey
utilization are its soh‘xbility and ease of handling as a
fermentation medium compared to insoluble cellu-
lose and its rich composition in nutrients®> that may
require only a few economical supplementations.

ACCOMPLISHMENTS DURING FY 1984

The objectives of this work are twofold: (1) to
obtain information on the regulatory controls operat-
ing on the synthesis of the cellulases and (2) to study
the effects of environmental variables on the produc-
tion of the enzymes.

Rut-C30 strain was used throughout the experi-
ments. The fermentation medium consisted of a
double concentration of ‘salt solution modified from
that of Ryu et al® to insure lactose limitation. It
contained per liter: 25 g lactose, 4 ¢ (NH,) (SO4)
2gKHPO 0.3 g MgSO, - 7 H,0, OngCaCl
2H,0, and 0 2 mL surfactant (Tween 80). For foam
control, General Electric silicon AF-60 at 0.05 to 0.1
v/v% was used. For continuous culture, a Chemap
20 L fermentor was used, with a 5 L reactor vessel
(2.5 to 2.8 L working volume). Regulation of pH
was carried out by automatic addition of 2 N
ammonium hydroxide. ,

After samples were withdrawn aseptically from
the reactor vessel, they were divided into two frac-
tions: one was frozen whole while the second was
filtered through 0.45 micrometer polycarbonate
membranes, with the filtrate frozen until it was
assayed. Assays for enzyme activities included deter-



minations of filter paper activity, endoglucanase
(CMCase), and cellobiohydrolase scotton activity) by
methods described previously’; cellobiase (8-
glucosidase) and lactase (B-galactosidase) were
assayed with p-nitrophenyl glucopyranoside (p-NPG)
and o-nitrophenyl galactopyranoside as substrates,
respectively, at 5 mM final concentrations. Activi-
ties of both enzymes as functions of temperature and
pH indicated that, for cellobiase activity determined
with p-NPG, the optimum pH was 4.6 and the
optimum temperatures were 73°-75°C. For lactase
activity, they were 4.6 and 62°-65°C, respectively.

The organism is a complete prototroph and grew
well in this simple medium. Dry weight, intra- and
extracellular protein, and total biomass (dry weight
and extracellular protein) as functions of dilution
rate are shown in Figs. 1 and 2. As can be seen,
reduction of antifoam. concentration from 0.1 to
0.05% produced slight increases in the cellular pro-
tein. In this medium, the maximum yield obtained
was 0.486 g total biomass/per gram lactose utilized,
and the maintenance coefficient was calculated at 6
mg lactose per gram of total biomass per hour. Max-
imum specific growth rate was 0.12 per hour, and
the saturation constant for lactose was estimated at
0.763 g/L (0.77 mM).

The profiles of enzyme production and specific
activities as functions of dilution rate when the
medium contained 0.1% antifoam are shown in Figs.
3 and 4. In subsequent experiments, antifoam was
not added and the foam was easily kept under con-
trol by reducing the aeration rate. The profiles
obtained for production of the enzyme (Fig. 3) indi-
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Figure 1. Various parameters of Rut-C30 growth in sub-
merged culture vs. substrate (lactose) dilution rate in the
presence of 0.1 v/v% antifoam. (XBL 8311-6604)
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Figure 2. Various parameters of Rut-C30 growth in sub-
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cate the presence of dual regulatory mechanisms for
the synthesis of the enzymes, their induction, and
catabolite repression.?

The organism was found to produce a lactase,
and the activity of this enzyme was assayed only in
the filtrates. Although the enzyme was present out-
side of the cell, no significant levels of glucose were
detected in the medium even at high dilution rates.
This lactase may be excreted by the organism along
with the other enzymes, or its presence in the
medium may result from cell lysis or fragmentation
caused by the high-speed agitation, or both.

To study the effects of temperature and pH on
the production of the enzymes, the dilution rate was
fixed. One parameter was varied at a time, and the
new steady states were allowed to stabilize after each
variation. Figures 5, 6, 7, and 8 show the steady-state
values for biomass, protein, and enzymes as func-
tions of temperature and pH.

For the next set of experiments, 26°C and pH 5
were selected and maintained. To study the effects
of nutrient addition, pulses (equivalent to 1% of
working volume) were added to the reactor vessel
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and the responses studied with respect to time.
Addition of a yeast nitrogen base (YNB) pulse at 50
times the standard concentration produced increases
in all of the enzymes (Fig. 9). When pulses of glu-
cose or lactose were applied, transient decreases in
the levels of all five enzymes were observed, such as
would occur in catabolite repression. When the dif-
ferent groups of nutrients from YNB were tested
separately, none induced the observed increase in
enzyme productivity as when whole YNB was used.

Addition of the surfactant Tween 80 did increase
the levels of the enzymes. Other nutrients and com-
pounds used in the past, such as urea, proteose pep-
tone, or corn-steep liquor, did not enhance enzyme
levels. When the medium was shifted to 2 times the
standard concentration, the original transient
decrease in all enzymes was followed by an increase
to new high levels.

PLANNED ACTIVITIES FOR FY 1985

Capital and energy costs concentrate in the
enzyme production step of the biomass hydrolysis

1-10

3 T T 30
D=0.029 to 0.032 hr”!
E
>
£ -
= =
£ €
[
52 7203
a ®
ArS "n
— -O
[ (8]
03rS 2

o
a
[

Eo02- ik 10

3 8 Protein

o ‘_§ Lactose

g 3

§ Q.1

Cellobiase
oL O 1 1 1
4 5 6
pH

Figure 8. Growth profiles of enzyme components vs. pH
at dilution rates of 0.029 to 0.032 hr~ !,
(XBL 8311-6611)

process. When steam-exploded wood is used as the
cellulose source, in the overall process, about 12% of
the total input is used in enzyme production. Pro-
cess economic evaluation indicates that the use of
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Figure 9. Growth of enzyme components over time with
added yeast nitrogen base, 30 mL, 50X standard concen-
tration. (XBL 8311-6612)



delignified or soluble carbon sources such as lactose
in whey is favorable in fed-batch or continuous cul-
tivation, respectively. The optimum conditions for
the initial batch period using this substrate will be
determined. The effect of feeding regimes and aera-
tion conditions on enzyme production will be
studied. Experiments in which application of pulses
with combinations of different groups of nutrients
and use of a more concentrated medium are contem-
plated.
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ENERGY-RELATED ORGANOMETALLIC CHEMISTRY

Molecular Characterization of
Vanadium and Nickel Non-Porphyrin
Compounds Isolated from Heavy
Crude Petroleums*

R.H. Fish, A. Izquierdo, J.J. Komlenic,
J.G. Reynolds, and E.J. Gallegos’

Recently, we have found, using reverse-phase
high-performance liquid chromatography—graphite-
furnace atomic absorption (RP-HPLC-GFAA), that
highly polar non-porphyrin nickel compounds are
extracted with pyridine/water from Wilmington
petroleum, as well as from Boscan, Cerro Negro, and
Prudhoe Bay petroleums.!2 The identification of
these trace metallo-organic compounds will not only
provide an improved understanding of the biogeo-
chemical mechanisms responsible for their presence
but also enhance the likelihood of novel removal
methods for these severe catalyst poisons during
petroleum processing.3'5

In this regard, we have developed a novel combi-
nation of C-18 reverse-phase and cyano normal-
phase HPLC-GFAA analysis to separate and purify
the highly polar nickel non-porphyrin constituents
present in a Wilmington extract.

Bonded-phase HPLC separations, either reverse
phase or cyano columns, offer several unique advan-
tages over the more conventionally used silica
columns.® Because polar solvents such as methanol
and water can be used, bonded-phase packings are
capable of separating highly polar metal-containing
complexes. These highly polar complexes would be
irreversibly bonded to silica because most polar sol-
vents rapidly and seriously degrade silica packings.

Furthermore, reverse-phase packings allow for
partition separations in which polar compounds gen-
erally elute before non-polar constituents. Con-
versely, cyano columns can be operated in either
normal or reverse-phase modes, thus providing
increased flexibility over silica-packed columns. We
report studies directed toward the preparative

*This work was supported by the Assistant Secretary for Fossil
Energy, Office of Qil, Gas, and Shale Technology of the U.S.
Department of Energy through the Bartlesville Project Office
under Contract No. DE-AC03-76SF00098.

fChevron Research Co., Richmond, CA.
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isolation and identification of polar nickel non-
porphyrin complexes from Wilmington heavy crude
petroleum (49 ppm V, 60 ppm Ni), using element-
selective  HPLC-GFAA analysis. Details of the
HPLC-GFAA and sample preparation procedures
have previously been published.l’2

Since, unlike porphyrin complexes, non-
porphyrin complexes have no discernible characteris-
tic electronic spectra,7 element-selective detection
becomes essential. We have thus chromatographed a
variety of vanadium and nickel-containing model
compounds in order to compare the molecular pro-
perties and retention behavior of the known stan-
dards to those of the naturally occurring constituents
present in the petroleum extracts.

Finally, we report on results obtained using a
variety of off-line mass spectral techniques, including
electron impact (EI), field desorption (FD), and fast
atom bombardment (FAB), for both the model com-
pounds and nickel non-porphyrins isolated from
Wilmington petroleum.

ACCOMPLISHMENTS DURING FY 1984

Thirty grams of Wilmington oil dissolved in 30
mL of p-xylene was contacted with three equal
volumes of pyridine/H,O (4:1) to yield 1 liter of
extract. The crude extract was filtered and eva-
porated to 40 mL (25X concentrated). A mass bal-
ance performed using the GFAA, with aqua regia
conditions (3:1 HCLHNO, v/v) and standards plots,
revealed that 65% of the nickel had been extracted.

Preparative separations were performed using an
octadecylsilane (ODS) C-18 Altex HPLC column (10
mm X 25 cm) with a solvent gradient from 100%
MeOH to 100% CH,Cl,. The highly polar nickel
compounds eluted using MeOH, and several 250 uL
injections were performed to yield a separate fraction
rich in nickel non-porphyrin compounds. A mass
balance indicated that 97% of the injected nickel was
recovered.

This first fraction, containing nearly 80% of the
injected nickel, was observed to have little visible
background absorbance (410 nm). In comparison,
fraction 2 eluted with CH,Cl, and had much greater
visible background absorbance, indicating the pres-
ence of metallo-porphyrin complexes.

Since off-line identifications using mass spec-
trometry require relatively pure fractions, we have
concentrated our efforts on fraction 1. This fraction,



the more polar of the two separated classes of nickel
chelates, has no detectable metallo-porphyrins, on
the basis of the absorbance at 410 nm, but does show
a maximum UV-VIS absorbance at 275 nm.

Purification of the Polar Nickel Non-
Porphyrin-Rich Fraction

We have found, through rechromatography of
fraction 1 on the ODS column, that the concentra-
tion of nickel can be increased from ~8,000 to
~11,000 ppm (Table 1). Although these high metal
concentrations approach those generally considered
sufficient for mass spectral analysis, higher levels
would even further increase the likelihood of identi-
fying these nickel-containing species.

Further purification, therefore, was performed
using a cyano Altex (4.5 mm X 25 cm) analytical
column with a gradient from 100% CH2C12 to 100%
MeOH. The naturally occurring nickel complexes
eluted at 50% to 100% MeOH (Fig. 1) and therefore
can be judged to be more polar than our synthesized
nickel non-porphyrin standards that elute at approxi-
mately 10% MeOH. In contrast, NiCl, eluted at
approximately 28 minutes, which is later than band
II (Fig. 1), thus precluding the possibility of inor-
ganic nickel.

A more likely possibility is that these com-
pounds occur predominantly as nickel carboxylic
acid salts. Thin-layer chromatography (TLC, What-
non KSF) analysis has indicated that the nickel com-
pounds shown in Fig. 2 have very similar retention

behavior compared to the petroleum-derived com-

Table 1. Nickel concentrations of preparatively collected
fractions from Wilmington petroleum submitted
to mass spectroscopy analysis.2

ODS1 ODSII®. Cyano peak I°

ppm Ni 8,040 11,000 14,250

Weight of collected

fraction (mg) © 60 25.2 4.0

Weight % nickel ,

complexes? 4.1 . 5.7 7.4

3Concentrations determined using aqua regia.conditions
and standards plots. :

bRechromatography of ODS I, using ODS column.
“Rechromatography of ODS 11, using cyano column.
4Assumed molecular weight of complexes, 300 daltons.
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plexes. We are currently chromatographing these
standards, as well as others we are preparing, and
will be using the cyano column in conjunction with
HPLC-GFAA to more accurately check the retention
times of these metal salt complexes.

Mass Spectrometry Analysis

We are currently analyzing our isolated nickel-
rich fractions using mass spectrometry (MS). Our
most recently submitted sample contained approxi-
mately 7.0% of a concentrated nickel fraction
(assumed molecular weight = 300 daltons), and we
have found a series of compounds (approximate
molecular weight = 250) that we are presently
analyzing by high-resolution MS for nickel (Fig. 3).
We are also analyzing, by fast atom bombardment
(FAB) MS and other techniques, the model non-
porphyrin complexes (Ref. 2 and Fig. 2) to obtain
their characteristic fragmentation patterns. We have
found that all of the model “metallo-" compounds
from Ref. 2 give nickel-containing parent ions.

Of primary importance is whether the metal
complexes extracted from the petroleum will volatil-
ize when MS techniques such as FAB are used. To

MASS SPECTRUM
09/13/84 11134:80 + 13115

SAMPLE: FISH SMPLE (Nickel Non-porphyrins)

CONDS.: SX10-5 MULT 420
#118 TO 9201 SUMMED

80.9

59

58.9

5] 120 150 238 253

determine if the isolated nickel non-porphyrin
complexes undergo thermal decomposition with MS
conditions, we are performing thermal gravimetric
analyses .(TGA) and subsequently analyzing for
nickel content. This analysis has already shown that
98% of the nickel is nonvolatile, so that it will be dif-
ficult to analyze these thermally unstable compounds
with MS techniques.

Summary

We have developed a technique whereby highly
polar nickel non-porphyrin compounds can readily
be isolated from heavy crude petroleums. Further-
more, we have compared the electronic spectra,
HPLC retention behavior, and mass spectral frag-
mentation patterns of these compounds to those of
synthesized model compounds. On the basis of the
resulting information, we have concluded that the
isolated complexes are conceivably present as nickel
carboxylate salts. '

We strongly feel that the eventual identification

" of these metallo-non-porphyrin complexes, using

off-line mass spectroscopy techniques, will facilitate
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Figure 3. Mass spectroscopy of a homologous series of compounds isolated from Wilm-

ington petroleum.
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an improved understanding of both the bio-origin
and processing aspects of fossil fuel products.

