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EXECUTIVE SUMMARy 

In the seventh, and f ina l ,  quarter of the Air Products and Chemicals, 
Inc./United States I)epartment of Enerqy Contract, "Novel Fischer-Tropsch S~urry 
Catalysts and Process Concepts for Selective Transportation Fuel Production", 
work continued on the three major tasks: Task 2 - -  Development of Improved 
Supported Catalyst Compositions, Task 3 - -  Slurry Reactor Kinetic Studies, and 
Task 4 - -  Fuel Product Characterization. 

To examine the importance of surface area effects on the act iv i ty 
enhancement of the Co/Zr/ s i l ica catalyst, a Co/Zr/silica ca~lys~ having the 
same surface area as the Co/Zr/alumina catalyst was tested in the fixed bed 
reactor. The bulk and speciflc activit ies of the s i l ica catalyst were 5D-6~% 
greater than those of the alumina catalyst at similar conditions. The high 
surface si l ica catalyst, however, was s t i l l  the most active with 30-50% greater 
bulk act iv i ty  than the low surface si l ica catalyst. Thus si l ica does provide 
an inherently more active catalyst than alumina but some of the enhancement 
tha t  was i n i t i a l l y  observed was due to the increased surface area. The 
hydrocarbon selectivity was similar for both high and low surface area 
Co/Zr/silica catalysts 

The effect of increasing metal loadings on the performance of the 
Co/Zr /s i l i ca  catalyst was examined with tests of 11.0% and I~.4% Co catalysts 
in the fi×ed bed reactor. Comparing bulk act iv i ty trends as the metal loading 
Has increased reveals that relat ively small changes occurred on going from 3.5 
to 11.0% Co at 220°C and 240°C, while upon increasing the Co loading to 14.4%, 
a large decline in bulk a c t i v i t y  occurred at a l l  temperatures. The i1.0% Co 
catalyst gave the highest syngas conversion (52%) at 220°C of any catalyst 
tested a t  this temperature during this contract. Se lec t i v i t y  to l iqu id  fuel 
product (C5.23) declined with increasing Co loading with an overall 
f la t ten ing of the hydrocarbon d is t r ibu t ion .  

Slurry screening tests were performed on two cata lysts.  One was a cobalt 
on s i l i c a  catalyst without any added promoter atoms such as Zr or T i .  The 
s lurry phase tests showed thai  th is  catalyst had lower speci f ic a c t i v i t y  than 
the catalysts with Zr/Co ra t ios  of 1.9 and 0.5. This confirmed the gas phase 
tests which showed lower a c t i v i t i e s  with less Zr. The other screening test  was 
a Zr promoted cobalt on s i l i c a  catalyst with a high loading of Co. As was true 
in the gas phase tests with th is  catalyst,  the s lu r ry  phase tests showed lower 
speci f ic  ac t iv iW with the high load catalyst (16.4 we.% Co) compared to the 
basecase catalyst (4.9 wt.% C^). 

The extended s lurry test  which was begun in December 1985 ~as completed in 
June. During th is  quarter, a series of experiments was run to t ry to'~de~rT~ine 
reaction kinet ics.  The las t  experiment was an attempt to regenerate the 
catalyst  using pure H 2. In f a c t ,  no change was made in ac t i v i t y .  Including 
both the s t a b i l i t y  and k inet ic  tests,  the reactor was operated for 4417 hours 
wi th the sa~e catalyst charge. In terest ing ly ,  when the reactor was shut down 
i t  was discovered that the "s lu r ry "  was a powdery substance-resembling cata lyst  
only and no l iquid phase. Due to the low wax yields at the end of the run 
during the 280oc tests,  the wax may have had a net loss through ~ is t ing ,  
evaporation and/or hydrocracking. 
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The data from the extended slurry tests were f i t  to f ive different kinetic 
rate equations. The equation which f i t  the best was one which contained a 
water inhibition term. This is reasonable considering the high water 
concentrations resulting from the low shi f t  act ivi ty of the Co catalyst used. 
Another result of the data was the calculation of an activation energy of 
29,200 cci./g.mol, based upon the experiments performed at different 
t~mperatures during the run. 

The spent catalyst from the extended slurry test of the Co/Zr/SiO 2 
catalyst (Test 8862-I-31) was found to contain 43.2% carbon and 2.4% hydrogen. 
This indicated a significan~ amount of coke formation, which probably occurred 
after the loss of slurry medium when the reactor skin temperature became 
excessive. This coke contributed to poor catalyst performance and could not be 
removed by a hydrogen treatment. 

A second sample of l i qu id  organic product was col lected from the extended 
s lurry  test  fo r  test ing as a diesel fue l .  This second sample, col lected at 
d i f fe rent  conditions from The f i r s t  sample, showed l i t t l e  d i f ference in 
properties. The second sample also met a l l  The requirements for  the highe=t 
qual i ty  diesel fuel except for  v i scos i t y  and cloud point, f o r  which there were 
only small deviations from the speci f icat ions.  

i i  
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l.O INTRODUCTION 

The future use of coal as a transportation fuel wi l l  depend 
on the development of an economical and energy eff icient 
liquefaction process. The two most advanced processes are the 
direct liquefaction route involving the dissolution of coal in a 
solvent aided by a mild hydrogenation and the indirect route in 
which coal is f i r s t  gasified to synthesis gas followed by the 
Fischer-Tropsch reaction. The indirect liquefaction process is 
the only one currently practiced commercially and, in this 
respect, has a firm data base of practical experience. 

The Fischer-Tropsch reaction, in which carbon monoxide is 
reduced by hydrogen and polymerized, produces hydrocarbons with a 
broad range of molecular weights, fro~ methane to paraffin waxes. 
This creates the need for further downstream processing such as 
hydrocracking and light olefin oligomerization to maximize the 
yield of liquid fuel product. Since the discovery of the 
Fischer-Tropsch reaction, extensive research has been aimed at 
controlling the product selectivity in order to minimize 
downstream refining and s t i l l  remains a prime target for 
innovation. Previous research has shown that selectivity is 
mainly controlled by catalyst composition and process conditions. 
Despite the vast effort in catalyst research, no catalyst has 
been developed that yields a narrow product distribution of only 
gasoline or diesel fuel. Because of this, product selectivity 
has been more successfully controlled by manipulating process 
conditions. 

