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TASK 1. HYDROGEN PRODUCTION t' oaii 
Subtask A. Thermochemical Production of Hydrogen fkom Wet Biomass - 

M. J. h t a l  

Progress was made in regard t o  the design of the new reactodfeeding system 
and high-pressure gas-liquid separation. The behavior of h a c e  was also examined 
by measuring the temperature profile by furnace output only, and it was found that 
the furnace was in good condition. 

1. New ReactorE'eeding System Design 
The piston feeder which feeds biomass slurry to the reactor was ordered. 

Reactor parts including the Swagelok fittings, tubings and pipes have been identified. 
Stress calculation was made to ensure the wall thickness of the tubings and pipes is 
larger than the minimum requirement for the safety of the system. Orders for 
Swagelok fittings, tubings and pipes will be placed. 

heat exchanger and the ceramic insulation tube. Each of them was found be less 
than 1 meter. 

A heat transfer calculation was conducted to estimate the lengths of the coiled 

2. Gas-Liquid Separation Under a High Pressure 
We conducted another experiment concerning high-pressure gas-liquid 

separation using formic acid decomposition as a source of carbon dioxide. A previous 
experiment using glycerol provided a promising result, showing higher values of the 
hydrogen-carbon dioxide ratio for gases from the high-pressure sampling system. 
However, the product gas of this experiment included a large amount of carbon 
monoxide, occupying 40 to 50 mol % of the generated gas, and also hydrocarbons such 
as methane. Since these gases make the theoretical analysis difEicult, 6 M and 2 M 
solutions of formic acid were employed as a feedstock this time resulting in the 
generation of a hydrogedcarbon dioxide mixture with only 10 mol % of carbon 
monoxide. The purity index, defined as the ratio of the hydrogen concentration to the 
SUM of the concentrations of hydrogen and carbon dioxide in the sample gas, is 50% 
for low-pressure sampling. For high-pressure sampling, this index increased to 60% 
and 63% for 6 M and 2 M solution, respectively. A theoretical calculation was 
conducted by the National Institute for Resources and Environment in Japan, from 
which we had a visiting scholar last month. According to their calculations, these 
values should be 56% and 70%, respectively, which is not far from the observed 
values. These results will be presented in the conference entitled "Developments in 
Thermochemical Biomass Conversion," held in Banff, Canada. 
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3. Future Work 
In February, the heating elements including the entrance and exit heaters, the 

hrnace and the temperature control system for the new reactor will be selected. An 
extended abstract for the conference held in B d w i l l  be completed. We wil l  also 
concentrate on the shift reaction problem. 

Subtask B. Photoelectrochemical Hydrogen Production - R. E. Rocheleau 

In our  December monthly we indicated that construction of our new Plexiglas 
electrochemical cells with the reduced anode-cathode distance was completed. During 
the first week of January, these cells were tested against leaks and for gas collection. 
After minor modification, the cells were found t o  per€orm well. These new cells are 
now being used t o  characterize the long term stability of the sputter deposited anodic 
and cathodic catalysts. 

The stability test consists of a JV sweep up to  current densities of 1OOmA/cm2, 
followed by 100 hours at a constant current density of 2OmAkm2, and a final sweep 
from 0 to 100mA/cm2. The 100 hour test at 2OmAlcm2 mimics current densities 
expected for triple junction a-Si photoelectrodes operating under 3-sun conditions. 
Figure 1 shows the half-cell potential at 20ma/cm2 for representative NiOx and 
NiFeflx films in 1N KOH solution made using deionized water (the two curves 
labeled pure KOH). The NiFeyOx shows the lowest initial overpotential, consistent 
with our earlier reports, and remains stable throughout the test period. The NiOx 
exhibits a higher initial overpotential but continues to improve throughout the test 

Based on these success, we initiated preliminary testing of catalyst performance and 
stability in alkaline solution made using unfiltered tap water. These results are also 
shown in Figure 1. The initial overpotential in tap water was higher by some lOOmV 
compared t o  a similar NiOx in DI water and increased another lOOmV during the first 
60 - 70 hours of the test (compared to a slight drop in DI water) with most of this 
change occurring in the first few minutes. This could be due to rapid plating of the 
catalyst by ions present in the tap water. This preliminary test was conducted using 
a very poor quality tap water without even simple filtering of particulate. Tests will 
be initiated to identify low cost purification processes that will allow stable 
performance with minimum overpotentials. 