PLANNED ACTIVITIES FOR FY 1985

Efforts will continue to focus on. using mass
spectroscopy to identify specific classes of metallo-
non-porphyrins isolated from petroleums using
preparative HPLC.

We also plan to study these identified metal
complexes, using polymer-supported ligand exchange
reactions, for the purpose of developing novel tech-
niques for removing nickel and vanadium com-
pounds from complex matrices.

Polymer Pendant Ligand Chemistry:
Reactions of Organoarsonic Acids
and Arsenic Acid with Catechol
Ligands Bonded to Polystyrene-
Divinylbenzene and Regeneration of
the Ligand Site by a Simple
Hydrolysis Procedure*

R.H. Fish and R.S. Tannous

The use of polymer-supported pendant ligands
" for metal-ion removal is a well-developed field.!:2
More recent studies have focused on the selective
reactions of these polymer-bonded ligands and
include separations of biological substrates,> protein
fractionation,* racemates,’ and transport of cations
through membranes.®

Interestingly, very few of the reported selective
reactions incorporate a chemical reaction for the
metal-ion removal step; rather, they usually entail an
ion exchange or binding phenomenon for reaction to
occur.”8 Additionally, this field has given little atten-
tion so far to the important area of processing com-
plex matrices such as synthetic fuels and petroleum

*This work was supported by the Assistant Secretary for Fossil
Energy, Office of Oil, Gas, and Shale Technology of the U.S.
Department of Energy through the Bartlesville Project Office
under Contract No. DE-AC03-76SF00098.
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crudes for the removal and recovery of metal-
compound contaminants.’

In this article, we describe a novel method for
reactions of organoarsonic acids and arsenic acid,
known to be present in oil shale and its pyrolysis
products,'%=12 with catechol ligands bonded to either
2% or 20% cross-linked methylated polystyrene-
divinylbenzene (PS-DVB) resins. 13

ACCOMPLISHMENTS DURING FY 1984

The bonded catechol ligands were reacted with
phenylarsonic acid, 1, and methylarsonic acid, 2, in
benzene or with arsenic acid, 3, in 90% aqueous
ethanol to provide the corresponding polymer
bonded 1:2, 1 and 2 (Eq. 1) or 1:3, 3, arsenic catecho-
lates. 413

RAs(OH)Z

Ho 3H,0

benzene R
@:0” ”°:© 80°C, 5h 0\1/ Q)
A
OH KO R=CHs, © O/ s\0

Table 1 provides the - concentrations (mmole
As/g of resin) of 1-3 removed from solution and
compares the 2% cross-linked resin to the 20% ana-
logue. It is evident from the results in Table 1 that
high concentrations of compounds 1-3 are removed
from solution with both the 2% and 20% cross-linked
catechol bonded resins. We verified the 1:2 and 1:3
ratios of arsenic to catechol for 1, 2, and 3, respec-



Table 1. Concentration of arsenic compounds 1-3, removed from
solution using both 2% and 20% cross-linked, catechol-
bonded PS-DVB resins.?

200 20%°<
Arsenic Conc. % Conc. %
compound (mmole As/g) Removed (mmole As/g) Removed
1 0.5034 100 0.232 86
2 0.307 62 0.20 74
3 0.212 64 0.124 69

2100 mg of catechol-bonded resin, 2% or 20% cross-linked, containing
1.0 mmole/g, 11% by weight of catechol or 0.538 mmole/g, 5.92% by
weight of catechol, respectively.

bReaction conditions for compounds 1 and 2: initial arsenic to
catechol concentration is 1:2 at 80°C for 18 hours in benzene (10 mL)
under nitrogen.

®Reaction conditions for compound 3: initial arsenic to catechol con-
centration is 1:3, 81°C, 17 hours, 90% ethanol (10 mL) under nitrogen.

dAfter reaction, the beads were filtered and washed well with hot
methanol, quartz water, and again with methanol. The washings were
added to the filtered solution and analyzed for arsenic by single-cup
graphite furnace absorption spectrometry.

tively, by varying the ratio of the two reactants and
finding the maximum concentrations removed at the
above-mentioned stoichiometries. v

In addition, we attempted to verify structures of
the polymer-bonded arsenic catecholates by compar-
ing the infrared spectrum (KBr) of the polymer-
supported catechol resin with those resins containing
compounds 1-3 after reaction with the bonded
catechol ligands. Unfortunately, infrared bands due
to As-O stretching frequencies, ~680-700 em™
were masked by PS-DVB aromatic C-H deforma-
tions as well as by those of the catechol ligands.
However, we did see dramatic changes in the IR
spectra of the bonded arsenic catecholates. For
example, IR bands at 1250, 1115, and 870 cm_l,
attributed to the OH deformations of the bonded
catechol ligands, disappeared in the IR spectra of the
bonded arsenic catecholates. We feel that this result
substantiates reactions of 1, 2, and 3 with the bonded
catechols to provide the biscatecholates (Eq. 1) and
the tricatecholate for 3.

The equilibrium values of removal from solution
of compounds 1-3 were ascertained by plotting
mmoles of arsenic per gram of resin (20%) versus
time (Fig. 1). From the results in Fig. 1, compound
removal values at equilibrium are 1 > 2 > 3 for the
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20% cross-linked resin, and the initial rate ratio for
1/2 is ~7.3. This initial rate ratio for 1 and 2 could
not be readily compared to 3 because of solvent
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Figure 1. Removal of ®AA (1), MAA (2), and H;AsO,
(3), from solution with 20% cross-linked catechol-bonded
resin (5.92% catechol by weight). (XBL 8412-5429)



differences in their respective reactions, i.e., benzene
for 1 and 2 and aqueous ethanol for 3.

It is also apparent from Table 1 that the 2%
cross-linked swellable resins contain the higher con-

centration of catechol and consequently can remove

almost twice the concentration of arsenic compounds
1-3 from solution. However, for this application,
we found the macroreticular 20% cross-linked resins
easier to handle in filtrations and constant reuse;
thus we preferred to use these resins in both removal
_and regeneration experiments.

In this regard, the ligand site could easily be
regenerated by a simple hydrolysis procedure using a
solution of sodium carbonate (6.3 X 1072 M) in
either 63% aqueous ethanol or quartz-distilled water
at 65°C for 1 hour. Figure 2 demonstrates the rapid
ligand regeneration reaction for the 20% cross-linked
resins containing the arsenic catecholates. Impor-
tantly, from 40% to 85% of the arsenic compounds
1-3 are recovered after approximately the first 10
minutes of hydrolysis, with rates of hydrolysis being
2 > 1 > 3. Further arsenic compound hydrolysis is
provided after 1 hour (5-10%) by reaction with a
sodium bicarbonate solution (7 X 1072 M, 1 hour,
65°C), and this also regenerates the catechol site for
reuse. It is then important for continued reuse to
wash the catechol-bonded resins with hot water and
methanol to remove carbonates and finally dry the
resin under vacuum (95°C, 1 hour) to remove water.
The above-mentioned removal (uptake) and hydro-
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Figure 2. Hydrolysis (Na,CO,, 1 hour, 63% aqueous
ethanol) of ®AA (1), MAA (2), H3AsO4 (3), bonded
catecholates (20% cross-linked resin). Initial arsenic con-
centration on the resin for 1 was 0.232 mmoles As/g; for 2,
0.2 mmoles As/g; and for 3, 0.124 mmoles As/g.
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lysis procedures were repeated at Jeast three times for
compounds 1-3 with consistent results (Table 1).

PLANNED ACTIVITIES FOR FY 1985

Clearly, these polymer-pendant ligand reactions
with organometallic and inorganic compounds have
the potential of being highly selective, as with the
arsenic compounds discussed, especially in nonpolar
solvents where solubility dictates reactivity. We are
continuing our studies of polymer-pendant ligand
chemistry directed toward removal of metal com-
pounds from synthetic fuels and petroleums, using
appropriate compounds found in the above-
mentioned complex matrices as well as other bonded
ligands.
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Homogeneous Catalytic
Hydrogenation: Regioselective
Reduction of Polynuclear
Heteroaromatic Compounds
Catalyzed by (PPh3)3RuHCl*

R.H. Fish, J.L. Tan, and A.D. Thormodsen

We have recently reported on the regioselective
hydrogenation of polynuclear heteroaromatic com-
pounds using a variety of transition metal com-
plexes.!—3 The types of aromatic substrates we have
investigated contain a single nitrogen or sulfur
heteroatom in a two or three fused ring aromatic
structure (compounds 1-7, Fig. 1) and are intended
to model the types of compounds known to be in
coal-derived liquids and shale oil. It is hoped that a
better understanding of these reductions will lead to
improvement of the existing processes using hydro-
gen gas for refining and upgrading coal and other
synthetic fuels.

In our earlier studies, we found that
ruthenium!2 and rhodium3 complexes show the
most activity toward selective reduction of the
heteroaromatic ring in the types of substrates therein
described when compared with the Fe, Mn, and
Co complexes previously investigated.!? We have
now discovered that
(triphenylphosphine) ruthenium (II) [(PPh,),RuHCI|
and hydrogen gas, with the heterocycle acting as
base, is an exceptionally active catalyst for the types
of reactions described. Interestingly, it is more
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No. DE-AC03-76SF00098.
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active by a factor of 3 than its rhodium analogue
(PPh;);RhH,Cl, which we have studied earlier.?
This ruthenium complex is a well-known hydrogena-
tion catalyst and has been used to reduce a variety of
compounds, including olefins, aldehydes, ketones,
and nitro compounds.*"® To our knowledge, this is
the first reported use of this catalyst in the selective
reduction of polynuclear heteroaromatic compounds.

In this article, we report on the regioselective
reductions of compounds 1-7 with regard to the
relative rate of hydrogenation of the substrates both
individually and in a mixture with other substrates
and model coal compounds. We will also present
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Figure 1. Polynuclear heteroaromatic substrates reduced
in hydrogenation reactions catalyzed by (PPH,),RuHCl:
1, quinoline; 2, 5,6-benzoquinoline; 3, 7,8-benzoquinoline;
4, acridine; 5, phenanthridine; 6, benzothiophene; and 7,
indole. (XBL 8412-5434)
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data on the reduction of one of these compounds, 1,
using deuterium gas in place of hydrogen gas. As
well, we will establish the binding of 8 to the
ruthenium hydride complex by nuclear magnetic
resonance (NMR) spectroscopy. We will then pro-
pose a reduction scheme -that accounts for our
observed results. :

ACCOMPLISHMENTS DURING FY 1984

Regioselective Hydrogenation

Table 1 contains the initial and relative rates for
the selective reduction of the heterocyclic ring in
compounds 1-7 (N-ring compounds 1-5, 7; S-ring
compound 6) catalyzed by (PPh3)3RuHCl under a
standard set of conditions. The catalyst was gen-
erated in situ from (PPh3)3RuC12 and hydrogen gas
and our substrates, which were basic enough to neu-
tralize the HCl formed during this reaction. The
substrate-to-catalyst ratio was 10:1 in all cases, with
initial turnover numbers (per Ru per hour) varying
from more than 66 to 0.08. The order of individual
reduction rates was S >4 >>1> 7> 2> 6 >3,
reflecting both steric and electronic effects. For the
reduction of 1 and its two benzoderivatives, 2 and 3,
steric effects are clearly important. .Compound 3, the
most sterically hindered at the nitrogen, is reduced at
the slowest rate, while compound 1, with the least

Table 1. Rates of reduction of compounds 1-7 under hydrogenation conditions
using (PPh,);RuHCl as catalyst.?

Rate Relative

Compound Product® (%/min)® rated
1 1,2,3,4-Tetrahydroquinoline 0.47 1.00
2 1,2,3,4-Tetrahydro-5,6-benzoquinoline . 0.059 0.12
3 1,2,3,4-Tetrahydro-7,8-benzoquinoline 0.014 0.03

4 9,10-Dihydroacridine 43 - 9.2

5 9,10-Dihydrophenanthridine® > 11 > 24

6 2,3-Dihydrobenzothiophené 0.041 0.09
0.085 0.18

7 2,3-Dihydroindole

2Conditions: 1 mmole of substrate (compounds 1~7), 0.1 mmole of (PPh,);RuCl,,
310 psi H, (initial), 20 mL benzene as solvent, temperature = 85°C (+ 0.5°C).
The active catalyst, (PPh;);RuHCl, is formed in situ from (PPh;);RuCl, and
hydrogen, with the substrate acting as base. Figure | shows the structure of the
substrate compounds.

bAnalysis by capillary gas chromatography.
°Pseudo-zero order rate, followed to approximately 50% conversion.

dRates are relative to quinoline; i.e., each reduction rate was divided by the rate
for quinoline (0.47) to obtain the values given.

®Phenanthridine was reduced too rapidly to determine a rate using our technique.

Reduction was complete within 9 minutes, so the value given for this rate is a
lower bound. ’

hindrance, is reduced the fastest. However, a com-
parison of the reduction rates of 6 and 7 shows that
other effects. are in operation. Since these two
molecules differ only in the identity of the heteroa-
tom, the rate differences cannot be sterically caused.
Electronic effects are most likely to be the cause of
the differing rates, either because of the complexing
ability of the heteroatom or because of the electron
density on the adjacent double bond.

Inhibition Studies

Since the rate differences given in Table 1 seem
partly to reflect steric and electronic requirements in
the binding of compounds 1-7 to the ruthenium
metal center, experiments were carried out in which
1 was reduced in the presence of an equimolar
amount of another compound that could potentially
compete with 1 for binding to the ruthenium. Table

2 clearly shows that the reduction of 1 was inhibited
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by compounds 2, 7, 8, 9, 10, and 11, but was unaf-
fected by 3 and 6. There were no enhancements in
rate such as we have observed with the rhodium
analogue.3 The effects of compounds 3 (7,8-
benzoquinoline) and 9. (2-methylpyridine), when
compared to the effect of 2 (5,6-benzoquinoline) and

Table 2. Relative rates of reduction of 1 in the presence
of other compounds.?

Added Relative

compound rate®
None 1.0
2°¢ 5,6-Benzoquinoline 0.79
3° 7,8-Benzoquinoline 0.98
6° _ Benzothiophene 1.0
7¢.Indole 0.66
8 1,2,3.4-Tetrahydroquinoline 0.34
9 2-Methylpyridine 0.85
10 3-Methylpyridine 0.00
11 Carbazole 0.89

3Conditions: 1 mmole of 1, | mmole of added compound,
0.1 mmole of (PPh3)3RuC12, 310 psi H, (initial), 20 mL
benzene as solvent, temperature = 85°C (= 0.5°C).

bRates are relative to rate of reduction of 1 alone (0.47, see
Table 1). ]

°In these cases, the added substrate was reduced along with
1; see Table 3 and discussion.