Since the Fischer-Tropsch reaction is exothermic, control of 
the reaction heat plays a major role in determining product 
selectivity. Suspending the catalyst in a liquid medium offers 
the best means of heat transfer and temperature control. Thus 
slurry phase operation has been shown to give improved liquid 
product selectivity mainly by lowering the l ight gas yield. The 
amount of data from slurry phase operation, however, is limited 
to only a few studies and significant differences have been 
reported in yields, catalyst l i fe  and ease of operation. One 
consistent observation is the lower gas yields and improved 
gasoline and diesel product selectivity. The improved 
temperature control has allowed this technology to be useful in 
converting carbon monoxide-rich synthesis gas from the latest 
coal gasifiers. 

Slurry phase operation also appears to be more amenable to 
scale-up. Much research remains to be done to f u l l y  determine 
the potent ia l  of  s lu r ry  phase Fischer-Tropsch processing and i t s  
further development is an important part in our country's program 
to establish viable technology for converting coal to 
conventional hydrocarbon fuels. 



Under pr ior  contract number DE-ACZ2-80PC30021 wi th the 
Deparl:ment of Energy, A i r  Products and Chemicals, Inc. developed 
several new slurry-phase Fischer-Tropsch cata lyst  systems that 
provided enhanced se l ec t i v i t y  to l i qu id  fuel products. One group 
o f  these catalysts included Co or Ru carbonyis on a spec ia l ly  
promoted/modified support. To fu r ther  develop and improve these 
ca ta lys t  systems, A i r  Products, by the current contract to DOE, 
has begun a program to reproduce, evaluate and characterize these 
cata]ysts in deta i l .  Examination of the catalyst  k ine t ics  in the 
s lu r ry  phase along with fuel product character izat ion w i l l  be 
used to i~prove process design. Knowledge gained from these 
studies w i l l  provide a basis fo r  the development of novel 
improved catalysts and process concepts for  the select ive 
production of l i qu id  t ransportat ion fuels from synthesis gas. 
Work accomplished in the seventh, and f i n a l ,  quarter is described 
in th is  report .  



2.0 OBJECTIVE 

The major goal of this project is to thoroughly investigate 
the preparation, characterization and performance of metal 
carbonyl c]uster-based catalysts for use in slurry phase 
Fischer-Tropsch technology. As this understanding of catalyst 
behavior increases, improved catalysts wi l l  be designed and 
process concepts developed toward increasing catalyst act iv i ty,  
l ifetime and selective production of l iquid fuel product. The 
objectives w i l l  be addressed by the following four tasks: 

Task I - -  Develop a project work plan which presents the 
detailed act iv i t ies to be performed in achieving the objectives 
of this project. This task has been completed in the f i r s t  
quarter. 

Task 2 - -  Develop improved supported cobalt and ruthenium 
carbonyl cluster-based catalysts by u t i l i z ing  the promising leads 
discovered during prior work at Air Products under DOE contract 
number DE-ACZZ-80PC30021, which has shown that  metal carbonyls 
supported on modified aluminas exh ib i t  high ac t i v i t y ,  s t a b i l i t y ,  
and good s e l e c t i v i t y  to l i qu id  fuels in the s lur ry  phase 
Fischer-Tropsch process. New cata lyst  compositions designed to 
give enhanced se lec t i v i t y  to l i qu id  fue ls  w i l l  also be developed. 

In this task, catalysts wi l l  be evaluated and tested for 
their potential to convert synthesis gas into liquid hydrocarbon 
fuels. Catalysts w i l l  be studied by a combination of tests in 
stirred and fixed-bed reactors and w i l l  be evaluated on the basis 
of act ivi ty, selectivity, s tabi l i ty  and aging. In addition, 
catalysts wi l l  be characterized by surface and bulk analyses. 

Improvements in these catalysts wi l l  focus predominantly upon: 

o Increasing catalyst act ivi ty 

o Improving product selectivity for l iquid fuels and 
reducing the y ie ld  of methane 

o Developing catalyst systems active at high CO:H 2 ratios 

o Incorporating water-gas shi f t  act iv i ty ,  either directly 
in the catalyst or ut i l iz ing a mixture of catalysts in the 
slurry 



Task 3 -- The baseline catalyst compositions derived from 
both cobalt and ruthenium carbonyl clusters wi l l  be used to 
establish baseline slurry Fischer-Tropsch rate constants and 
activation energies. Then the more active and selective slurry 
catalyst compositions, identified under Task Z, wi l l  also be used 
in deriving slurry FT kinetic parameters. An existing backmixed 
CSTR model wil l  be used in f i t t ing  the kinetic parameters. The 
kinetic parameters obtained wil l  then be input to a three-phase 
bubble column computer model in order to predict conversions and 
space time yields in commercial scale bubble column units under a 
range of operating conditions. 

An attempt wi l l  be made to determine kinetic expressions 
that describe the rate of formation of individual products or 
product fractions. This wi l l  be used to predict space time 
yields of individual product components or fuel fractions in a 
commercial scale bubble column. 

Finally, mechanistic concepts wil l  be examined, such as 
olefin reincorporation into growing chains, by adding small 
amounts of olefins to the feed and determining the effect on 
product selectivities. 

Task 4 -- In this task, hydrocarbon product fractions, 
accumulated from some of the longer slurry tests of the improved 
catalysts, will be collected under consi~nt process conditions 
and subjected to a series of tests to evaluate the i r  properties 
as specification fuel. 
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3.0 RESULTS AND DISCUSSION 

3.1 Task 1 - -  Project Work Plan 

3.2 

This task was c o ,  feted and reported on in the f i r s t  quarter report. 