The JV sweeps before and after the 100 hour fixed current testing, shown in Figure 2, 
indicate that the change in performance (for better or  worse) was consistent 
throughout the current-voltage range of interest. 

In the long term testing, sputter deposited CoMo was used as the counter hydrogen 
electrode. The behavior of the CoMo was monitored by recording the full cell 
potential. The same CoMo sample was used a counter electrode for several oxide 
films characterizations (up to  400 hours of testing ) with no apparent degradation in 
performance. We are very confident in the stability of the CoMo. 

2 
UH-January 1996 



Based on the performance of our new cells and stability of the catalysts, we are 
returning our attention to characterization of the long-term stability of our a-Si:H 
based photoelectrodes. We reported some months ago that we believed the limited life 
of our high efficiency photoelectrodes was due t o  packaging, an issue which is not 
present in our new Plexiglas test cells. We have begun fabricating a new supply of 
photoelectrodes using Solarex triple junction cells with the same operating 
characteristics as those which earlier yielded the 7% solar to hydrogen conversion 
efficiency. We are handling these solar cells with extreme care because of a limited 
supply. Most devices currently available from Solarex are of the tandem variety. 
Solarex is shipping us a number of their higher voltage tandem devices as we 
evaluate modifications in our system o r  catalysts required to achieve optimal 
performance from the tandem devices. If suf'ficiently low overpotentials and ohmic 
losses can be achieved, the tandem cells offer the opportunity for a s i w c a n t  
increase in the solar-to-hydrogen conversion efficiency. 

Last month we reported that a minor internal leak persisted in the PECVD system 
between the load lock chamber and the high vacuum region. During January, the 
system was shut down and a new set of O-rings was installed in the load lock gate 
valve. A careful leak check was performed which showed that all the leaks have been 
fixed. The system is now maintaining a high vacuum of 1x10-7 torr. 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

- 
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Figure 1 
100 hr. Stability at 20 mA/cm2 

-....................e...- .................... ......: ......................... 7 ................. .........- ........................... 
-.... .................... i....... ................... i ......................... 4 .......................... i ...... " .................. : ~......~*...*.*.........(.................,.. i...............*.........~*..**.......*.............~,,,.,...............,.,,,. : 

1.2 

1 

0.8 

-... ..................... 4 ............... NiO$.(t,ap..water..&QH) .... I ..... +... ....................... i 

a v, 0.6 
+ .............. ........ " ................ : 

-................ ........ 0 .......................... I...... ....... ........................ "...I ..... 0. .......................... 
c 

c ........................ .......................... ......................... ........... U... .... I .... e.."."....... ............. 0.4 

h 

0.04 

0.02 

0 

0 

cc' 
E 

0.06 3 

20 40 60 80 
time (hr.) 

Figure 2 
JV Sweeps (before & after 100 hr. shbility tests) 
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Subtask C. Photobiological Production - 0. Zaborsky 

Important operational and technical aspects of the culture collection continued to be 
addressed during January. Major actions included (a) approval for the importation of 
microorganisms from Hawaiian regulatory authorities, (b) interaction with Japanese 
scientists and administrators, especially from RITE, and (c)  technical matters 
pertaining to the Bioresources Laboratory, 

Alternatives to  the present procedures involving importation of microorganisms were 
pursued with The State of Hawaii, Department of Agriculture, Plant Quarantine 
Branch. Quarantine rules have been recently revised to exempt microbial products 
from importation rules. In addition, the Advisory Subcommittee on Plants and 
Animals (including microorganisms) met in January to reconsider the procedures to 
list new genera on the Restricted List (there are no photosynthetic bacteria on their 
Conditionally Approved or Prohibited Lists). In order to import any strain of 
microorganism into Hawaii, it must first be listed on one of the Plant Quarantine 
Lists. After listing, however, the importation still has to go through various 
committees to obtain the final import approval permit. The actual listing process at 
present can take fkom six months to  over one year. Bioresources personnel (Dr. 
Baker and Mr. Nakamura) attended hearings and provided written testimony to 
Quarantine Branch personnel to revise the listing process for importation of strains 
of genera not previously listed. Possibilities pursued to circumvent the present 
lengthy procedures include a facility-based quarantine where the Bioresources 
Laboratory would be declared a Quarantine Facility, expansion of present exemptions 
for importation of organisms for medical research to include environmental and 
scientifically important research, and consideration of a blanket permit granting 
responsible institutions the ability to  import benign microorganisms for specified 
purposes and times, provided that inspection and control authority remain with the 
Plant Quarantine Department. 