10 (3-methylpyridine), provide insight into the steric
requirements for binding to the ruthenium. Com-
pounds 2 and 10 should have less hindrance at the
nitrogen than the corresponding isomers 3 and 9. In
both cases, the less sterically hindered 2 and 10 show
greater inhibition, indicative of more effective com-
petition with 1 for catalyst metal centers than shown
by 3 and 9. Compounds 6 (benzothiophene) and 11
(carbazole) indicate the importance of basicity in
determining strength of binding, since both of these
molecules are less basic than 1, suggesting that they
should not compete with it for catalyst. Both these
compounds show little or no affect on the reduction
rate of 1, consistent with the assumption that they
do not competitively bind. Compound 8 (1,2,3,4-
tetrahydroquinoline) is the product of reduction of 1
and strongly inhibits its reduction by a factor of 0.34.
This indicates that product inhibition may be an
important factor in many of these reductions, in
which the products are often stronger bases than the
reactants. Finally, compounds 2, 3, 6, and 7 were
reduced along with 1, providing additional insight
into binding effects and rates.

Binding and Selectivity in Competitive
Reductions

Table 3 contains data derived from the experi-
ments described in the previous two sections. The
first column of rates was derived by dividing the
individual reduction rate of 1 by the individual
reduction rates of 2, 3, 6, and 7, respectively (data

Table 3. Selectivity for the reduction of 1 in competition
with other reducible substrates.

Relative rate in Relative rate

Compound separate reductions? in mixture®
2 8.0 11
3 33.6 42
6 11.5 43
7 5.5 8.2

aValues derived from data in Table 1 (separate reductions)
by dividing the initial rate of reduction of 1 by the initial
rate of reduction of the other compound.

bConditions: 1 mmole of 1, | mmole of added compound,
0.1 mmole of (PPh3)3RuC12, 310 psi H, (initial), 20 mL
benzene as solvent, temperature = 85°C (+0.5°C). Figures
obtained by dividing the initial rate of reduction of 1 by
the initial rate of reduction of added compound.
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taken from Table 1), to provide a ratio representing
the rate of reduction of 1 relative to each other com-
pound. The second column of rates was calculated
in the same manner, except that the rate data used
are for the competitive reduction of 1 in the presence
of an equimolar amount of 2, 3, 6, and 7, respec-
tively. In all four cases, the relative rate for the
reduction of 1 versus the other compounds is greater
in the mixture, indicating a selectivity toward the
reduction of 1. The most dramatic example is for
compound 6 (benzothiophene). Compound 1 is
reduced 11.5 times faster than 6 when the reductions
are carried out separately, but is reduced 43 times
faster than 6 when the reduction is carried out in a
mixture of the two. In the second case, the more
basic 1 can compete for catalyst more effectively
than 6, resulting in a higher relative rate.

Deuterium Gas Experiments

In previous studies,3”9’10 the substitution of deu-
terium gas for hydrogen gas in catalytic reductions
has been found to provide useful mechanistic infor-
mation. Compound 1 was reduced for 72 hours at
85°C in a 10:1 substrate-to-catalyst ratio, yielding
100% deuterated 1,2,3,4-tetrahydroquinoline.
Analysis of this product by 200 MHz 'H NMR pro-
vides the results depicted in Eq. (1):

D H
5
D
D (¢3P)3RUDCI 6 S o)
150 psi D, 7 130
N Y~ N
85°C, 72 hr HD

The product had 1.8 deuteriums at position 2,
one deuterium each at positions 3 and 4, and 0.8
deuterium at position 8. The nitrogen was not
observed to be deuterated because of the rapid
exchange of this position with traces of water during
workup.

When this same reduction was carried out for
150 minutes, to approximately 50% conversion, the
deuterium substitution pattern was much the same
as in the case of complete reduction. Position 2 was
substituted with 1.85 deuteriums, positions 3 and 4
had one deuterium each, and 0.2 deuterium was
found at position 8. The unreduced quinoline was
also observed in the NMR spectrum and showed 0.5
deuterium substitutions at position 2.

Finally, compound 8 (1,2,3,4-tetrahydro-
quinoline) was reacted with deuterium and the
ruthenium catalyst under the same conditions used
to reduce 1. After 4.5 hours, the reaction product



was analyzed by 200 MHz 'H NMR to give the
results in Eq. (2):

H H H. _H
H (¢.P). RuDCI H
oo s 08 Ho (2)
N 150 psi Dy D
H H 85°C,45hr L H D
12

Position 2 was substituted with 1.8 deuteriums,
and position 8 with 0.1 deuterium. A mass spectrum
was also obtained for this compound, giving m/e =

135 for the base (M-1) peak, and indicated d,, d, _

and d; products.

Reduction Mechanism

The deuterium exchange reported above can be
accounted for by several plausible intermediates,
incorporated together in  our proposed reduction
scheme (Fig. 2).

The overall reduction occurs in the order 1 < A
2 B — / C/ A. The first step, 1 < A, is the neces-
sary prior coordination of 1 to the ruthenium metal
catalyst. At this stage, as we have shown in our
competitive rate results, coordination can be inhi-
bited by competition from another coordinating sub-
strate, slowing the overall rate of hydrogenation.

After coordination, the reversible reduction of

the C-N double bond occurs (step A < B). It is the

($3P)3 RuDCI

1 Cl—Ru—~D
|
($3P)2

Phy + o L
D A—H(D)
D

|
Cl —Ru—H(D)

(¢3P)2
E

+Dzr

-Dz(—HD)V

reversibility of this step that accounts for the incor-
poration of deuterium into position 2 of the .unre-
duced quinoline. It accounts as well for some of the
exchange at position 2 of the product, but not all of
it. When the reduction was carried out to partial
completion, the unreduced 1 was substituted with
0.5 D at position 2, while the product was substi-
tuted with 1.85 D. If all the exchange had occurred
through this reversible step, no more than 1.5 D
would have been found at position 2 of the product.
The next and final step in the reduction (B — C)
is the irreversible reduction of the 3-4 double bond.
This step is shown as irreversible, since only one
deuterium was found at the 3 and 4. positions on the
product; and also because no 1 was ever observed
being formed from 8 by dehydrogenation, under
reducing conditions. However, our techniques are
not sufficient to rule out a small amount of reversi-
bility. We have found that (PPh,);RuCl, will

. catalyze the dehydrogenation of 8 to 1 under nitro-

gen in refluxing benzene, suggesting the possibility of
a fully reversible pathway from 1 to 8 and back
again. We do not know if the reduction is inter- or
intramolecular. It may proceed by an intramolecular
addition of hydrogen from the nitrogen-bound
ruthenium, or, more likely, it may occur by coordi-
nation of a ruthenium to the 3-4 double bond, as
with an olefin.

In order to provide more information about the
complex C, a 1:1 mixture of 8 and preformed
(PPh,),RuHCI was prepared in an NMR tube, and
its 2000 MHz '"H NMR spectrum taken. All of the

~
0
0 A—H(D)
| ©
Cl—ll?u—D
(#3P)2
S H D
o
; ”‘D’ o 'l( H(D)
(DMH
Cl—Ru—D “a—f—0
! 5
($3P)2 S (#3P)2
c - D

Figure 2. Proposed scheme for reduction of compound 1 (qumolme) when catalyzed by (PPH3) RuHCIL
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signals for 8 were found, and were shifted from the
signals of the free compound, with the relative areas
of the peaks remaining the same. Thus binding to
the metal center had occurred. The largest shift (2.4
ppm) occurred at the 1 position, consistent with
coordination to the nitrogen. The other shifts were
0.2 ppm (H-2) and 0.25 ppm (H-8), consistent with
the close proximity of these positions to the nitrogen
binding site.

To account for the exchange of deuterium found
when starting with 8, the imine intermediate D is
proposed. It is known that (PPh3)3RuC12 is an
active catalyst for alkyl amine chain scrambling and
deuterium exchange at carbons adjacent to nitrogen
in amines.>!112 This type of reactivity is generally
explained by proposing hydridochlororuthenium-
imine complexes formed by dehydrogenation of
amines. Such an imine intermediate has in fact been
observed by Jung et al® We are proposing that the
reversible formation and reduction of the imine
intermediate D accounts for the exchange of deu-
terium found on 8, as well as part of the exchange
found on the product when reducing 1. Such an
intermediate and the imine itself would be unstable
to both oxidation and reduction as well as being
present in only small quantities. This would explain
why we have failed to observe any free imine in
these reactions.

Instead of a reversible dehydrogenation/
hydrogenation mechanism, the exchange may occur
through the formation and hydrogenolysis of a
metal-carbon bond at the 2 position. If the metal-
nitrogen bond remains intact, this intermediate
would be a metala-azacyclopropane (not shown in
Fig. 2 scheme). Such compounds have been reported
by Crawford et al.'3!* and have been postulated by
Laine et al.'0 to explain their results with deuterium
exchange reactions on tertiary alkyl amines catalyzed
by rhodium clusters.

One final result to be explained is the exchange
of the aromatic C-H bond at the 8 position. A
means for this exchange to occur is through the for-
mation and cleavage of a four-membered cyclometal-
lated ring, intermediate E. This complex is similar
to five-membered rings formed from 3 and osmium
and ruthenium clusters by Bruce et al.1>1® Loss of
triphenylphosphine must occur as indicated to pro-
vide an 18-electron species after oxidative addition
to the C-H bond.

The mechanism we have proposed here is some-
what similar to the hydrogenation mechanism previ-
ously proposed for (PPh;);RhCL3 Both these
catalysts show the exchange behavior indicated in
steps 1, A, B, C, and E. However, only the
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ruthenium catalyst will exchange deuterium at the
“2” position of 8, as accounted for by intermediate
D. This is consistent with the fact that the
ruthenium catalyst is known to show special reac-
tivity toward amines, as described, while the rho-
dium catalyst does not.

Conclusions

The complexity of the mechanism of hydrogena-
tion of polynuclear heteroaromatics  using
(PPh;);RuHCl is apparent from our results;
nevertheless, several plausible reduction pathways
for 1 may be inferred. The reduction must incor-
porate an initial reversible step (A <= B) as well as a
post-reduction reversible step (C < D) to account
for the exchange of deuterium found at the 2 posi-
tion of both reactant and product. The existence of
intermediate C is indicated by NMR data, and imine
intermediates such as D have been reported in simi-
lar systems.9 The irreversibility of the reduction of
the 3-4 double bond (B — C) is indicated by the
presence of only one deuterium at each carbon but
could not be absolutely established. Cyclometallated
intermediate E is proposed to explain the deuterium
incorporation at position 8, while cyclometallated
intermediates may also play a role in exchange at the
2 position.

The hydrogenation rates of the various substrates
investigated depend on a variety of factors, some of
which have been elucidated from competitive
hydrogenation experiments. The ability of a sub-
strate to bind to the catalyst, as determined by steric
and electronic factors, is of clear importance to the
overall rate of reduction. This type of information is
valuable when trying to predict the reactivity of
chemically complex coal liquids and shale oils.

PLANNED ACTIVITIES FOR FY 1985

We plan to concentrate on the removal of nitro-
gen (hydrodenitrogenation) from the saturated
nitrogen-ring model coal compounds, using homo-
geneous and bulk metal catalysts.
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Reactions of Polynuclear Nitrogen
Heteroaromatic Model Coal
Compounds with Triruthenium
Dodecacarbonyl*

R.H. Fish, A.D. Thormodsen, and T.J. Kim

In order to determine how model coal com-
pounds containing nitrogen. heteroaromatic rings
react with metal cluster compounds for the purpose

of binding and eventually to gain insight into the °

removal of nitrogen from these compounds, we stu-
died the reactions of - quinoline, 1,2,3,4-
tetrahydroquinoline, phenanthridine, and dihydro-
phenanthridine with triruthenium dodecacarbonyl.

These latter polynuclear heteroaromatic nitrogen
compounds represent both the unsaturated and
saturated analogues, i.e., quinoline and 1,2,3,4-
tetrahydroquinoline, which would be .present under
coal liquefaction conditions in the presence of hydro-
gen gas.

ACCOMPLISHMENTS DURING FY 1984

The reactions we reported were ail run in
Schlenk tubes at molar ratios of 1:1, such that we
could isolate the products by using several chromato-
graphic procedures and identify their structures by
various spectroscopic techniques.

*This work was supported by the LBL Director’s Development
Fund through the Department of Energy under Contract No. DE-
ACO03-76SF00098.
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Reaction of Quinoline with Ru,(CO),,

The first polynuclear heteroaromatic nitrogen
compound, quinoline, reacted with triruthenium
dodecacarbonyl [Ru3(CO)12] to provide a product, 1,
that we unequivocally identified via 200 MHz 'H
nuclear magnetic resonance spectroscopy, mass spec-
troscopy, and elemental analysis [Eq. (1)].

@@ + Ru3(CO)y,
N

heptane
reflux, 5h

The isolation and structural characterization of
compound 1 clearly indicates bonding of the metal
cluster to both nitrogen and carbon in the 1,2 posi-
tion. This exciting result demonstrates that this type
of bonding could be utilized to eventually cleave
carbon-nitrogen bonds.

The reaction of the saturated nitrogen ring ana-
logue of quinoline, 1,2,3,4-tetrahydroquinoline, pro-
vided an interesting product that we tentatively iden-
tified via spectroscopic analysis as compound 2 [Eq.

).
Q) + o e OQOL [
N .

H ' oc L~

Compound 2 is a dimer; however, we find one
nitrogen ring is unsaturated, while the other nitrogen
ring is a dihydro derivative. Thus, under the reac-



tion conditions, the saturated nitrogen ring is dehy-
drogenated via mechanisms that need to be eluci-
dated.

Interestingly, when we reacted phenanthridine or
dihydrophenanthridine with Ru,(CO),,, we obtained
the same compound from either starting material
[Ea. (3)].

o

(3)

Ru3(CO)j, oc— \N\| o
heptane, l Ru/
T~
Reftux 5h rRe= \ CO
co— VN 0
O Si
N
H N 3

PLANNED ACTIVITIES FOR FY 1985

We plan to study the reaction of the isolated and
identified compounds 1-3 with hydrogen and deu-
terium gas to determine carbon- and nitrogen-to-
ruthenium bond cleavage reactions. We also want to
react the polynuclear heteroaromatic nitrogen com-
pounds mentioned above with mononuclear transi-
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tion metal compounds to ascertain if the metal will
bond to both carbon and nitrogen to produce a
metalla-azacyclopropane compound, 4,! shown
below:

N

7
HMLx N

H
4

This latter compound may be a potential precur-
sor to carbon-nitrogen bond cleavage studies.