Task 2 - -  Development of Im~rove~ Supported_Catalyst Co~pqsitions 

(a) Catalyst Preparation 

( i )  C_22(CO)R/Zr(OPr)4/SiO ? (Catalyst #8466-5B) 

The effect of increasing the Co and Zr loadings on 
the performance of the 
Co/Zr s i l i ca  catalyst was studied this quarter by f i r s t  examining 
this 11.0% Co, ?.¢7% Zr catalyst. This was a 200% increase in Co 
loading but only a 12% increase in Zr loading. There were several 
reasons for not keeping the Co-to-Zr rat io at 0.53, which was the 
ratio used in the basecase catalyst. One reason was based on the 
results of examining the effect of Co/Zr rat io on performance, 
which showed that the best bulk act iv i ty  was achieved when the 
ColZr ratio was between 1.0 and Z.O. A second reason w a s  that we 
wanted to prepare a Co/Zr/silica catalyst having a composition 
analogo~.s to that used by Shell Oil Co. in their Middle D is t i l la te  
Process ~m but prepared by our own method. This would enable us 
to make a direct comparison between the two different preparation 
methods. The catalyst was prepared using our standard impregnation 
procedure. The addition of the Co2{C0)8 required three 
impregnations. 

( i i )  ~{CO)R/Zr(OPr)a/SiO ~ (Catal3st #8466-632 

A f u r t he r  increase in metal loadings was examined wi th the 
preparation of th is  14.4%Co, 10.2% Zr catalyst. This was a 30~ 
increase over ~he 11.0% Co catalyst described above. This 
composition was somewhat similar to the original German commercial 
Co/Kieselguhr catalyst in that the Co/support ratio is O.5. The 
catalyst was prepared by impregnation to incipient wetness, with 
the Co2(C0)8 addition requiring 4 i~regnations. 

(b) Gas Phase Screening 

Al l  of the ca ta l ys t s  screened in the f i xed  bed reactor  t h i s  quar ter  
were act ivated using a pure H 2 procedure as described in Section ~ . lb .  
Spec i f i c  run condi t ions d id vary somewhat and are documented accordingly.  
Gas phase performance data is  sun~narized in Table 1. 



( i )  Co?(CO~8/Zr(OPr)4/SiO~-Run #7743-16-55,,,Ca~a~yst #8465-5 S 

The silica-supported Co2(CO)8/Zr(OPr) 4 catalyst was 
previously shown to yield improvedperformance compared to 
alumina-supported catalysts. Since the s i l ica catalyst had a 
50% greater surface area than the alumina catalyst, i t  was 
necessary to determine i f  the enhanced act iv i ty was a result of 
of inherent differences between the supports, such as 
metal-support interactions, or simply due to the increase 
in surface area. The gas phase test of this Co/Zr/SiO 2 
catalyst, which had the same surface area as the basecase 
Co/Zr/A1203 catalyst ,  was designed to answer that question. 
Besides the 3 standard test conditions, 2 other conditions 
were tested, which were analogous to cg.n~itio.s used by Shell 
Oil in the i r  Middle D i s t i l l a t e  Process Im (1) and used in 
our test for  comparative purposes. 

The results of this test are tabulated and compared with 
those of the basecase Co/Zr/Al203 catalyst and high surface 
area Co/Zr/SiO 2 catalyst in Table 2. The results are 
compared graphTcally in Figure i .  Both the bulk and specific 
activit ies of the low surface area s i l ica catalyst were 50 to 
60% greater than those of the alumina catalyst at similar 
conditions. The high surface s i l i c a  cata lyst ,  however, was 
s t i l l  the most active with 30 to 50% greater bulk ac t i v i t y  
than the low surface s i l i ca  catalyst.  Thus s i l i c a  does provide 
an inherently more active catalyst than alumina but some of 
the enhancement that was i n i t i a l l y  observed was due to the 
higher surface area si l ica. The improved activi ty with si l ica 
may be due to s i l ica 's  lower reactivity toward metal 
carbonyls, thus allowing the metal to remain in the 
active state (2). 

The low surface si l ica catalyst showed similar trends 
in hydrocarbon selectivity as the high surface si l ica catalyst, 
with the best overall liquid fuels selectivity (C5.23) 
obtained at 240°C. 

The final two test conditions shown in Table i were 
done at lower CO/H 2 ratios and high space velocities. 
The result was a sBift in hydrocarbon selectivity to methane 
and light gases with total fuels selectivity < 50%. Only 
a slight increase in bulk activity from 21 to 24 moles 
syngas/kg cat/hr was achieved by lowering the CO/H 2 ratio 
from l.O to 0.5 at 220°C. 

Co_~.(~_O)p/Zr(OPr)4/S~_~.2-Run #7743-27-,58,,~,,,Catalyst #8466-58 

The ef fect  of increasing the metal loadings on the 
performance of the Co/Zr/SiO 2 catalyst was initiated by 
testing this 11.0% Co, 7.4% Zr catalyst. 



( i i i )  

Results from the fixed-bed reactor are shown in Table 3, 
along with the data from the lower loading Co/Zr/ s i l ica 
catalyst and the similar loading Co/Zr/alumina catalyst. 
Increasing the cobalt loading resulted in a 39% boost in 
bulk activity to 43 moles syngas/kg cat/hr at 220°C. At 
240 ° , however, there was no increase in bulk act ivi ty 
compared to the lower loading catalyst (#8466-18) at the 
same temperature. Surprisingly, at Z60 °, there was a 
14% decline in bulk act ivi ty to 64 ~oles syngas/kg cat/hr 
compared to catalyst #8466-18 at 260 °. These trends are 
related to the higher bulk density of the heavily loaded 
catalyst and to the relatively small change in syngas con- 
version over the temperature range. A 52% syngas conversion 
at 220 ° was ~he highest observed for any catalyst to date 
at this temperature. Specific activities were all lower than 
those of the 3.5%Co catalyst, which was expected because of 
lower metal dispersion resulting from increasing the metal 
loading. When compared to the 10.85% Co/Zr/AI203 catalyst, 
this 11.0% Co/Zr/SiO 2 .atalyst showed ~ 45 to 140% increase 
in bulk activity and 30 to i00% increa=e in specific activity. 

Hydrocarbon selectivity did not compare favorably with 
either the 3.5% Co/silica catalyst or the 10.8% Co/alumina 
catalyst as shown in Table 3. Liquid fuel selectivity (C5_23) 
was never greater than 56%, which was obtained at the lowest 
temperature, and the wax (C~+) selectivity was hiqh compared Co 
other catalysts. As th~ temperature was increased to 240 and 
2600 , the methane selectivity became quite large. 