Active collaboration continued between Hawaiian and Japanese researchers and 
administrators to implement the binational agreement forged by DOE and MITI. 
Visits to Hawaii by Japanese researchers included Dr. Hisahi Yamagata, Senior 
Researcher at the Molecular Microbiology and Genetics Laboratory, RITE, and Dr. 
Youichi Asako, MBI. Active collaboration also was continued with other scientists 
through phone, fax and email communications, most notably during January with Dr. 
Hisato Ikemoto, MBI. 

Most importantly, a 3-day pre-inspection site visit by a RITE team was held on 
January 24-16,1996. The RITE team was composed of Mr. Mizukoshi (team leader 
and representing NEDO), Mr. Takasaki and Ms. Cho (who is responsible for the 
biohydrogen program and contracts). The purpose of the visit was to finalize 
contractual matters pertaining to the University of Hawaii (UH)- Hawaii Natural 
Energy Institute (HNEI) and RITE as well as to provide M h e r  information on 
technical protocols and procedures to be used in evaluating photosynthetic bacteria 
in the former Mitsui collection. Discussions involved both technical and 
administrative personnel at various levels, especially regarding the contract for the 

5 
UH-January 1996 



present period (up to March 31,1996) and the next period (namely April l-March 31, 
1997). While there were many differences in contract procedures and accounting 
methods, all major aspects were resolved after 3 days of intensive but cordial 
discussions. , - 
Thus, fbture contract periods (actually requiring new contracts) should 
included: (a) advance payment for work to be performed with a defmed exchange 
rate, (b) acceptance of UH accounting procedures governed by state and federal/DOE 
requirements, and (c) acceptance of changes in U H  personnel involved in the RITE 
project. The original personnel listed and written into the contract were Dr. 
Takahashi and Rocheleau. The RITE contract is quite complex and involves many 
nuances but an effective working relationship between Hawaii and RITE personnel 
has been achieved. This relationship should be most beneficial for DOE in other 
programmatic efforts dealing with RITE. 

Procedures for maintaining and evaluating strains in the culture collection for 
hydrogen production continued to be advanced. In particular, the gas 
chromatographic method for measuring hydrogen was reestablished in the 
Bioresources Laboratory using the available instrument and detection system. 
Further improvements are, however, needed (such as quantitative measurements 
using an integrator). Documentation of records for the transfer and maintenance of 
the microorganisms was also initiated. Currently, information is being stored on an 
Excel-based database. Additionally, photographic methods of documenting the 
morphology of the cultures with bright field and phase contrast were initiated. The 
c q e r a  system being used is a Zeiss Axioskop Compound Microscope with a Zeiss 
MC 100 Spot Automatic Camera System. Photographs of selected strains of 
cyanobacteria and purple nonsulhr bacteria were obtained with lOOOX magnification 
using oil immersion. Collectively, these and other methods to be implemented in the 
next 2-3 months will permit the Bioresources Laboratory to examine additional 
strains more effectively. 
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TASK 2. HYDROGEN STORAGE 

A. Reversible Catalytic Dehydrogenation of Cycloalkanes by Polyhydride 
Complexes - C. Jensen 

We have continued our studies of catalytic alkane dehydrogenation by complexes 
of high thermal stability. Previously reported alkane dehydrogenation catalysts such 
as IrHg(PPri3)~ and RhCl(PPh& are unstable at the required, elevated (ca. 150 "C) 
reaction temperatures and have half lives of about 12 h. We have found that 
complexes containing chelating bisphosphines which are also metallated through the 
hydrocarbon backbone have highly enhanced thermal stabilizes. During the past 
month, we have observed that (2,6-Bis[(di-tert--butylphosphino)methyl]- 
pheny1)chlorohydridorhodium (seen below with R = tert -butyl, X = C1) is indefinitely 
stable at 200 "C. However, our studies showed that the complex has only trace 

activity as an alkane dehydrogenation catalyst. This low reactivity is mostly likely 
due to the steric bulk of the tert -butyl groups. In order to obtain a complex of 
increased catalytic activity, we have prepared 1,S-bis[(diphenylphosphino)- 
methyllbenzene. We are presently in the process of characterizing the product of the 
reaction of this compound with RhCl3 which we anticipate is {2,6-Bis[(di-tert-- 
butylphosphino)methyl]phenyl}chloro-hydridorhodium (seen above with R = C6H6, X 
= Cl). Upon characterization, we will explore the activity of this complex as an 
alkane dehydrogenation catalyst. We will also convert it to the corresponding 
dihydrido complex (R = C6H6, X = H) and explore the catalytic activity of the 
derivative. 