REFERENCE

1. Fish, R.H., Thormodsen, A.D., and Kim, T.J.
(1985), submitted to Organometallics for publi-
cation.
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COAL-RELATED RESEARCH

Processing of Condensate Waters
from Coal Gasification*

C.J. King, J.J. Senetar, P.D. Mackenzie,, T.M. Grant
L.J. Poolé, and R.E. Thompson

Large volumes of condensate water are formed

.when reactor effluents from coal gasification are

cooled. Water streams from lower-temperature gasi-
fication processes contain large concentrations of
ammonia, acid gases, and dissolved organics—
notably, phenolic compounds. For both economic
and environmental reasons, it is necessary to process
these waters sufficiently to allow recycling, probably
as make-up to a cooling-tower system.

The principal objective of this project is to pro-
vide basic understanding that will enable the
development of improved physicochemical process-
ing methods for these condensate waters. Particular
attention so far has been given to solvent-extraction

- and stripping processes and to determining the

chemical make-up of real water samples in order that
process research may be carried out on a more
knowledgeable basis. A new portion of the research.
concerns the mechanism and kinetics of formation of
hydantoin compounds; these compounds have been
found in condensate waters and tend to concentrate
in cooling-tower blowdowns when processed water is
recycled. Hydantoins form upon aging, and the
extent to which they are present in fresh condensate
water probably depends upon residence time, com-
position, and temperature of the water in the
quench-water circuit of a gasifier.

Earlier research, summarized in the Annual
Reports for FY 1979 through FY 1983, has focused
upon: (1) determination of individual components

contributing to the measured chemical oxygen

demand (COD); (2) extraction with both conven-
tional and novel chemically associating solvents,
which enable effective removal of COD with the
promise of low-energy consumption; (3) interpreta-
tion of rates of stripping of ammonia and acid gases
from real condensate waters; and (4) combining

*This work was supported by the Morgantown Energy Technology
Center, Morgantown, West Virginia, through the Assistant Secre-
tary for Fossil Energy, Office of Surface Coal Gasification, Ad-
vanced Process Research Program of the U.S. Department of En-
ergy under Contract No. DE-AC03-76SF00098.
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extraction of ammonia with stripping of acid gases in
an innovative process that can recover ammonia as
an isolated product.

ACCOMPLISHMENTS DURING FY 1984

Analysis of Condensate Waters

Several new techniques have been employed in
an effort to characterize the remaining unknown
COD in previously analyzed condensate water from
the Morgantown Energy Technology Center’s gasifier
run 101; this unknown COD is about 13% of the
total. The new techniques include (1) pH-gradient

- elution; (2) evaporation to a concentrate, followed by

contacting with methylene chloride and removal of
residual water with a desiccant; (3) various analysis
techniques specific for amino acids; and (4) evapora-
tion to dryness, followed by fractional dissolution of
the residue in.acetone.

For pH-gradient techniques, the solutes in a
water sample are first taken up onto a polymeric
resin. (Of the resins tested, Rohm & Haas Amberlite
XAD-4 has given the best results.) For elution start-
ing at low pH -and going to successively higher pH
values, the bulk of the unidentified organic nitrogen
and organic sulfur have been found in the first (pH =
3) fraction. This suggests that both classes of com-
pounds may be ionized at low pH. Similarly, the
largest portion of the unidentified COD came off in
the pH-3 fraction.

Through a technique of stripping dissolved
ammonia, followed by preparation of o-
phthalaldehyde derivatives, it was shown that amino
acids are not present in detectable quantities. This
result is significant because amino acids would fit
several other characteristics of dissolved organic
nitrogen that ‘have been observed—low volatility,
ionization at low pH, and difficult extractability.

The technique of evaporation to dryness yielded
the degree of fractionation shown in Table 1. Nitro-
gen and sulfur compounds concentrate in the solids
and redissolve in acetone to a large extent. The
unidentified COD is largely present in the solid resi-
due. Phenol and alkylated phenols enter the vapor
and hence the condensate to a very large degree.
This is therefore an effective method for removing
the phenolics present in the highest concentrations,

" which would otherwise interfere with analyses for

components present at lower concentrations.



Table 1. Fractionation between condensed vapor and solid residue
(METC run 101 condensate water).
Concentration (mg/L)
Redissolved Condensed METC run 101
Compound solids product condensate

Phenol 31 1260 1220
Cresols 17 1540 1510
Xylenols 56 1260 1260
Resorcinol 65 0 62
Pyrocatechol 51 0 41
Hydroquinone 4 0 6
4-Methyl catechol 39 0 36
5,5-Dimethyl hydantoin 112 0 108
COD 2110 10530 12250
Organic N 173 0 140
Organic § 404P 179b 404

2All concentrations corrected to the initial volume of the water sample.
bSamples were not stripped at low pH to remove hydrogen sulfide.

Liquid chromatographic (HPLC) analysis of the
redissolved solids using a pu-Bondapak column and
an aqueous mobile phase has shown that the uniden-
tified COD concentrates in the earliest and latest
portions of the chromatogram. Initial attempts to
carry out analyses of HPLC fractions by gas
chromatography/mass spectrometry (GS/MS) were
complicated by bleeding of alkyl silanes from the sta-
tionary phase. This has since been cured by buffer-
ing at low pH.

Compounds identified for the first time in
METC run 101 condensate water during FY 1984
include alpha- and beta-naphthalenol, aniline, and
N-methyl formamide. Analytical accomplishments
of previous years have been summarized in a
manuscript.!

Extraction of Phenols with Trioctyl Phosphine
Oxide (TOPO)

The results from previous years have been
assessed to determine the conditions under which
extraction with TOPO is most likely to be attractive
in comparison with diisopropyl ether (DIPE) or
methyl isobutyl ketone (MIBK). Extraction with
TOPO-containing solvents can be carried out with
substantially lower solvent-to-water flow ratios than
is possible with MIBK or DIPE if the concentration
of phenol in the feed water is 3000 ppm or less.
Extraction with TOPO-containing solvents should
also be considered for removal of di- and trni-
hydroxybenzenes, in which case regeneration will
probably have to be by a back-extraction method.
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A manuscript? has been prepared on this portion
of the work.

Recovery and Isolation of Ammonia through
Simultaneous Extraction and Stripping

The experimental results obtained with di-2-
ethylhexyl phosphoric acid (D2EHPA) in diluents
composed of alkanes, aromatics, amines, and/or
alcohols have been subjected to conceptual design
analyses, which show that the use of amine diluents
is preferred. There is a strong economic incentive
for identification of acid extractants that have greater
thermal stability than D2EHPA, since such extrac-
tants would allow regeneration with less steam con-
sumption. A somewhat weaker organic acid would
also be useful.

A full report3 has been prepared on this Ehase of
the work, along with a summary manuscript.

Formation of Hydantoin Compounds

A literature search was conducted, using com-
puter data bases covering the years 1967-1983. Very
little information on the kinetics of hydantoin for-
mation was uncovered.

Analytical methods were developed for following
the disappearance of reactants and the formation of
5,5-dimethyl hydantoin (DMH). These include the
use of specific-gas electrodes for carbon dioxide and
ammonia, a specific-ion electrode for cyanide, gas
chromatography for acetone, and HPLC for DMH.

Preliminary data for synthetic solutions for the
most part sustain the Bucherer-Bergs reaction
(acetone + carbon dioxide + ammonia + cyanide) as
the principal formation mechanism for 5,5-dimethyl
hydantoin. Relatively smooth kinetic data have
been obtained, so far supporting second-order kinet-
ics when ammonia and carbon dioxide are present in
large excess. However, in early results the reactants
do not disappear in stoichiometric proportion, nor
does DMH appear stoichiometrically. Possible rea-
sons for this are being investigated.

Synfuels Wastewater Workshop

The proceedings of the 1983 Morgantown Synfu-
els Wastewater Workshop have been published.5

PLANNED ACTIVITIES FOR FY 1985

Analyses will be continued for the HPLC frac-
tions obtained from redissolved residual solids from
evaporation of condensate water. The anhydrous
and concentrated nature of these samples makes
them well suited for GC/MS analysis. These investi-



gations will be supplemented by pH-gradient frac-
tionation, analyses of organic nitrogen and organic
sulfur, and other techniques. Adsorption with func-
tionalized resins or carbons will also be explored,
both as a compiementary method of fractionation
among solutes and as a potentially useful processing
method. Total organic carbon (TOC) measurements,
when available, will be used to supplement COD
measurements and to determine the degree of oxida-
tion of various fractions.

Measurements will be made of in situ equili-
brium distribution coefficients of the compounds
present in condensate water. These will reveal com-
plexation, micellization, adsorption onto suspended
solids, or other complicating factors within the
waters.

Measurements of the mechanism, kinetics, and
formation of 5,5-dimethyl hydantoin in synthetic
solution and in condensate waters will be continued
in an effort to ascertain the reaction mechanism,
possible side reactions and complications, and
important parameters in quench-circuit design relat-
ing to hydantoin formation. It is anticipated that
this phase of the work will be concluded during FY
1985.

An attractive possibility is to combine the
extraction-based method for recovery and isolation
of ammonia with the removal of organics by the

" same extraction system. This potentially important

synergism will be examined through experiments and
process calculations. Extraction of heavy phenolics
or other substances might contaminate a cation-
exchanging extractant such as D2EHPA. The use of
a cation-exchange polymeric resin will be explored as

tant separate from the organics-extraction system. In
the latter case, the potential synergism would lie in
the ability to use one and the same steam-heated

column to regenerate the solvent and to remove the
ammonia thermally from the resin.

Cation-exchanging extractants more stable ther-
mally than D2EHPA and/or somewhat weaker in
acidity will be sought in an effort to reduce the
steam consumption needed to regenerate ammonia
thermally from such an extractant.

Computer simulations of ammonia and acid-gas
stripping will also be initiated so as to give insight
into other avenues that may be effective in reducing
the energy requirement for removal and isolation of
ammonia.
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Separations of Polar Organics from
Aqueous Solutions by Processes
Based upon Reversible Chemical
Complexation*

C.J. King, A.S. Kertes, D. Arenson, and J. Tamada

Industrial separations of polar organic substances
from water are carried out for the most part by dis-
tillation or evaporation. They thereby consume a
large amount of energy.! This is especially true for
substances such as acetic acid, glycols, sugars, corn-
starch products, and other hydrophilic substances
that are less volatile than water. Separations of this
type are becoming more and more important with
the advent of biological production of chemicals and
the need for improved cleanup of effluent streams.

Solvent extraction with reversible complexing
agents (“extractants”) is a promising alternative
separation method. If a high degree of concentration
of the solute can be obtained in the extract through a
large equilibrium distribution coefficient, the energy
requirement for regeneration of the extractant will be
substantially less than that for distillation or evap-
oration. In addition to giving high distribution coef-
ficients for dilute solutes, chemically complexing
extractants can provide high selectivity for the
solute(s) of interest, by virtue of their chemical speci-
ficity.?

The purpose of this project is to examine and
evaluate the use of reversible chemical complexation
as a method for large-scale separation of polar
organic substances from aqueous solution. Solutes
of particular interest in the initial portion of the pro-
ject are carboxylic acids, alcohols, and difunctional
compounds containing these groups. Emphasis is on
the use of purely organic extractants, rather than
those containing metals.

ACCOMPLISHMENTS DURING FY 1984

This project was started in July 1984. A princi-
pal activity in the initial phase has been a literature
survey on solvent-extraction chemistry for carboxylic
acids involved in the pyruvic/tricarboxylic cycle of
glucose fermentation. These include lactic, succinic,
tartaric, propionic and citric acids—all major

*This work was supported by the Assistant Secrctary for Conser-
vation and Renewable Energy, Office of Energy Systems Research,
Energy Conservation and Utilization Technologies Division of the
U.S. Department of Energy under Contract No. DE-ACO03-
76SF00098.
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chemical products—as well as pyruvic, furmaric,
maleic, malic, and itaconic acids.

A survey of the literature on hydrogen bonding
with alcohols indicates that phosphoryl substances,
notably phosphine oxides, may be attractive as
extractants. From past studies, we know that tertiary
amines, and also phosphoryl compounds, are effec-
tive for extraction of carboxylic acids. These
solute/extractant systems were selected for initial
study.

Analytical methods for different carboxylic acid
solutes have been evaluated, in particular those
based upon differential interferometry and gas
chromatography.

PLANNED ACTIVITIES FOR FY 1985

The literature survey on extraction of fermenta-
tion acids will be completed, presented at the annual
American Chemical Society meeting, and submitted
for publication.

On the bases of commercial importance, ease of
chemical analysis, and solute stability, a dicarboxylic
acid and a hydroxycarboxylic acid will be selected
for initial extraction studies, to be made with tertiary
amines and phosphine oxides in candidate diluents.

Phase equilibrium characteristics will be meas-
ured for extraction of alcohols (e.g., butanol, ethanol)
with phosphoryl extractants. Initially, trioctyl phos-
phine oxide, an important extractant from the metals
industry, will be used. It is anticipated that the
choice of diluent will be very important and may
exert a controlling influence on solute extractability.

Regeneration studies will be carried out along
with the extraction studies. The principal methods
of regeneration to be considered initially are distilla-
tion and back-extraction into an aqueous phase, fol-
lowing an appropriate change in conditions.

REFERENCES
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Dynamics Of Liquid Filament
Breakup*

D.W. Bousfield, G. Marrucci, and M.M. Denn

The breakup of a liquid filament into droplets is
an important step in a variety of processes, includ-

. ing, for example, coal liquefaction; applications in a

wide range of industries have recently been
enumerated by Schimmer and Tebel.! The mechan-
isms governing the early stages of the breakup of
Newtonian jets appear to be generally understood.>>
This is not the case for viscoelastic jets; it has been
observed experimentally that jets of polymer solu-
tions generally take longer to break up into droplets
than do purely viscous jets of comparable viscosity,
and sometimes do not break up at all, although exist-
ing theory for the stability of viscoelastic filaments
predicts a more rapid growth of disturbances.4~°

We show here the results of a dynamical analysis
of the growth of surface tension—driven disturbances
on thin filaments of Newtonian and Maxwellian
liquids, using a one-dimensional approximation
analogous to that developed for the analysis of fiber
spinning.” The results are consistent with linear sta-

bility analyses during the initial portion of the tran-
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sient, but they also enable calculations at long times
approaching breakup. Nonlinearities associated with
inertial stresses cause the formation of satellite dro-
plets in Newtonian jets that have been observed
experimentally.® The retardation of disturbance
growth and the stabilization of viscoelastic jets at
long times are shown to be a consequence of non-
linearities associated with the buildup of large exten-
sional stresses. An asymptotic analysis of long times
points up the essential differences in nonlinear dis-
turbance growth between purely viscous and viscoe-
lastic filaments.