Two conditions analogous to those in the Shell 
patent (I) were examined for direct comparisons. At 
220 ° , our CO conversion of 56% was low compared to 
their 85%, however the bulk activity of our catalyst was 
7g moles syngas/kg cat/hr, which was not significantly 
lower than the 91 moles syngas/kg cat/hr for the Shell 
catalyst. 

Co?(CO)8/Zr(OPr)4~-Run #7743-39-63, Catalyst #8862-62 

A further increase in the Co and Zr loadings was 
examined by testing this 14.4% Co/10.Z% Zr on s i l ica catalyst. 

The gas phase act ivi ty of the 14.4% Co catalyst was 
even less than that of the 11.0~ Co catalyst and 
continued the trend of decreasing activity with increasing 
metal loading on si l ica. Data from the three Co/Zr/Si02 
catalysts having different metal loadings is CoMpared 
in Table 4. The bulk act ivi t ies of these three catalysts 
are compared graphically in Figure 2. 



Bulk activity of the 14.4% Co catalyst varied 
over a narrow range of 21 to 36 moles syngas/kg cat/hr. 
Specific activity never exceeded 0.I0 moles CO/mol 
Co/min. for this heavily loaded catalyst. Comparing 
tne bulk activity trends as the metal loading was 
increased reveals that relatively small changes occurred 
on going from 3.5 to 11.0% Co at 220 ° and Z40°C, 
while upon increasing the Co loading to I¢.4% a large 
decline in bulk activity occurred at all temperatures. 
This suggests that with further work perhaps the 1Z.0% Co 
catalyst can be optimized to give bulk activities similar 
to the Shell catalyst. 

Bulk catalyst density also increased as the metal 
loading was increased. Since the catalyst bed volume 
was ZO-cc for each test the actual weight of cobalt in 
the reactor increased by a larger factor than the weight 
percent metal loadings did and the space velocity based on 
the weight of cobalt decreased. Perhaps i t  may have been 
more accurate to do the act iv i ty comparisons using the 
same weight hourly space ve loc i ty  fo r  each test .  

Methane selectivity was fa i r l y  high at 14-18%, while 
l iquid fuels selectivity (C5_~3) ranged from 53 to 64%. 
The best selectivity was obtalned at 240°C. Overall the 
catalyst having the lowest cobalt loading was the best in 
terms of activity and selectivity. 

(c) S!ur~ Reactor Tests 

During this quarter, slurry screening tests were performed on two 
catalysts. Also, the extended test that was begun in December 1985 was 
continued. All of the tests were conducted in 1-1iter reactors. In the 
screening tests, the operating parameters were varied to determine the 
conditions necessary for optimum catalyst performance. The primary 
objectives of the extended tes t  were to examine performance s t a b i l i t y  
at constant operating conditions and to obtain samples for  fuel 
characterization studies. These objectives were sat is f ied during the 
previous quarter, so the focus of the extended test changed to col lect ing 
data for the k ine t ic  studies. 

The two catalysts used in the screening tests were: 

A cobalt on si l ica catalyst without any added promoters such as'Z~ 
or Ti which had been tested previously. The gas phase tests 
showed a lower speci f ic a c t i v i t y  with less Zr. This trend was 
observed in slurry run 8862-41-46 (see section 3.2 from the 
Jan-Mar 1985 Quarterly Report). The test  th is  quarter was 
conducted to confirm th is  trend. 
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0 A Zr-promoted, cobalt on si l ica catalyst with a high loading of 
Co. The catalyst is called "high load" because the Co loading was 
more than t r ip le the loading of the basecase Co/Zr/silica 
catalyst. In gas phase tests, the high Co loading resulted in 
lower specific act iv i t ies than the lower Co loadings. This t~st 
was done to determine whether this trend would be true in the 
slurry phase test. 

Selected results from the slurry tests are l isted in Table 6, along with 
representative results ~f al l  previous slurry tests from this contract for 
comparison. 

( i)  C_~2(CO)8/SiO?--Test #8862-80-49~ Catalyst #8466-49 

The basecase Zr-promoted, Co on s i l ica catalyst used for slurry 
run 8670-11-18 had a Zr/Co ratio of 1.9. In the Jan-Mar 1985 
quarter, slurry run number 8862-41-46 tested a catalyst with a 
Zr/Co ratio of 0.5. The cobalt on s i l ica catalyst test described 
here used a catalyst with no Zr. The gas phase tests and the 
previous slurry phase tests consistently showed that lower Zr/Co 
ratios resulted in lower bulk act iv i ty.  That trend continued with 
the current slurry test. The select iv i ty to liquid fuels (C 5 - 
C23) is clearly higher with the Zr-free catalyst. This differs 
from the comparison of the two previous Co/Zr catalysts when 
showed l i t t l e  change in liquid fuels select ivi ty.  The activation 
procedure is described in Section 4.1 and the activity, conversion 
and selectivity data of this screening test are summarized in 
Table 7. The data for each mass balance sample are listed in 
Tables 8 - 27 and hydrocarbon distributions are i l lustrated in 
Figures 3 - 12. 

The in i t ia l  operating temperature (Samples 3-12) for this 
catalyst was 240°C. The pressure was held constant  for al l  runs 
at 300 psig. The f i r s t  four mass balances were taken at the 
following conditions: 

CO/H 2 SV 
Sample # (mo l .  ratio) (L/g cat/hr.) 

3 0.49 Z.O 
6 0.49 i .0 
9 1.0 1.0 

12 I .  1 2.0 

These were the same cond i t ions  and the same order  t ha t  was run f o r  
the c a t a l y s t  w i t h  Zr/Co of  0.5 At every p o i n t  bulk and s p e c i f i c  
activity were lower for the catalyst without Zr. On average, the 
specific act iv i ty for the current catalyst was 54% of that for the 
0.5 Zr/Co catalyst. The test conditions for sample 9 provide~ the 
greatest selectivity to liquid fuels (C 5 - C23 ) for both 
catalysta: current = 75.0, previous = 68.9 wt~. Selectivity to 
liquid fuel was higher with the Zr-free catalyst at each point. 