We have also examined the cobalt complex, CO($-CH~CHCH~){P(OM~)~)~ as a 
deyhydrogenation catalyst in refluxing methylcyclohexane. The complex is a 
homogeneous catalyst for the hydrogenation of aromatic hydrocarbons. However, 
catalytic dehydrogenation was not achieved. Attempts to  drive the reaction by 
sweeping with an argon purge t o  remove-any hydrogen produced in refluxing solutions 
methylcyclohexane containing the complex were unsuccessful. In other experiments, 
less than stoichiometeric amounts of toluene were obtained in solutions of 
methylcyclohexane containing the complex and up to a 20 fold excess of the hydrogen 
acceptor, t-butylethylene which were heated for 24 h at temperatures as high as 
150" C. 

We have d s o  expTored the dehydrogenation of methylcyclohexane using the known 
catalyst, RhCl(PPh3)3 in the presence of the cobalt complex. Our hope was that a 
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system for the reversible hydrogenation of arenes in which the cobalt complex would 
catalyze the forward reaction, while the rhodium complex would catalyze the reverse 

t reaction, could be developed. However, we have found that free P(OMe)3 is labilized 
from the cobalt complex at the 150 "C temperature required for the dehydrogenation 
reaction. The free phosphite ligand binds to the active site in the rhodium catalyst 
and alkane dehydrogenation does not occur. 

B. Thermodynamic Characterization & Engineering - R. Rocheleau & R. Zidan 

Our preliminary investigation of the Cu-complex ((CgHg)3PCu)6 indicated that the 
complex is capable of absorbing and desorbing hydrogen at room temperature and at 
a pressure range of 1 to 20 atmospheres. We continued our investigation of this 
material using our thermovolumetric apparatus. 

Characterization measurements were performed, using 500 mg of the Cu-complex 
sample. The hydrogen pressure in the reactor that contained the sample was 
increased to 300 psi. Over the next few minutes the pressure in the sample reactor 
dropped indicating hydrogen uptake by the Cu complex. The sample was then lee in 
the reactor with a hydrogen overpressure of about 300 psi overnight to fully saturate 
the sample. The pressure in the sample reactor was then lowered in steps by 
venting hydrogen from the reactor. Step size and venting rate was selected so that 
the temperature in the reactor would not change significantly. Temperature 
measurements indicated that it was constant at 20.3+ 0.5"C. After each venting 
step, the pressure rise in the reactor was measured t o  characterize the desorption of 

= H2 from the complex. 

Figure 1 shows the weight fraction of hydrogen released from the complex at each 
pressure step. Figure 2 shows the accumulated amount of hydrogen released as a 
function of pressure. As indicated in Figure 2, total bonded (or adsorbed) hydrogen at 
3OOpsi, and 20.3"C is approximately 0.6 wt% which is about twice that previously 
reported for the Ir-compound. The experiment was repeated more than 10 times and 
the results seemed to be consistent. 

Because of the small sample size and relatively large pressure steps, we consider 
these results to  be very encouraging but none-the-less preliminary. A larger sample 
of complex was ordered and has been received for testing. Hydrogen adsorption and 
desorption under adiabatic conditions, and rates of uptake and release will be 
characterized. Craig Jensen is waiting for results of the more thorough 
characterization but is already formulating plans to modify the ligand structure to 
decrease the molecular weight of the complex. 

- 
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Reversi.ble hydrogen release from 
Cu-complex at 20.3OC as  the 
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Fig. 1 Hydrogen release fiom Cu-complex as hydrogen 
overpressure is lowered in steps. 
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Fig. 2 The weight ratio of hydrogen to complex (WC wt %) as a function of hydrogen 
pressure in the reactor. Data measured as hydrogen release beginning at 300 psi. 
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