ACCOMPLISHMENTS DURING FY 1984

One-Dimensional Analysis

The basic assumption of this analysis is that the
wavelength of a disturbance remains constant in
time as a surface tension—driven disturbance grows
and droplets form. This assumption is based on
photographic evidence of the breakup of filaments
forced with a constant frequency.>8 The momentum
equation at each position in a thin Newtonian fila-
ment, averaged over the filament cross section and
neglecting radial momentum, is then:
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Here the dimensionless variables are r = R/R,,
§{=2/L, and 6 = ot /qR,, where R and R, are the
radius and initial radius of the filament, respectively;
z is position; L is half the disturbance wavelength; ¢
is time; and ¢ and 75 are the liquid surface tension
and viscosity, respectively. Subscripts denote partial
differentiation. The parameters « and 8 are defined
as

a=R0/L >

- (=) (8]

where p is the density, and the dimensionless group
n*/paR, is the square of the Ohnesorge number. The
limit of negligible inertia is obtained for 8 = 0, while
the equations appropriate for small curvature follow
by taking « = 0. Small curvature with negligible
inertia requires that poR, /7% go to zero more rapidly
than o2

For a Maxwell fluid, we record the thin-filament
equations analogous to Egs. (1) and (2) only in the
limit « = 0, 8 = 0, since this is the only form for
which computational results have been obtained:

paR,
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L
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¢ _ (I) 2"24)(1'“+2T22) + 6r2—~r¢ , (7)
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where 7, and 7, are the axial and radial com-
ponents of the extra stress, normalized with respect
to o/qR,. The viscoelastic parameter ¢ is defined as

¢ = Aa/nR, ,

where X is the Maxwellian relaxation time.

It has been observed experimentally that at long
times the viscoelastic filament approaches a confi-
guration approximated by a long cylinder of uniform
radius connecting two large droplets. The pressure
in the droplets can be taken to be close to atmos-
pheric, in which case the radius of the cylinder
decreases uniformly according to the equation:
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Equation (8) is equivalent to a special case of Eq.’
(66) of Schimmer and Tebel.! The Newtonian fluid
is recovered in the limit of no elasticity:
¢ = 0:r = constant — 6/6 - . )
For § >> ¢, the asymptotic behavior for a Maxwell
fluid follows as
0 >> ¢: Inr = constant — 6/3¢ (10)
It is clear from this asymptotic behavior that a
Newtonian filament in this configuration would rup-
ture in a finite time of order 6§ = 6 (t = 63R,/0),
while a viscoelastic filament would thin much more
slowly; the exponential approaches zero for 8 = 9¢,
corresponding to ¢ = 9A. Viscoelastic effects will
therefore dominate if ¢ >> 1.
The initial growth rate in the absence of inertia
is available analytically from the linear stability
theory of Middleman.® This can be expressed as

6

In(r—1) = In|r(0)—1] + = (11)

Numerical Results

Equations (1) and (2) or (6) and (7) are readily
solved by a straightfoward procedure of marching in
time at each spatial position, with all spatial deriva-
tives and integrals evaluated at the start of the time
step. Initial conditions were taken to correspond to
a small sinusoidal perturbation about a uniform
cylinder to facilitate comparison with results from
linear stability theory. In accordance with the stabil-
ity theory, a disturbance will grow on a Newtonian
filament only for « < 1/7 and on a Maxwellian fila-
ment in the absence of inertia only for ¢ < 6.

Profile development with time is shown in Figs.
1 and 2 for a Newtonian filament with « = 0.1;
B8 = 0 in Fig. 1 corresponds to a very viscous liquid,
and 8 = 1080 in Fig. 2 is typical of a glycerine-water
solution. The disturbance grows most rapidly for the
viscous liquid at the midpoint between the develop-
ing droplets. The effect of inertia is to cause the
most rapid growth to occur close to the droplet dur-
ing the latter stages of breakup, leading to the break-
ing off of a large droplet from a thin ligament; this
nonlinearity is the source of the satellite droplets
observed in experiments with glycerine-water solu-
tions by Goedde and Yuen.?
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Figure 1. Profile progression for a Newfonian filament; «

=0.1,8=0. (XBL 853-1844)

Profile development with time is shown in Fig. 3
for a Maxwell fluid with ¢ = 2. The growth rate of
the disturbance is initially more rapid than for a
viscous Newtonian fluid, in accordance with linear
stability theory; at longer times, the growth is
retarded, and the filament approaches a configura-
tion corresponding to a long cylinder connecting two
large droplets, the configuration described by Eq. (8).
The calculations were stopped when a theory of
small curvature (o« = 0) became clearly inadequate.

Comparison between the growth of a disturbance
on viscous Newtonian and Maxwellian filaments is
facilitated in Fig. 4, where the diameter of the fila-
ment midpoint (the thinnest point) is plotted versus
time. The broken lines shown-in the figure represent
Middleman’s linear stability theory, Eq. (11). There
is a qualitative change in the thinning of the viscoe-
lastic filament at long times, with- an asymptotic
approach to breakup described by Eq. (10); in con-
trast, the Newtonian filament breaks up in a finite
time.’ :

The stabilization of jets of polymer solutions is
usually attributed to resistance to extensional defor-

Figure 2. Profile progression for a Newtonian filament; «
=0.1, 8 = 1080. ~(XBL 853-1845)
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Figure 3. Profile progression for a Maxwell fluid filament;
a=0.1,=0,¢=2. (XBL 853-1846)

mations.” The computed stretch rate T, at { = 0.4
for the viscoelastic filaments is shown in Fig. 5.
Clearly the stabilization at long times corresponds to
the rapid growth of AT, which is consistent with the
known extensional behavior of Maxwellian liquids.9
It is this nonlinear behavior resulting from the
buildup of extensional stresses that inhibits the
breakup of the viscoelastic jets. Inclusion of a finite
tensile stress at ¢+ = 0 to-account for the residual
stress of exiting the nozzle, as in the linear stability
analysis -of Goren and Gottlieb,10 retards the initial
disturbance growth but has little qualitative effect on
the ultimate norlinear behavior.

Conclusion

This one-dimensional analysis explains the
important experimentally observed features of fila-
ment breakup, including the initial linear growth, the
formation of satellite droplets, and the retarded
breakup of viscoelastic jets. The calculations are in
good quantitative agreement with the detailed tran-

100
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Figure 4. Filament midpoint radius as a function of time,
a = 0.1, 8 = 0, for a Newtonian fluid and a Maxwell fluid

with ¢ = 2. Broken lines are from the linear stability
analysis, Eq. (11). (XBL 853-1847)
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Figure 5. Dimensionless stretch rate ()\Fe) vs. dimension-
less time (1/A) at ¢ = 0.4 for a Maxwell fluid, a = 0, 3 = 0.
(XBL 853-1843)

sient finite-element calculations carried out by Keun-
ings,!! and the method therefore provides an effec-
tive, low-cost means of studying the effect of rheo-
logical properties and disturbance initiation on fila-
ment stability and breakup.

PLANNED ACTIVITIES FOR FY 1985

The one-dimensional analysis will be extended to
represent an Oldroyd-B fluid, including inertial
effects, in order to compare theory with experimental
results. The behavior of a void in extensional flow
will also be studied.

REFERENCES

1.  Schimmer, P. and Tebel, K.H. (1982), “Pro-
duction of Monodispersed Drops by Forced

Removal of HZS from Coal-Derived
Synthesis Gas*

S. Lynn, R. Demyanovich, D. Neumann, and
S. Sciamanna

When coal is gasified, most of the organic sulfur
is converted to hydrogen sulfide. The problem of
removing hydrogen sulfide varies with the nature
and proposed use of the gas produced. In some
cases, one wishes to remove only hydrogen sulfide;

*This work was supported by the Assistant Secretary for Fossil
Energy, Office of Coal Utilization Systems, Division of Surface
Coal Gasification, of the U.S. Department of Energy under Con-
tract No. DE-AC03-76SF00098.
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in others, carbon dioxide must be removed as well;
and in still other cases, there are hydrocarbons that
can profitably be recovered as separate products.
Conventional technology for removing H,S from a
gas stream consists of

. passing the gas through an absorber where
H,S (and, to a large extent, CO,) is
absorbed in an aqueous solution of an
ethanol amine or potassium carbonate;
stripping the dissolved gas from solution
with steam,;

burning a third of the H,S with air to form
SO, and generating steam with the released
energy in a waste-heat boiler;

passing the mixture of SO, and H,S
through a succession of fixed-bed reactors,
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cooling the gas stream between reactors to
condense sulfur; and

. sending the tail gas from the process above
(a Claus sulfur plant) to one of a variety of
processes to deal with the unreacted 5% of
sulfur compounds.

A new process, which has been under develop-
ment at the Lawrence Berkeley Laboratory since
January 1, 1984, substitutes these features:

. absorbing the HZS and, optionally, other
gases in a polar organic solvent;

. converting the dissolved H,S to sulfur by
reacting it with an equivalent amount of
SO, dissolved in the same solvent;

. recovering co-absorbed gases from the sol-
vent by stripping;

. recovering elemental sulfur from the sol-
vent by crystallization; and

»  generating the SO, for the process by burn-
ing H,S or sulfur, recovering heat from the

combustion gas in a waste-heat boiler, and
recovering SO, by scrubbing the gas with-
cooled solvent from the -crystallization
step.

A flowsheet for one embodiment of this process
is shown in Fig. 1. This application is designed for
desulfurizing synthesis gas (a mixture of hydrogen
and carbon monoxide, with carbon dioxide, water
vapor and hydrogen sulfide as undesirable impuri-
ties), one of the most likely products of coal gasifica-
tion. The process removes the three impurities from
the synthesis gas simultaneously in a single absorp-

‘tion step (reducing H,S to the parts-per-million

level), converts the hydrogen sulfide to sulfur, and
produces a sulfur-free stream of carbon dioxide as a
byproduct.

This process promises to lower capital and
operating costs, to reduce both energy consumption
and emissions of atmospheric pollutants, and to
have greater flexibility and selectivity than the con-
ventional technology for acid gas removal.

Sweet SYNGAS S0, Solution To Stack
: ' ‘ N,, H,0
_ Lean Solvent
. — -
High— . |  Unreacted H,S, CO, '
Pressure ' SO,
H,S & CO, > Absorber
Absorber .
Residual
S e S S0
our Stripper 2 N
SYNGAS pper. -~
H,, CO, CO,, H,S - Cool,
Sweet t Fresh
Fat C 2 Solvent
Solvent
: Steam
C.W.
Air :
Sulfur | suifar™] Sulfur Furnace [
Crystallizer & Boiler
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Y Feed
Water

Sulfur Product

Figure 1. Removal of H,S from coal-derived synthesis gas.
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ACCOMPLISHMENTS DURING FY 1984

The work of this project has been divided into
the following tasks:

(1) Determine the solubilities of H,S, SO,
COZ, CH, and other hydrocarbon gases,
water, and sulfur in the organic solvent as
functions of pressure, temperature, and sol-
vent composition.

Determine the effects of temperature and
solvent composition on reaction kinetics.
Investigate the suitability of steel and other
materials of construction for this system.
Set up a computer model of this process to
aid in its evaluation and evolution.
Compare the anticipated costs of this pro-
cess with those of conventional technology.

()
3
4
(5)

The first gas-solubility measurements have been
made for sulfur dioxide in a variety of solvents. Fig-
ure 2 shows some of the data for 75°C. These data
have been correlated with various theories taken
from the literature to facilitate subsequent calcula-
tion of process behavior. The solid curves show the
correlation of the data with UNIQUAC* for SO, in
pure N,N-dimethyl aniline (DMA) and pure
diethylene glycol-methyl ether (DGM or carbitol),
and the dashed curves show the UNIFAC* predic-
tions of the solubility of SO, in mixtures of DMA
and DGM. Figure 3 shows solubility data for SO2 in
a wide variety of solvents at 50°C. The work on SO,
solubility was completed during the summer of 1984.
New equipment has been constructed to measure the
solubilities of the other gases of interest, which are
lower by factors of 10 to 100 than the solubility of
SO,.

Sulfur solubility in mixtures of DMA and DGM
is shown in Fig, 4 as functions of temperature and
composition. These solubility determinations are
made as follows: weighed samples of sulfur and sol-
vent are first heated until the sulfur dissolves, then
the solution is then cooled to precipitate fresh sulfur
crystals, and finally the mixture is reheated until the
crystals just redissolve. The heating during the third
step must be done relatively slowly to ensure that the
temperature obtained is that for true equilibrium.
The effect of water as well as various organic com-
pounds on sulfur solubility is being determined.
These solutions are highly nonideal, and the best
method of correlating the data is still to be deter-
mined. ‘

*UNIQUAC and UNIFAC are well-known methods of correlating
vapor-liquid equilibrium data and of predicting ternary behavior
from binary data. These methods were developed by J.M.
Prausnitz and his co-workers.
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Figure 2. Comparison of UNIFAC predictions with exper-
imental data for the partial pressure of SO, in mixtures of
DMA and carbitol (DMG) at 75°C. (XBL 851-945)
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Figure 3. Vapor-liquid equilibria of SO, in organic sol-
vents at 50°C. (XBL 851-946)
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Figure 4. Sulfur solubility in mixtures of DMA and DGM.
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Kinetic studies in this system are performed with
the simple calorimeter shown in Fig. 5. A weighed
sample of solvent containing H,O is placed in the
calorimeter together with a magnetic stirring bar and
a bare thermocouple. A weighed sample of solvent
containing SO, is added rapidly while stirring
vigorously, and the potential of the thermocouple is
recorded as a function of time. These potential read-
ings are converted to temperatures, which in turn are
related to changes in concentration of the H,S and
SO,. From these data, the order of the reaction and
its rate can be determined. The reaction has been
found to be first order with respect to both H,S and
SO,. Values of the reaction rate constant, k,, of less
than 1 L/mole-s have been found in both mono- and
dialkyl ethers, of ethylene glycols. The addition of

S0,,Solution

Syringe o)

50 mi Erlenmeyer Coppér — Constantan Thermocouple

with Septum Cap

™~

To

Styrofoam Chart

- HZS Solution

Insulation Recorder
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Stir Bar

Magnetic

Styrofoam Stirrer

Bottom

Figure 5. Experimental apparatus for kinetic studies of
SO, and H,S in solution. (XBL 851-948)

DMA to either type of solvent catalyzes the reaction.
In the dialkyl ethers the addition of water or an
alcohol enhances the catalytic effect of the DMA.
These results, from reactions carried out at ambient
temperature, are shown in Fig. 6 and 7. This
enhancement appears to be produced by the
hydroxyl group in water and alcohols, which is of
course also present in monoalkyl ethers of the
ethylene glycols. From experiments performed at
about 10°C, the activation energy for the reaction is
estimated to be about 7.4 kcal/mole, which
corresponds to a doubling of the rate every 20°C.
For values of k2 greater than 15, the reaction reaches
more than 90% completion in less than 5 seconds,
and the precision of estimating k2 becomes increas-
ingly poor. A different measurement technique will
therefore be needed to make accurate estimates of k,
at temperatures much above ambient.