The next four runs were conducted at 260°C. Again, these were 
in the same order as the Zr/Co = 0.5 catalyst. 

CO/H 2 SV 
Sample # (mol .  ratio) {L/g cat/hr.) 

15 1.0 2eO 
18 1-0 1.0 
21 0.49 1.0 
23 0.49 2.0 

The zirconium promoter consistently boosted the specific act iv i ty.  
The increase averaged 64%. The selectivity to l iquid fuels was 
approximately equal for the two catalysts when CO/H2 = 1.0, but 
was much better without Zr promoter when CO/H 2 0 5 

The next experiment (sample 27) was a deactivation check run at 
240 ° with the feed conditions the same as sample 6. The bulk 
act iv i ty had decreased by 19% and specific dct iv i ty  by 8%. 
Selectivity had shifted to the C 2 - C 4 range (2g.z% ~s. 15.4%} 
with a significant reduction in ~!qui~ fuels (45.3% vs. 68.7%). 

Finally, the temperature was raised to 280°C with pressure = 3CC 
psig, CO/H 2 = 1.0 mol. ratio, and SV = 1.0 L/g.cat./hr. This 
set of conBi~ions was not tested with the It/Co = 0.5 catalyst. 
However, sample 51 of the Zr/Co = 1.9 catalyst (slurry run 
#8670-1t-18) was a t  these condi t ions.  Spec i f i c  a c t i v i t y  was 
reduced from 0.188 to 0.093 mol CO/mol Co/min wi thout  the 
promoter. 

( i i )  Co?(CO)~/Zr(OPr)4/SiO 2 - High Load 
Test #9093-10-58, Cata l#st  #8466-58 

This was the las t  ca ta l ys t  to be tested under t h i s  contract .  
Due to lack of t ime, the range of  condi t ions tested was less than 
was general ly  done fo r  the s l u r r y  screening tes ts .  The reduced 
ca ta l ys t  contained 16.4wt% Co and 11.5wt% Zr. This compares to 
4.9wt% Co and 9.3wt% Zr f o r  the basecase Co/Zr on s i l i c a  ca ta l ys t  
used fo r  s l u r r y  run #8670-11-18. A comparison o f  the two ca ta lys t .  
in the s l u r r y  phase tes ts  demonstrated agreement wi th  the gas phar 
result of lower specific act iv i ty  {mol. CO/mol Co/min.) with 
higher Co loadings. The activation procedure is described in 
Section 4.1, and the act iv i ty ,  conversion and selectivity data of 
t h i s  screening tes t  are summarized in Table 28. The data f o r  each 
mass balance sample are l i s t e d  in Tables 29 - 38 and hydrocarbon 
d i s t r i b u t i o n s  are i l l u s t r a t e d  in Figures 13 - t7.  
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The space velocity was maintained at 2.0 L/g. cat./hr throughout 
the tes t ,  as was pressure at  300 psig.  Two runs were conducted at  
240°C, two at  2600C and a deact ivat ion check run at  the end a~ 
2400C. The CO/H 2 feed r a t i o  was var ied between 0.49 and l .O.  
At every camparaBle point with slurry run #8670-11-18, the high 
load cai~lyst showed lower specific activity, bulk act iv i ty and 
conversion (% CO + H2). ~ For example, sample 7 of the high 
load test was operated a~ the same conditions as sample 39 of 
slurry test #8670-Ii-18. The specific activit ies were 0.068 and 
0.299 mol CO/mol Co/min, respectively. Similarly, bulk act iv i ty 
was 32.2 vs 44.8 mol. syngas/kg, cat./hr. 

Slurry run #8670-ii-18 had a Zr/Co ratio of 1.9 compared to 0.7 
for the current catalyst. I t  has been shown that a reduction in 
the Zr/Co ratio reduces catalyst act ivi ty. To insure that this is 
not the cause for the reduced activi ty in the above comparison, 
the current catalyst can also be compared to the one used in 
slurry run #8862-41-46 which had 4.8% Co and Zr/Co ratio of 0.5. 
The high Co catalyst s t i l l  showed lower activity. For example, 
sample 2 of  the current  s l u r r y  t e s t  compares to sample 3 of s l u r r y  
t es t  #8862-41-46. The spec i f i c  a c t i v i t i e s  were 0.054 and 0.260 
mol CO/mol Co/min, respect ive ly .  

The deactivation check run showed that after 426 hours of 
operation bulk activity had declined from 28.5 to i7.6 mol 
syngas/kg, cat./hr. 

( i i i )  Co2(CO)~/Zr(OPr)dSiO ? - Extended Test 
Test #8862-1-31~'CaCaI~st #8466-3.1 

The extended s lu r r y  phase test~run was begun in December 1985, 
continued through the Jan-Mar 1986 quarter and was concluded t h i s  
quarter. In i t i a l l y ,  the focus of the test was to demonstrate 
catalyst stabi l i ty  and to collect organic liquid samples for 
testing as a suitable diesel fuel. After successfully 
accomplishing those objectives, i t  was decided to attempt to 
obtain data from this test that could be used for kinetic studies. 
This section describes the operation of the slurry reactor and the 
tests conducted. The analytical results of the kinetic studies 
can be found in section 3.3. A summary of the performance data 
obtained during this quarter is found in Table 39 along with the 
results from the two prior quarters. Tables 40 - 95 l i s t  the mass 
balance process conditions and hydrocarbon product distributions 
for each sample point taken this quarter. The weight 
distributions for the same samples are shown graphically in 
Figures 1 8  - 45. 
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Using the extended tes t  condi t ions of  temperature = 260°C, 
pressure = 300 psig, space velocity = 2.0 L/g. cat./hr and C0/H 2 
= 1.0 mol. r a t i o  as the basecase, the condi t ions were var ied as 
fo l lows:  

C0/H 2 
(mol.ratio) 

Space Ve loc i t y  
( L / q . c a t . / h r . )  

0.5 i . 8  
0.5 1.0 
1.0 1.0 
0.75 1.5 

Subsequently, a deact ivat ion check run was made at  the basecase 
condi t ions.  The bulk a c t i v i t y  had decl ined from 44.2 to 38.6 mol 
syngas/kg, c a t . / h r .  This was cons is tent  wi th the trend l i n e  
observed dur ing the extended tes t  por t ion  of t h i s  s l u r r y  run, as 
shown in Figure 46. 