Preliminary estimates of the capital and operat-
ing costs of this process indicated that both would be
significantly lower than those for conventional tech-
nology if no technical complications were encoun-
tered. The results to date have beén reassuring. The
proposed solvent consists primarily of polyglycol eth-
ers and is similar in properties to solvents in current
commercial use. The solubilities of the various gases
and of sulfur in this solvent could be approximated
for the preliminary estimates and are now being
measured. The experimental values do not vary
greatly from the estimates. The kinetics of the reac-

. tion between H2S and SO2 in the solvent is so fast
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that no reaction volume need be allowed to -ensure
its completion—the process piping itself provides the
needed residence time. In the experiments done to
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(3.1 wtX water)
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~
‘l" (2.0 wtX Water)
o
£
< 8r
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vﬂ
x
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Figure 6. Variation of second-order rate constant with
DMA and water content in triglyme. (XBL 851-949)



-

@
%0
X3

(lit/mole—s)

k
2.‘
El

4] L 1 1
25 50 75

100

WtZ DMA

Figure 7. Variation of second-order rate constant with
wt% DMA for DMA in DGM at 17°-23°C (no water).
(XBL 851-950)

date, there have been no indications of the presence
of any sulfoxy compounds (thiosulfate, dithionite,
polythionates, etc.) of the sort that form when H,S
and SO, react in aqueous solution. Such compounds
are highly acidic and require neutralization with
sodium carbonate or some other base. Their absence
relieves this process of a serious complication. The
experimental program is intended to investigate and
resolve all questions of technical feasibility as they
arise as well as to obtain the physical and chemical
data needed for design.

PLANNED ACTIVITIES FOR FY 1985

Three of the tasks described above are scheduled
to be started in FY 1985. These are the determina-
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tion of materials compatibility, the development of a
computer program to simulate the steady-state
operation of the process, and the estimation of capi-
tal and operating costs for the process in comparison
with those for conventional technology. In perform-
ing the latter two tasks, it is planned to evaluate the
performance of the process in treating several dif-
ferent hydrogen sulfide—containing gas streams of
industrial importance, since the presence of H,S is a
problem that arises in the processing of many fuels.

A waste-gas stream of significant industrial
interest is the tail gas from a Claus process sulfur
plant. This gas contains both hydrogen sulfide and
sulfur dioxide in a molar ratio of about two to one
and at concentrations of several thousand parts per
million. To use the present process to desulfurize
Claus tail gas would require absorbing both H,S and
SO, simultaneously, even as the reaction between
the two is occurring. The theory for this type of
absorption-with-chemical reaction is not well
developed. The study of this problem will involve
both the experimental determination of absorption
behavior and the mathematical modeling of the sys-
tem. The results should also be of interest for
estimating the effect of adding SO, to the solvent in
a high-pressure absorption step in order to reduce
the H,S concentration in the gas being treated to an
exceptionally low level.

The ultimate objective of this work is the
development of an improved, flexible process for
desulfurizing gasified coal and other sour gas
streams. At this point in the project, this objective
appears to be feasible.



ELECTROCHEMICAL ENERGY STORAGE RESEARCH

Technology Base Research Project for
Electrochemical Energy Storage”

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

The Lawrence Berkeley Laboratory (LBL) is lead
center for management of the Technology Base
Research (TBR) Project, which is supported by the
Electrochemical Branch of DOE’s Energy Storage
Division. The purpose of this project is to provide
the research base to support DOE efforts to develop
electrochemical energy- convérsion systems for elec-
tric vehicle and stationary energy storage applica-
tions. The specific goal is to identify the most
promising electrochemical technologies and transfer
them to industry and/or another DOE program for
further development and scale-up.

The TBR project is divided into four major pro-
ject elements: electrochemical systems, supporting
research, electrochemical processes, and fuel cell

research. The generic research topics included in

each of these elements are listed in Table 1.

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

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

ACCOMPLISHMENTS DURING. FY 1984

LBL conducted a vigorous in-house research pro-
gram and monitored 36 subcontracts. A description

“This work was supported by the Assistant Secretary for Conser-
vation and Renewable Energy, Office of Energy Systems Research,
Energy Storage Division of the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098. ’

Table 1. Topics covered by the technology base research
project for electrochemical energy storage.

I. ELECTROCHEMICAL SYSTEMS

. NeW Rechargeable Electrochemical Cells
« Metal/Air Cells

II. SUPPORTING RESEARCH

A. Engineering-Science Research

« Electrode Morphological Studies,
Chemical/Structural Analysis

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

« Modeling of Electrochemical Cells and
Battery Systems

* Advanced Physicochemical Methods for
Electrochemical Research

B. Materials Research
Ceramic, Molten-Salt, Glass, and
Polymeric Electrolytes
"~ « Novel Electrode Structures
o New Component Fabrication Techniques
« Battery Separators

[II. ELECTROCHEMICAL PROCESSES

+ Corrosion Problems in Electrochemical
Storage Devices

» Air Electrodes

o Thermally Regenerative Cells

IV. FUEL CELL RESEARCH

« New Components for Fuel Cells
+ New Electrolytes
« Electrocatalysis

ax

of the research projects conducted by the
subcontractors can be found in the recent annual
report, Technology Base Research Project for Electro-
chemical Energy Storage (LBL-17742). The in-house
work, “Electrochemical Energy Storage,” is summar-
ized in the next article and in the Materials and
Molecular Research Division FY 1984 Annual Report
(LBL-18570). Highlights of the subcontracted work
follow.
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Electrochemical Systems

Duracell Inc. achieved 200-300 cycles
(50% depth-of-discharge) to 2.6 V cutoff in
their 2/3A-size Li/SO, cells (0.4-0.5 Ah)
with theoretical specific energy of about
1100 Wh/kg.

Case Western Reserve University has
found that several combinations of
tetramethoxyphenyl porphyrins (TMPP)
containing various transition metals are
even more active as O, reduction catalysts
than H,TMPP after pyrolysis at 450°C.

An Al/air cell was operated by LLNL for
4.12 hours at 140 A (230 mA/cm,). The
supersaturated electrolyte and seed were
transferred to a separate container for a
batch crystallization experiment. The plas-
tic hydrocyclone fabricated by LLNL gave
good separation, with a a’50 (separation fac-
tor indicating diameter at which 50% of
particles are removed) of about 3.5 um.

Supporting Research

Pinnacle Research Institute has completed
measurement of the hydraulic permeability
of electrolyte and zincate-ion permeability
through their hybrid separators. The
hydraulic permeability varied from 1.74 X
1077 to 6.66 X 1077 mL—cm/s-cmz-atm,
and the zincate-ion permeability was 9.6 X
107! mole/cmZ-s. These results indicate
that the hybrid separators have better
selectivity and electrolyte transport proper-
ties than those of microporous separators.
The application of supported-liquid mem-
brane separators in alkaline Zn/NiOOH
cells was successfully demonstrated by Cas-
tle Technology Corporation. This technol-
ogy was transferred to the Exploratory
Development and Testing Program at
Sandia National Laboratories and is being
tested in Zn/ferricyanide cells.

LLNL has completed measurement of
mutual diffusion coefficients for aqueous,
high-purity ZnCl,at 25.00° + 0.005°C.
These measurements are precise to
0.1-0.2% and cover the concentration
range from 0.004996 to 7.2489 mol/(kg
H,0).

Various Li-Al-Si alloy negative electrodes
were studied by Argonne National Labora-
tory (ANL). Test results indicate that
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these electrodes have excellent capacity
retention when cycled in the potential
range —0.2 to 0.15 V versus Li-Al. The
specific capacity (Ah/g) of an alloy with an
Al to Si ratio of one was a factor of 1.4 to
1.5 greater than that for the Li-Al alloy.
ANL has completed characterization of the
nickel sulfide electrode. Two distinct reac-
tion mechanisms appeared: (1) at 1.0-1.6
V versus Li-Al, Ni oxidized to NiS; (2) at
> 1.6 V, the electrochemical reaction to
form polysulfide anions in the presence of
LiZS, and a slow chemical-exchange reac-
tion between NiS and Li,S, to form NiS,,
occurred.

ANL has identified two glass compositions
(P-glass, 43.1 mol% Na,O, 8.3 mol%
A1203, 5.5 mol% ZrO,, and 43.1 mol%
Si0,; X-glass, 40 mol% Na,O, 12 mol%
Al,O,, and 48 mol% SiO,) that exhibited
low weight change in Na, Na,S,, and S at
400°C. These glasses, which have sodium-
ion conductivity of 162 ohm-cm and 484
ohm-cm, respectively, are potentially
attractive candidates for use as solid elec-
trolytes in Na/S cells. '
Studies at the University of Pennsylvania
on polymer electrolytes have indicated that
polyacetylene does not appear to offer
major advantages over current electrodes
for  high-energy-density, rechargeable,
nonaqueous electrochemical cells. Poly-
acetylene has low volumetric energy den-
sity and low-moderate gravimetric energy
density, and is sensitive to impurities.

Electrochemical Processes

Pyrolysis gas chromatography—mass spec-
trometry studies by Case Western Reserve
University have indicated that heat-
treatment of Co and Fe tetramethoxy-
phenyl porphyrin at temperatures between
350° and 450°C results in the loss of frag-
ments associated with the methoxyphenyl
groups but leaves a significant amount of
nitrogen.

Corrosion tests by ANL to identify
improved current collector materials for
sulfur electrodes have continued. The cor-
rosion of chromium in sulfur at 350°C fol-
lows a parabolic rate law with a rate con-
stant of 1.93 X 10”7 cm/s and forms a
single layer of Cr,S;. In Na,S,, the corro-



sion shows a logarithmic rate dependency
and forms a two-layer scale of NaCrS, and
Cr;S,. The corrosion rate in Na,S; is less
than in sulfur.

Ford Motor has observed that electrodes
produced by flame-spraying a mixture of
#”-alumina and molybdenum powders
delivered 0.4 W/cm2 in a sodium heat
engine operating at 900°C. An improved
performance of 0.51 W/cm2 was achieved
with TiN electrodes, but this performance
decreased slowly over a period of 140
hours to 0.34 W/cmz.

Fuel Cell Research

Studies at Los Alamos National Labora-
tory (LANL) on steam-reforming of
methanol have suggested that rapid oxygen
exchange occurs on the catalyst (Cu-ZnO)
surface, at rates that are fast compared to
the lifetime of methanol or product species
on the surface.

Two solid-polymer-electrolyte (SPE) fuel-
cell test systems were delivered by General
Electric to LANL. Tests at LANL of a SPE
fuel cell with CO-tolerant anode catalyst
showed almost instantaneous recovery of
initial H,/air performance after a 6-hour
operation on reformate with 0.17% CO.
United Technologies Corporation has
developed a proprietary electrocatalyst
(CSV-11) that showed improved CO toler-

ance to that of Pt at 100 and 140°C in

phosphoric acid.

The University of Virginia was successful
in quenching disorder in a 25 at.% Cr — 75
at.% Pt sample. Previous investigators had
reported that it was not possible to retain
disorder in samples of this composition.

Program Changes in 1984

P Funding support for the following projects was
initiated in 1984:

Research on Materials Relating to the
Sodium Heat Engine—Ford Motor Com-
pany :
Development of Bifunctional Oxygen Elec-
trodes for  Alkaline  Metal-Oxygen
Rechargeable Cells—Energy Research Cor-
poration

Investigation of the Mechanism for Capa-
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city Decline in FeS, Electrode in Lithium-
Iron Sulfide High-Temperature
Batteries—Gould, Inc.

Improve the Lifetime of the Hollow Fiber
Sodium/Sulfur Cell—Dow Chemical Com-
pany

Corrosion-Resistant Coatings for High-
Temperature, High-Sulfur-Activity
Applications—Illinois Institute of Technol-

ogy

Funding support for the following projects ended

in 1984:

Cathodes
Salt

and
Batteries—

Study of High-Energy
Anodes for Molten
University of Tennessee
Sulfolanes as Electrolytic Solvents for

Rechargeable Lithium  Batteries—EIC
Laboratories, Inc.
Iron/Air Battery Development—

Westinghouse Corporation

Bibliography of Convective Transport
Correlations—Illinois Institute of Technol-
ogy -

Supported Liquid Membrane
Separator—Castle Technology
Battery Separator Research—Sandia
National Laboratory

Thermodynamic Framework for Estimat-
ing the Efficiencies of Alkaline Batteries—
Ohio State University

An Electrochemical and Morphological
Study of the Effect of Temperature on the
Restructuring and Loss of Capacity of
Alkaline Battery Electrodes—Ohio State

Battery

University

Thermal Management of  Battery
Systems—Gould, Inc.

Research on Novel Membranes for
Lithium Batteries—Case Western Reserve
University

Continuous Organic  Electrochemical

Synthesis—University of California at Los
Angeles

PLANNED ACTIVITIES FOR FY 1985

New initiatives include the following:

Selections will be made from proposals
submitted in response to a Request for
Proposals (RFP) issued by the TBR Project
on research and development of novel con-
cepts for metal/air batteries.



Applied research on corrosion in secondary
batteries will be conducted.

Battery Electrode Studies*

E.J. Cairns, F.R. McLarnon, J.C. Dobson,

R.I. Goldberg, M.J. Isaacson, R. Jain, P.M. Lessner,
K.G. Miller, S.A. Naftel, M.L. Smith, K.A. Striebel,
and J. Winnick

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/air, Zn/NiOOH,
Zn/AgO, Zn/Cl,, Zn/Br,, and Zn/Fe(CN),~3;
rechargeable high-temperature cells (Li/S, Li-Al/FeS,,
Li-Si/FeS,, and Na/S); fuel cells; and liquid-junction
photovoltaic cells. The approach used in this inves-
tigation is to study life- and performance-limiting
phenomena under realistic cell operating conditions.

ACCOMPLISHMENTS DURING FY 1984

The Effect of Electrolyte Species Concentrations
on the Cycle-Life Performance of Zn/NiOOH
Cells

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

Knowledge of the concentrations and concentra-
tion gradients inside a cycling zinc electrode would
help researchers to evaluate proposed theories of zinc
active material redistribution and identify means to
reduce the rate of capacity loss. In order to provide
continuous, in-situ measurements of electrolyte
species concentrations, a system of “microreference
electrodes” is being developed for use in model
Zn/NiOOH cells. A special cell for measuring the
rest poEentials of these zinc and cadmium

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

tThis project is part of a larger effort, “Electrochemical Energy

Storage,” described in the Materials and Molecular Research Divi-
sion FY 1984 Annual Report (LBL-18570).
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Spectroscopic studies of surface films on
alkali metals will be performed.

microreference electrodes was built, and equations
were developed to calculate KOH and K,Zn(OH),
activity coefficients from the rest potentials. Com-
puter programs were then developed for fitting single
and binary electrolyte data with Pitzer’s equations.'+?
Pitzer’s equations were also used to correlate KOH
activity coefficients up to 15 molal. Experimental
data were not available for KOH-K,Zn(OH), electro-
lytes. An algorithm for calculating concentrations
inside a cycling porous zinc electrode from the
microelectrode potentials, using an activity-
coefficient correlation and a model for the liquid-
junction potential, was developed.

The Effect of Calcium Hydroxide on Secondary
Zinc Electrodes '

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

The aim of this research is to investigate the
addition of calcium hydroxide to the zinc electrode
as a practical means of reducing zinc species solubil-
ity in strong alkaline electrolytes. The reduced zinc
solubility is expected to slow the rate of active
material redistribution in the zinc electrode, thereby
increasing its cycle life.

Identical pairs of electrodes, containing 0%, 10%,
25%, and 40% Ca(OH), by weight, were fabricated
and cycled. The Zn electrode containing no
Ca(OH), was cycled to 100% depth-of-discharge 150
times, and the cell retained over 90% of its original
capacity. An x-ray of the electrode showed signifi-
cant movement of Zn away from the center of the
electrode toward the tab side. The 40%-Ca(OH),
cells shorted within the first few cycles. Analysis
indicated that these cells shorted because they could
not accept the same charge current density as the
Ca(OH)z-free cell. The charge current density for the
25%-Ca(OH), cells was therefore adjusted to a value
25% lower than that typically used for Ca(OH),-free
cells. After 100 cycles, the 25%-Ca(OH), cells
showed some Zn migration to the edges of the elec-
trode, but the capacity remained at 100% of its origi-
nal value. The 10%-Ca(OH), cells were operated for
70 cycles at which point the cells exhibited 60% of
their design capacity. Problems with the nickel-
oxide electrodes limited the cell capacity to less than
85% of the design value throughout its life. The



25%-Ca(OH), cells also showed problems, albeit to a
lesser extent, traced to the NiOOH electrodes. The
10%-Ca(OH), cells were able to accept the same
charge current density as the Ca(OH),-free cells, but
x-ray analysis of the Zn electrodes after 70 cycles
indicated significant Zn redistribution.

Analysis of Zinc Electrode Current Collection in
Zn/NiOOH Cells

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

The current collector of the zinc electrode in a
Zn/NiOOH cell was modeled as a network of resis-
tors, and the potential and current associated with
each node was obtained using a Kirchhoff's current-
law analysis. The current flowing across the electro-
lyte was plotted as a function of position on the
current collector.> Future experimental work 1is
planned to correlate the calculated current distribu-
tion with experimental results to determine the effect
of current distribution on cycle life and zinc deposit
quality. Design considerations included: placement
of tabs, conductivity of the collector as a function of
changes in mesh dimensions, and the possibility of
enhanced collector function by addition of dispersed
conductive material to give a larger area for collec-
tion of current.

Mathematical Modeling of the Zinc Electrode
(K.G. Miller, E.J. Cairns, and F.R. McLarnon)

Factors limiting the cycle life of the zinc elec-
- trode are redistribution of active material over the
face of the electrode®> and passivation® (formation
of oxide layers over the surface of the electrode). A
one-dimensional, time-dependent model is being
developed to predict the cause and extent of Zn
redistribution and passivation as the electrode is
cycled. This model will take into account changes in
current density, overpotential, and species concentra-
tion.

The equations for the model are being derived
and are nearly complete. An exhaustive literature
search is being carried out to identify the parameters
that must be measured experimentally. Experiments
are being set up to measure the electronic conduc-
tivity of the zinc electrode at various states of charge
and to determine if the electrolyte becomes supersat-
urated with zinc species during discharge. Both are
important in determining the type of model used.
Also, the properties of the separator must be meas-
ured. These, plus completion of the model, are the
immediate goals.
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Behavior of Metals in :Sulfur-Polysulﬁde Melts-

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

To better understand the behavior of various
metals for use as current collectors and cell con-
tainers in sodium/sulfur and lithium/suifur cells, two
types of studies were performed: (1) cyclic voltam-
metry in Na,S, and Li,S; ¢ (both representative of
single-phase polysulfide melt compositions) molten-
salt electrolytes at chromium and molybdenum elec-
trodes, and (2) static corrosion tests of molybdenum,
chromium, and a 70% Cr-30% Fe alloy in both
lithium and sodium polysulfides and molten sulfur.
Sodium-polysulfide voltammetry was conducted at
300° and 350°C, and lithium-polysulfide voltam-
metry at 400°C. The voltammetry experiments
employed sweep rates ranging from 5 to 500 mV/sec,
and the electrode potentials covered the ‘full range
expected in the respective cell systems. The static
corrosion tests were performed at 350°C in NZS3,
400°C in Li,S; ¢, and at both temperatures in molten
sulfur. Samples were prepared flat as disks to
minimize geometry effects. The samples that were
corroded at 400°C were analyzed (after cutting,
mounting, and polishing) by SEM, EDAX, and x-ray
diffraction techniques; the samples that corroded at
350°C were analyzed by SEM and EDAX methods
only.

The design of the cell used in the voltammetry
experiments has been described elsewhere.” Data
from these experiments were compared with sodium
polysulfide voltammetry data reported in the litera-
ture, which had been gathered using carbon, alumi-
num, and platinum electrodes. A model was
developed to help understand the results of cathodic
sweeps in both systems, and the different results for
the various metal/melt combinations are explained
using thermodynamic and electrochemical argu-
ments.

The data from the static-corrosion studies were
compared with reported corrosion mechanisms of
the same metals and alloys in sulfur vapor, and the
possible influence of solubility of the scale in the
melts was measured, as were rate data for the corro-
sion of the three materials in sulfur and Li,S; ¢.

Mathematical Modeling of the Sodium/Sulfur
Cell

(S.A.‘ Naftel, F.R. McLarnon, and E.J. Cairns)

Mathematical models of the sodium/sulfur cell®?
have been developed, usually to provide improved
understanding of the operation of the sulfur elec-



trode. They are one-dimensional and therefore have
limited capability to account for phenomena such as
convection, which require a two- or three-
dimensional framework. Examination of the physi-
cal properties!® of sulfur and sodium polysulfides
leads to the conclusion that density and viscosity
differences, and preferential wetting,“ cannot be
ignored. The aim of this work is to develop a two-
dimensional model of a tubular sodium/sulfur cell
that accounts for the actual behavior of an operating
cell. In addition to computer modeling, electronic
and ionic potential profiles will be measured
throughout the cathode via the use of small reference
electrodes.

Glass Electrolytes for Lithium/Sulfur Cells

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

Several borate glasses have been developed12
that, upon addition of Li,O and LiCl, show 11th1um-
ion conductivities as high as 2 X 10~ 2ohm ™~ !cm ™!
at 300°C. It has also been observed that the struc-
ture of the glasses is maintained in the presence of
molten lithium. The aim of this investigation is to
construct and operate a Li/S or Li-alloy/S cell that
employs a borate fast-ion-conducting glass as the
electrolyte.

A successful procedure for making and blowing
lithium-chloroborate glass into thin-walled sealed
tubes has been developed. These tubes have been
tested  statically for stability in  molten-
sulfur/polysulfides at 380°C. A thin white film was
observed to form on the glass in the polysulfide
melts. The composition of this film and its effect on
conductivity are not yet known.

Several electrochemical cells have been con-
structed using the thin-walled tubes, but each has
experienced mechanical failure within a few hours at
380°C. Current work is directed at eliminating the
mechanical problems of cell assembly that appear to
be causing the failures.

Carbonate Anion Effects on Oxygen Reduction
on Platinum in Dilute Alkaline Electrolytes

(K.A. Striebel, F.R. McLarnon, and E.J. Cairns)

Alkaline electrolytes have long been known to
support higher oxygen-reduction kinetic currents
than those observed in acid electrolytes. However,
recent fuel cell work has avoided hydroxide electro-
lytes because carbonation can occur in the presence
of the CO, in the hydrogen-rich gas that results from
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the steam-reforming of carbonaceous fuel. Electro-
lytes that reject CO,, such as Cs CO3, were investi-
gated in 1964 by Calrns and Bartosik.!? This early
work demonstrated electrolyte invariance in a
methanol/oxygen single cell, where CO2 is produced
at the anode. Overall cell performance was shown to
be promising, but no measurements of the oxygen-
electrode kinetics were made.

Preliminary kinetic results obtained with the
rotating ring-disk electrode technique in dilute
Cs,CO; showed higher currents and lower ring
currents than KOH at the same concentration, indi-
cating a possible change in reaction mechanism. To
study the carbonate-anion effect independently of pH
differences, increments of potassium carbonate were

‘added to the well-characterized electrolyte 0.1 M

KOH. Kinetic currents for three of the electrolytes
are shown in Fig. 1. The rise in kinetic current with
a series of carbonate additions is shown in Fig. 2.
The causes for this behavior have not yet been iden-
tified. Ring currents due to peroxide formed at the
disk were also found to depend on carbonate concen-
tration. Negligible ring currents (<0.1 pA) were
observed in the pure 0.1 M Cs,CO; solution (pH =
11.4), whereas significant peroxide was detected in
the higher-pH solutions.

Changes in oxygen solubility due to the increase
in ionic strength of the solution would result in the
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opposite trend in kinetic currents; however, other
effects of the ionic strength are possible.

Future work will focus on determining the rea-
sons for the positive anion effect, as well as its
extent. Experiments with more concentrated electro-
lytes are planned.

Engineering Analysis of Photoelectrochemical
Cells

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

Efforts during 1984 have concentrated on pro-
ducing efficient counterelectrodes for photoelectro-
chemical cells based on the sulfide/polysulfide redox
couple. The sulfide/polysulfide redox couple shows
highest exchange current densities on transition
metals and transition-metal sulfides such as CuS,
MoS,, and CoS. Our approach has been to disperse
these metal sulfides in a hydrophilic carbon matrix
in order to maximize surface area. A small amount
(~3 w/o0) of PTFE was added to bind the electrode
together, and the active material was hot-pressed

onto an expanded Ni mesh. The electrodes were less
than 1 mm thick and had 15 cm? of projected area,
with an active-material porosity of about 75%.

The electrodes have been tested in a parallel-
plate electrochemical cell in which the test electrode
and counterelectrode were held about 3 mm apart.
A Pt wire between the two e¢lectrodes served as a
reference electrode. Curves of steady-state current
versus electrode polarization were taken for each test
electrode. To assist interpretation of the electrochem-
ical data, sections of the electrodes have been exam-’
ined with the scanning electron microscope and with
a powder x-ray diffractometer. To determine the
kinetic parameters, transient experiments on smooth
metal or metal-sulfide disks are planned.

PLANNED ACTIVITIES FOR FY 1985

Continuing research efforts on secondary alkaline
zinc electrodes will focus on the application of in-situ
microelectrode potential measurements to determine
electrolyte species concentrations in operating zinc
electrodes, development of a comprehensive
mathematical model; the performance of cycle-life
experiments to complement mathematical analysis of
zinc-electrode current collection; electrolyte and elec-
trode formulations that exhibit reduced zinc-species
solubility; and the microscopic study of model zinc
electrodes. High-temperature alkali metal/sulfur cell
studies will include mathematical modeling of the
sulfur electrode and complementary operation of
Na/S cells and operation of model Li/glass
electrolyte/S cells. Additional research on alkaline
electrolytes for fuel cells will continue, as will the
fabrication and testing of high-performance

* sulfur/polysulfide electrodes for use as counter-
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electrodes in liquid-junction photovoltaic cells.
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ADVANCED THERMAL ENERGY STORAGE RESEARCH |

Advanced Thermal Energy Storage
Technologies Project*

P.H. Berdahl, V.P. Carey, A.J. Hunt, R.J. Otto,
K.S. Udell, and E.J. Cairns

The primary objective of this project is to select
and develop innovative thermal energy storage tech-
nologies having the greatest promise of satisfying the
economic and performance requirements of future
energy-supply, energy-conversion, and end-use appli-
cations. The following four research areas were pur-
sued in FY 1984: '

(1) development of a solid-state radiative heat
pump using narrow-bandgap semiconductor
materials and capable of heating or cooling an
enclosed space by the direct emission or
absorption of thermal radiation;

development of a three-phase thermal energy
storage module with constant or variable ther-
mal conductance; -

study of the dominant and limiting processes
associated with the operation of gas-loaded heat
pipes to be used in combined thermal storage
and transport; and

experimental and theoretical study of the use of
microparticles as an advanced medium for heat
exchange and catalysis, with emphasis being
given to thermochemical storage reactions.

(2

(3)

G

Descriptions of these four research efforts follow.

SOLID-STATE RADIATIVE HEAT PUMP
(P.H. Berdahl, R. Dalven, L. Shaffer, and S. Sanders)

The purpose of this research project is to estab-
lish a research basis for the development of a new
class of heat pump. This new heat pump would be a
solid-state device that accepts input energy in the
form of electricity and pumps infrared (heat) radia-
tion across a thermally insulating gap. An important

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

~ cally
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potential application is residential cooling, in con-
junction with thermal storage.

Semiconductor materials with direct narrow
bandgaps in the range of 0.03-0.25 eV produce
equilibrium thermal infrared radiation, an effect that
is in large part due to electron-hole recombination.
An excess or deficit of infrared radiation, compared
with the thermal equilibrium value, can be produced
when the electron-hole concentration is varied from
its equilibrium value by electrical means. This
excess or deficit of infrared radiation is the basis of
the solid-state radiative heat pump. Two techniques
for varying the electron-hole concentration are of
special interest here: (1) electrical bias of a p-n junc-
tion to produce carrier injection or, for reverse bias,
carrier extraction; (2) the magneto-concentration
effect in which orthogonal electric and magnetic
fields are used to enhance (or deplete) the concentra-
tion of electrons and holes near the semiconductor’s
surface. The p-n junction technique seems particu-
larly promising for the development of technologi-
mature devices, while the magneto-
concentration effect offers the opportunity for the
study of key recombination phenomena in a simpler
experimental system.