Assuming that reaction rate was f i r s t  order in hydrogen, a 
preliminary examination of the kinetics appeared to show a 
relationship between space velocity and kinetic rate constant. 
This apparent mass transfer effect was inconsistent with the 
impel ler  speed tests done e a r l i e r  in t h i s  contract  (see Jan to Mar 
1985 Quarterly Report, pg. 17). 

I t  was decided to repeat the impel le r  speed tes t  at  the basecase 
condi t ions.  The impel ler  which had been operating at  1ZOO rpm 
slnce the beginning of the extended s l u r r y  tes t  was f i r s t  reduced 
to 800 rpm (samples 121 and i2#) and then increased to 1600 rpm 
(sample 128). The conversion remained constant at  approximately 
43% with a s l i g h t  deact ivat ion over time. 

A mass t rans fe r  e f fec t  should be more evident a t  higher 
conversions, so the impel ler  speed t e s t  was repeated one more t im 
at the condi t ions which had prev ious ly  shown the highest 
conversion. Temperature remained at  260eC, pressure a t  300 psig,  
and the impe l le r  speed was i n i t i a l l y  1600 rpm. The space ve l oc i t )  
was changed to 1.0 L/g. ca t /h r  and the CO/H~ feed r a t i o  to 0.5 
(samples i31 and 134). The conversion was ~7.7% (H~ ÷ CO). 
~hen the rpm was reduced to 800 rpm (samples 136 an~ 140), an 
approximate 3.4% drop in conversion occurred. While t h i s  i s  
somewhat greater  than the deact iva t ion trend l i ne ,  i t  is  qu i te  lo" 
compared to the fac to r  of 2 change in impel ler  speed and does not 
ind ica te  s i g n i f i c a n t  mass t rans fe r  e f fec ts .  This reconfirm= the 
results obtained c{iring the f i r s t  quarter. 
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The next tes t  fo r  mass t ransfer  e f fec ts  was to increase ~ e  gas 
ve loc i t y  by increasing the nitrogen feed. (Nitrogen had been 
cont inua l ly  fed at approximately 10% of gas feed since the 
beginning of the extended tes t  as a type of in terna l  standard to 
aid the mass balance c losure.)  The to ta l  pressure would be raised 
simultaneous]3 in an attempt to maintain a constant H 2 and CO 
par t ia l  pressure in the gas phase and hence a constan~ s o l u b i l i t y  
in the s lu r ry  phase. Space veloc i t~ based on H 2 + CO was kep¢ 
at 1.0 L/g cat/hr with CO/H 2 mol ratio of 0.5. Nitrogen was 
raised from 10% to 31% by volume in the feed gas. Total pressure 
was raised from 300 psig to 445 psig. The results are summarized 
below: 

Sample # 140 142 

Pressure (psig) 300 4¢5 
P(H 2) (ps i )  97 95 
P(CO) (ps i )  58 55 
Conversion (% H2+CO) 63.9 63.5 

As is evident, no s i gn i f i can t  change had occurred. 

The pressure was then raised to 5QQ psig wi th  no other process 
changes. Unfortunately,  ~he regulator on the hydrogen cy l inder  
was set below 500 psig, and the reactor was inadver tant ly  operated 
with CO only feed. This condit ion persisted fo r  the weekend un t i l  
i t  was noticed and corrected. 

Upon returning to the desired parameters, the next ~ o  samples 
(148 and 151) showed anomolous resul ts  wi th conversions of 74.3% 
followed by 48.9% (H 2 + CO). 

The cperating condit ions were then returned to those for  sample 
140 which was the l a s t  sample before the elevated pressure runs. 
Bulk a c t i v i t y  had declined from 28.6 to 17.4 mol. syngas/kg. 
ca t . / h r .  This was well  below the deact ivat ion trend l i ne ,  and i~ 
was concluded that  a s i gn i f i can t  deact ivat ion has occurred during 
the high pressure operat ion. Also noteworthy Has a d i s t i n c t  s h i f t  
in s e l e c t i v i t y  toward methane (42.7% vs 18.4%) and a reduction in 
the l i qu id  fuels s e l e c t i v i t y  (22.5% vs 54.7% C 5 - C23). 
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Next, the temperature was raised to 280°C for another series of 
k inet ic  experiments. Pressure was held constant at 300 psig and 
the other conditions varied as fol lows: 

Space Velocity CO/H2 
Sample # L/q.cat./hr. (tool. ra t io )  

158 2.0 1.0 
162 1.8 O. 49 
164 1.0 0.49 
167 1.0 0.93 

These high temperature runs consistently produced high methane 
se lec t i v i t y  with the highest being 56.4w¢% for sample #162. Two 
other items to note about these were: 

1) I t  was necessary to raise the reactor heat control to : 
unusually high tempterature to maintain reactor temperature. 
Stabi l iz ing the temperature had also become d i f f i c u l t .  

2) The wax taps for these samples were yielding very small 
quantities of product. The highest calculated wax rate was 
0.0018 g./min, and the average was 0.0005 g./min. This 
compared to 0.0867 g./min, for the las t  of the extended test  
samples (#77). 

A final run was made at 280°C at the in i t i a l  conditions to check 
for deactivation. This showed that bulk act iv i ty had declined 
from 35.4 to 29.9 mol. syngas/kg, cat./hr. 

The las t  experiment was an attempt to reactivate the catalyst b: 
running pure hydrogen through the s lurry bed at 300°C and 300 psi~ 
for 66 heurs. In preparation, the temperature was f i r s t  reduced 
to 260°C and sample 173 was taken at the baseline conditions. Th 
conversion for H 2 + C0 before react ivat ion was 23.7%. After 
react ivat ion, th~ reactor was run under identical conditions and 
the conversion was 23.6%. Hence, no improvement was made in 
catalyst  performance. The reactor was shut down af ter  operating 
for  4417 hours with the spine catalyst charge. 

Upon opening the reactor af ter  shutdown, i t  was discovered ~ a t  
the "s lu r ry "  was a po~lery substance resembling catalyst  only and 
no l i qu id  phase. The s lu r ry  o i l  may have been carried over as a 
mist.  A l ternat ive ly ,  the equil ibrium concentration in the gas 
phase leaving the reactor may have been greater than the fresh wax 
produced at the given r~action conditions. Note that the pure 
hydrogen feed for  react ivat ion could have contributed to the 
la t te r  ef fect .  I t  is also conceivable that some of the heavier 
hydrocarbons were cracked to l i gh te r  products which would increase 
the i r  v o l a t i l i t y .  I t  is  probable that the absence of a l iqu id  
phase in the reactor contributed to the temperature control 
problems discussed ear l i e r ,  as well as to the high methane 
se lec t i v i t i es .  
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3.3 

(d) Catalyst  Characterization 

The spent catalyst from the extended slurry test of the Co/Zr/SiO 2 catalyst 
(Test 8862-i-31) was fo~nd to contain 43.2% carbon and 2.4% hydrogen. This 
indicated a significant amount of coke formation, which probably occurred after 
the loss of slurry medium when the reactor skin temperature became excessive. 
This coke contributed to poor catalyst performance and could not be removed by 
a hydrogen t teal~ent .  

Porosity of the low surface area sil ica Has determined and compared with that 
of the alumina and high surface area sil ica. There appeared to be no 
relationship between the macropore/micropore volumes and catalyst activity. 
The micropore volume of the alumina was between that of the sil ica supports, 
which were the two best. Catalyst activity did increase as the total por~ 
volume of the support ~ncreased. See Table %6 for details. 

Hydrogen chemisorption studies were completed on the Co/Zr/silica catalysts 
having higher metal loadings. The results are colored with the basecase 
Co/Zr/silica catalyst in the following table: 

B.E.T. Metal 
Catalyst Surface Area Surface Area Disp, ersio~ 

3.5% Co/Zr/SiO 2 316Plg 1 . ~ I g  6% 
11.0% Co/Zr/SiO 2 302 8.1 12% 
14.4% Co/Zr/SiO 2 145 9.~ 10% 

As shown, total surface area decreased as the cobalt loading was increased 
which ~orrelates with the decline in activity. Metal surface areas and 
dispersions ~ere enhanced at higher loadings but d id not cause a n  increase in 
activity. Perhaps the higher loading catalysts could be optimized by further 
improvement in total and metal surface area. 

Task 3 -- Slurry Reactor KineticStudies 

The data obtained from the extended slurry test was analyzed to determine i f  a 
kinetic functionality could could be established. The analysis was performed using 
a computer progr~ developed for this contract that was described in the July - 
Sept. 1985 Quarterly Report. The available kinetic expressions were reported in 
Table 105 of that report and are repeated in Table 97 of this report for 
convenience. Except for the simple power law model, these same equations appear as 
formulas A-D in a recent l i terature article (3). 

As explained previously in section 3.2 (c) ( i i i )  a series of impeller speed tests 
indicated that mass transfer was not the rate limitin~ step. The possibility was 
considered that the input energy from gas expansion into the vessel was much greater 
than the input erergy from the impeller. This would invalidate the impeller speed 
test. The appendix shows the calculation for the input energy from each source. 
Both are of the same order of magnitude. I t  can also be seen that doubling the r~m 
should have a muchgreater effsct on mixing energy than changing gas flow rat~. 
These calculations provided convincing evidence that the kinetic data was not 
obscured by mass transfer effects. 
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Sample points 77 to 142 were al l  taken at Z60°C. This was the f i r s t  set of kinetic 
data analyzed. Note that  sample numbers 131 and 134 were excluded from the ana lys is  
due to  both poor mass balance closure and the fac t  t ha t  they appeared to be 
aberrations when the in i t ia l  attempts were undertaken to derive a kinetic 
expression. The data set was f i t  to each of the kinetic functionalit ies. 

The f i r s t  step was to account for the catalyst deactivation that had occurred during 
the experimental period. Fortunately, a preliminary analysis of catalyst 
deactivation showed i t  to be relat ively uniform for the 26D°C runs, so a linear 
deactivation rate was assumed. For a given kinetic rate model, the catalyst 
act iv i ty can be plotted against time to obtain the deactivation rate. The 
calculated deactivation rate can be used to adjust the reaction rate for each 
individual sample to a fixed point in time. The adjusted data is used in the 
computer model to solve for the kinetic constants. The procedure is iterative 
because the deactivation rate is a function of K in the rate equation and the best 
f i t  for the rate equation is dependant upon the calculated deactivation rate. 

Table 98 displays the kinetic parameters derived from the non-linear regression on 
models 1, Z, 4 and 5. The resu l t s  f o r  model 3 are not included because i t  was found 
that  the best f i t  fo r  parameter K 2 in model 3 was O. Thus, model 3 became 
ident ica l  to model i and was e l iminated from fu r the r  cons iderat ion.  Linearized 
forms of the rate expressions are shown graph ica l l y  in Figures 47 - 49. Note tha t  
model 5 is  not presented because three rather than two constants must be 
determined. Figures 50 - 53 contain p a r i t y  p lo ts  for  each of  the models, which 
compare the rates calculated from the k ine t i c  expressions to those observed 
experimentally. 

While all four of the kinetic models result in a n  adequate representation of the 
data, model4 which includes the water inhibition effect provides the best f i t .  The 
average error of 6.Z% for model 4 (see Table 98) is the smallest of the four 
models. I n t e r e s t i n g l y ,  th i s  model has been shown by other inves t iga to rs  (4) to 
describe data with high water concentrat ions qu i te  we l l .  The low water-gas s h i f t  
a c t i v i t y  o f  the Co cata lys t  resu l ted in high water concentrat ions in these 
experiments. The l inear ized  p lo t  and p a r i t y  p l o t  fo r  model 4 show a good f i t  over 
the e n t i r e  range of  data co l lec ted.  The model wi th the second best average e r ro r  
was model 5. This model f i t  the data qui te well  in the mid-range but d r i f t e d  at the 
extremes, espec ia l l y  a t  the high values of  rate.  Ext rapola t ion could be a ser ious 
prob lemwi th  t h i s  model. 