Accomplishments During FY 1984

For .the idealized example of a p-n junction
diode with no series resistance, no nonradiative car-
rier recombination, or other complicating features,
the thermodynamic performance of the device as a
“radiant refrigerator* has been determined.! Fig-
ures 1 and 2 show numerical results for the available
cooling rates as a function of semiconductor gap
energy E_ and coefficient of performance (COP) for
situations in which the Carnot (maximum) COP is
10. For Fig. 1, the reverse electrical bias causes car-
rier -extraction from the region of the junction, lead-
ing to a diminution in infrared emission compared
with thermal equilibrium. At the same time, the
diode can still absorb radiation from a nearby object
and cool it. For example, a diode at 300 K cooling
an object at 273 K with a COP of 2.5 should have an
energy gap of about 1.5 kT (0.039 eV) to produce a
maximum cooling rate of 0.34 oT?* 156 Wm™2.
(The absolute maximum cooling rate for these condi-
tions is actually larger by a factor of n% where 7 is
the semiconductor’s index of refraction.') Figure 2
shows the somewhat larger cooling rates available
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Figure 1. Available radiative cooling effect for a reverse-
biased semiconducting diode (v < 0), in units of o7%
where T is the absolute diode temperature and ¢ is the
Stefan-Boltzmann constant. The “external” temperature

T,=T/r, where 7 = 1.1. E_ is the magnitude of the energy

gap, and kT equals 0.026 e€’ at T = 300 K.
(XBL 849-8717)

with forward-biased diodes in which the diode’s heat
sink is cooled.

The primary project activity during FY 1984 was
the laboratory setup for, and first preliminary
measurements of, galvanomagnetic luminescence of
indium antimonide (InSb), a semiconductor with a
bandgap of 0.18 eV. These measurements will quan-
tify the intensity and spectrum of infrared lumines-
cence due to the magneto-concentration effect. Gal-
vanomagnetic luminescence of intrinsic (pure) InSb
was first observed at LBL in July 1984. Several
characteristics of the measured radiance allowed
unambiguous identification of the phenomenon: the
radiance vanishes in the absence of either the electric
or the magnetic field. For modulating frequencies of
20 to 200 Hz of the exciting electric field, the
observed luminescence is roughly independent of fre-
quency, in contrast with various “ordinary” thermal
effects that can contaminate the data and that
decrease as the frequency is increased. The spectrum
of the radiation has been isolated with filters and
found to lie primarily at wavelengths smaller than
7.5 microns, as expected for recombination radiation
from InSb.
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Figure 2. The available radiative cooling effect for a
forward-biased semiconducting diode (v > 0). The nota-
tion is the same as for Fig. 1, except that the cooling effect
is now due to the diode emitting more radiant energy than
is provided from the input electricity; the (cooling) balance
-Qini 18 Provided from the diode’s “heat sink.” Here T, =
T/r, with r = (1.1)~ L, (XBL 849-8716)

The intensity of the galvanomagnetic lumines-
cence was found to be roughly 60 uW em~2in a
magnetic field of 0.5 tesla and an electric field of 0.7
V cm~!. This figure is rather uncertain because of
to the unknown spectral distribution of the radiation
but is reproducible from sample to sample. As
expected, the surface condition of the semiconductor
is quite important. Chemical etching of the surface
is required, since the luminescence from samples
that are merely polished to mirror smoothness is
weaker by a factor of 4 or 5 than etched samples.

Planned Activities for FY 1985

The galvanomagnetic luminescence measure-
ments with InSb will continue with improved instru-
mentation. Improvements will include the use of a
more sensitive infrared detector, higher magnetic
fields, and a grating monochromator to determine



the spectral distribution of the radiation. Samples of
p-type InSb will be investigated in addition to intrin-
sic material.

A new activity to be started in FY 1985 is
research toward a proof-of-concept experiment for
the solid-state radiative heat pump. A preliminary
experiment will utilize the galvanomagnetic lumines-
cence of InSb to demonstrate the existence of a cool-
ing effect (the cooling effect may be masked by vari-
ous parasitic heating effects). This will be done by
placing an object next to an InSb layer in a magnetic
field and demonstrating that the equilibrium tem-
perature of the object is lower when current of one
polarity is passed through the InSb than when an
equal current of the other polarity passes through.

THREE-PHASE THERMAL ENERGY
STORAGE MODULE WITH CONSTANT OR
VARIABLE THERMAL CONDUCTANCE

(V.P. Carey)

The overall objectives here are to demonstrate
the feasibility of a new three-phase storage module
concept and to study the energy storage and thermal
control mechanisms of the module. The proposed
work will examine the module both as a closed

_uncontrolled storage device and as an actively con-

trolled system. These results will be used to deter-
mine optimal module configurations, phase-change
materials (PCMs), working fluids, and thermal con-
trol techniques for typical storage applications.

To assess the viability of the module concept
and investigate thermal transport inside it, a fully
instrumented laboratory-scale storage module is
being fabricated. This experimental system will use
encapsulated Glauber’s salt as the PCM and R-11
fluorocarbon as the working fluid. The salt will
change phase at 89°F. At this temperature, the vapor
pressure of R-11 is about 19 psia, so the test module
will operate at just slightly above atmospheric pres-
sure. Experiments will attempt to measure heat
transfer during the heat input and extraction
processes and the storage capacity of the system.

Accomplishments During FY 1984

During the past year, the prototype laboratory-
scale storage module was designed, and fabrication
was started in the shop. The fabrication and assem-
bly of the apparatus are nearly complete. The PCM
salt and R-11 fluorocarbon fluid for the module have
been procured. v

Planned Activities for FY 1985

By early February 1985, we plan to have the pro-
totype module assembled and ready for testing.
Testing of the unit is expected to continue into June
1985. In parallel with our testing, we are working on
an analytical model of thermal transport in the
module. By the end of June 1985, we expect to have
demonstrated the feasibility of the module concept
and to have sufficient data to test the analytical
model.

GAS-LOADED POROUS HEAT PIPES FOR
ENHANCED CONDUCTANCE AND
INTEGRATED THERMAL ENERGY
STORAGE CONTROL

(K.S. Udell)

Recent work? has shown that under certain ther-
modynamic conditions, a porous medium saturated

" with a wetting liquid and its vapor will exhibit an
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apparent thermal conductivity several orders of mag-
nitude larger than metals such as copper. These high
conductivities result from capillary-driven flows
analogous to the operation of heat pipes. By com-
bining porous media of two different permeabilities,
enhanced wicking limits and higher heat fluxes than
those of homogeneous media can be maintained.3
Because inexpensive porous materials such as silica
sand can be used in producing this high-conductivity
system, the ‘“porous heat pipe” is of particular
interest for use in thermal energy storage. Further-
more, phase-change materials can be accommodated
within the porous structure without serious degrada-
tion of heat-transfer performance. Nevertheless,
research must be performed on topics involving the
thermodynamics of phase change in porous media
and the effect of noncondensables on the perfor-
mance of porous heat pipes before specific designs
can be optimized.

Accomplishments During FY 1984 -

During the initial funding period
(July—September 1984), a capillary pressure probe
was developed that will be used to diagnose the
operation of experiments involving the heat pipe
effect in porous media. An apparatus for studying
the thermodynamics of phase change in porous
media was fabricated and yielded encouraging prel-
iminary results. A dual-permeability porous heat
pipe was built for experimental studies, and prelim-



inary modeling of the effect of noncondensables on
performance was conducted. Finally, software was
developed for a computerized data acquisition sys-
tem that will be needed in support of the experimen-
tal effort.

Planned Activities for FY 1985

Studies of the thermodynamics of phase change
in porous media are planned. A one-dimensional,
steady-state model of the effect of noncondensables
on porous heat pipe performance will be completed
and experimental verification initiated. The concept
of the dual-permeability porous heat pipe will be
examined experimentally.

MICROPARTICLES AS ADVANCED MEDIA
FOR HEAT EXCHANGE AND CATALYSIS

(A.J. Hunt, P. Hull, R.J. Otto, F. Miller, and J. Ayer)

The objective of this research is to investigate
potential thermochemical storage reactions of gases
at the surface of suspended particles in the presence
of sunlight. The main tasks are to survey candidate
reactions for this application and to initiate an exper-
imental study of the effects of sunlight on one or two
selected reactions.

Accomplishments During FY 1984

A survey of the literature, including journal arti-
cles, technical reports, and conference proceedings,
was made in order to compile a list of chemical
cycles suitable for the storage of thermal energy using
irradiated small particles. These thermal storage
cycles generally consist of two (or more) steps: (1)
an endothermic step in which energy is supplied to
decompose a compound and (2) an exothermic step
in which the products of the decomposition are
recombined to provide useful heat. Of particular
interest were cycles in which the endothermic step
could be adapted to a small-particle, direct-flux solar
reactor such as the STARR (Solar Thermally
Activated Radiant Reactor).

The STARR uses extremely small particles, gen-
erally less than 1.0 u in diameter, as the solar flux
absorber and heat exchanger. In some reactions,
however, the particle may also act as a catalyst or as
the material to be decomposed. The compound that
is to be decomposed in the endothermic step may be
in the gas, solid, or liquid phase, and it is convenient
to divide the reactions into three classes based on the
state of the initial reactant.
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(1) Gas-phase reactants. The absorber particles are
entrained in the gas and the mixture is passed
through the concentrated solar flux. The parti-
cles absorb the solar energy and rapidly transfer
this energy to the gas, raising it to the high tem-
perature necessary for the reaction. The parti-
cles may play one or both of two roles. In the
simpler role, the particle material is chemically
inert to the reactant gas and passes through the
receiver, acting only as an absorber and heat
exchanger. In the second role, the particle
material is also a catalyst for the reaction as
well as the absorber and heat exchanger. This
case offers the potential for some interesting
and innovative ‘“photo-assisted” reactions.
The SO; dissociation reaction using hematite
(Fe,0,) as catalyst is an example of a reaction
that will fit the above description.

Solid-phase reactants. 1f the reactant material
1s a good absorber over the solar spectrum and
can be reduced to a fine powder, it can be
entrained in a nonreacting gas and act as the
absorbing particle as well as the feedstock for
the reaction. Reactions involving compounds
of this kind are especially attractive for the
STARR if the particle/reactant is commercially
available as a fine powder at a reasonable cost.
An example of a candidate reaction in this
category is the decomposition of Ca(OH), to
form calcium oxide and water.

Liquid-phase reactants. This case requires an
extra step in which the liquid is converted to
vapor and processed as in the first class of reac-
tions (gas-phase reactants). An example of
reactions in this category would be the decom-
position of methanol to hydrogen and carbon
monoxide.

(2

3)

The decomposition of sulfur trioxide was chosen
as the initial reaction to investigate the feasibility of
the STARR concept for thermochemical energy
storage. This reaction has several advantages: it has
a relatively large endothermic enthalpy of dissocia-
tion, both SO, and SO3 can be stored as liquids at or
near ambient temperature, and there has been an
extensive evaluation of a thermochemical storage
cycle using this reaction.* One catalyst for the SO,
dissociation reaction is hematite (Fe,O,). The
hematite is a good adsorber of solar radiation and is
readily available as small particles in the 0.5 to 1.0
um-size range. The primary goal of the experimental
part of this project is to demonstrate that solar-
irradiated small particles can serve to transform the
solar flux into high-temperature thermal energy and
at the same time catalyze the reaction. At a gas tem-
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perature of 850°C, about 90% of the SO3 is dlSSOCl-
ated. Temperatures in this region have been
obtained in tests with carbon particles using the
SPHER (Small Particle Heat Exchange Receiver).
Particle-assisted photodissociation of SO using
solar-irradiated small particles as a catalyst may also
be possible. The reactor and experimental procedure
will be designed to include the capability of detecting
photodissociation-induced shifts in the predicted
SO,S0, equilibrium ratio. Figure 3 illustrates the
effect on the equilibrium position being sought
experimentally. The percent of SO3 dissociated
versus temperature is plotted for an initial SO3 pres-
sure of 1 atm. At a given temperature, and for all
possible reaction mechanisms, the percent of SO3
dissociated cannot exceed the thermodynamic limit
and must lie on or below the curve in the shaded
region. The experlmental results obtained by Rocket
Research Co.’ using Fe, O, illustrate this rule. How-
ever, it is possible to photodissociate SO; at room
temperature, using UV  light. At sufficiently high
UV-flux densities, the degree of dissociation can be
maintained at a level exceeding the equilibrium
value. In this case, the SO3 molecule directly
absorbs a photon with energy exceeding that required
for dissociation. The enthalpy of dissociation for
SO; is 25 kcal/mole or 1.1 eV/molecule. Thus solar
photons contain sufficient energy for the dissociation
process if there is a mechanism to transfer the pho-
ton energy directly into the SO; molecule. This
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Figure 3. Calculated equilibrium distribution for the
reaction SO3 - SO, + % O2 as a function of temperature.
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known room-temperature procéss. The dotted arrow
represents an unproven process that is being sought in the
project. The experimental results of Rocket Research Co.
with a fixed-bed hematite catalyst are shown as a solid
curve below the calculated equilibrium curve.

(XBL 853-1888A)

1800 2000

1-49

could provide a degree of dissociation exceeding the
apparent equilibrium value at a given temperature.
An S0,/SO, storage system capable of utilizing solar
photons directly and operating at lower temperatures
would have a greater efficiency, reduced capital
costs, and increased lifetime over a system based on
thermal equilibrium.

A number of possible mechamsms for particle-
assisted photodissociation of SO3 were considered.
One mechanism would produce reduced sites on the
surface of the Fe,O, particles by photodissociation of
the hematite. Upon contact with SO, these reduced
sites would recover the lost oxygen, releasing SO,
and being restored to their original state. This
mechanism is consistent with the high-temperature,
thermally induced mechanism for Fe203 catalysis
proposed by Rocket Research Co. Other possible
mechanisms include the production of electron-hole
pairs and their combined oxidation-reduction of SO,
leading to dissociation. Hematite does have sem-
iconductor properties with a bandgap of 2.2 eV.

Planned Activitiés for FY 1985°

Work will continue on the primary objective,
demonstrating the capability of the solar-irradiated
particles to be both heat exchanger and catalyst.
Experiments will include high-temperature (850°C)
light and dark reaction of gas-phase SO,, using a
method for simulating particles suspended in the gas.
The simulation technique involves the dispersion of
particles on a nonreacting quartz disk. The particles
are widely spaced to eliminate diffusion-dominated
kinetics. The reactor will have a fixed volume to
allow the system to come to its equilibrium concen-
tration of SO; SO,, and O, The experimental
design also includes a search for particle-assisted
photodissociation of SO;. A solar simulator capable
of providing an equivalent solar intensity of 5000
suns will be used for this phase of the work. The
study of suspended-particle heat exchange and
catalysis in the solar simulator, using a flowing
particle/gas stream, will also be initiated.
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