The same procedure was fol lowed with the f i ve  points (samples 158-171) taken at  
Z80°C. The k i n e t i c  constants derived f o r  model 4 were k = 0.321 cc /g .ca t . / sec ,  and 
K = 5.30x10 "6 mol/cc. A p lo t  o f  a ] i near i zed  Form of the equation is  shown in 
Figure 54, and Figure 55 is the p a r i t y  p lo t .  

I t  was decided to determine an ac t i va t i on  energy based upon the data at Z60°C and 
280°C. The raw k values that  were ca lcu lated fo r  the two temperatures could not be 
used d i r e c t l y  because a s i g n i f i c a n t  drop in a c t i v i t y  occurred during some high 
pressure tes ts  ~erformed between the samples taken at these two temperatures. 
However samples 153 and 155 were taken a f t e r  the deact iva t ion a t  the same condi t ions 
as sample 140 p r i o r  to deact ivat ion.  These points acted as a reference fo r  the two 
sets o f  data. The calculated ac t i va t i on  energy was Z6,100 c a l . / g ,  mol. 

Finaily, the data taken during the s tab i l i t y  tests at 240 ° was included. Since al l  
of tha t  data was taken at the same set of conditions, i t  was numerically d i f f i cu l t  

• t o - s O l v e  . . . . . . . . . .  
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for two kinetic patterers independently. I~ was assu~ed that K = 1.55×~0 -3 e×p 
(-6250/RT) mol/cc derived from the 260°C an~ 2B0¢C data was valid aC 24D°C. Then i t  
was possible to solve for k (k = 0.710 cc/g cat/see). In the process, a 
deactivation plot was derived for the entire ~00 hours of  o~eration (Figure 57). 
The plot shows a fa i r l y  linear deactivation rate for each temperature. The 
discontinuity at around day 155 i~ the result of :he deactivation tha~ occurred 
during the high p~essure te~ts. 

An Arrhenius plot of In k vs I/T is shown in Figure 56. Unlike the previou~ ~igures 
which considered the beginning of a series of ~imilar runs to be time zero, the 
Arrhenius plot uses the results of Figureg57 ~o relate a11 the data to fresh 
ca:alyst. The solution for k is 5.24xi0 exp (-23254/RT) cc/g cat/sec. Thu~, the 
activation energy is +23,25¢ cal/g mol. 

3.4 Task 4 -- Fuel Product Characterization 

A second sample of l iquid organic product wa~ collected from the extended slurry 
test of the Co/Zr/$iO 2 catalyst while running at 260°C, C0/H2=I.0 , WHSV=2.0 L/g 
cat/hr and 300 ps~g. The crude product was fractionated to obtain a diesel fuel 
fraction boiling between 190 D and 338°C. This diesel fraction was then analyzed by 
E. W. $aybolt and Co. for ASTM diesel fuel specifications as Ghown in Table 5. 
There was ver~ l i t t l e  difference between the samples collected at t~e t~o different 
test conditions. This second sample met all the requir~ent~ for the highest 
quality diesel rue] except for viscosity and cloud pDin~, for which there ~ere only 
small deviations from the specifications. 

q.O 

4 . !  

EXPERIMENTAL 

Task 2 - -  Develol}ment of Improved Supported Catalyst  CompositionR 

(a) Catalyst Preparation 

Unless otherwise noted, all catalyst preparations were carried out under a N 2 
atmosphere using standard $chlenk techniques and a Vacuum Atmospheres dry box . 

( i )  Co__~(CO)~/Zr(OPr)4/SiO ? {Catalyst #~65-58) 

The s i l i c a  (lO0.Og, Davison 952) was pretreated using the s~andard 
method. A 300-¢¢ he×one solution containing Zr(OC3HT)4.xC3HTOH 
(93.3g, 18.0g Zr) was impregnated onto the s i l i ca .  After thorough mixing, the 
hexane was evaporated o f f  in vacuo. A to ta l  of 74.01g of Co2(C0) 8 (ZS.0g 
Co) was added to the modified support with 3 impregnation steps using a 
hexane/toluene (Z:3) solvent mixture (200-cc solution volume per step). Upon 
removal of the solvent in vacuo, 225g of black-green catalyst was obtained, 
which contained !1.0% Co and 7.4% Zr. 
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( i i )  Co~[CO)~/Zr(OPr)4/SiO 2 {Catalyst #8466-63) 

This ca ta l ys t  was prepared using the same procedure as the 
previous catalyst with the following ~aterials: 

$i02 
Zr(OC3HT)4.XC3H?OH 
Co2(C0)8 

36.0g 
67.¢g,13.0g Zr 

53.3g, 18.0g Co 

124.6g of black catalyst was obtained, which contained 14.4% Co and 10.2% 
Zr. 

(b) Gas Phase Screening 

A detailed description of the gas phase screening reactor and procedure 
can be found in the Project Work Plan. The catalyst charge was 10 cc for each 
test. Generally, only reactor temperature and CO to H 2 feed ratio were 
varied whi,e pressure and space velocity were kept at 300 psig and 1000 h " I  
(v/v), respectively, for all the runs. Hydrogen activation was used for al l  
the tests as follows: Hydrogen at 1000 to 3000 hr - I  and 0-70 psig was passed 
over the catalyst as it was heated to 300°C at 3°/m~n and maintained there 
for 16 hours. The temperature was then reduced to the desi[ed reaction 
temperature, CO was introduced to give I:I CO/H 2 at 1000 hr i and finally 
the total pressure was increased to 300 psig. 

(c) Slurry Reactor Tests 

( i )  ~___~(CO)p/SiO~ - -  Test #B862-80-49 

This catalyst was activated in the 150-cc fixed-bed, tubular 
reactor  using pure H z as fo l lows:  The reac=or tube was charged wi th 
ca ta lys t  in a dry box to give approximate!y a 110-cc bed volume and 
t ransfer red to the reactor manifold sealed under N 2. The reactor  was 
heated at 0 psig to 300°C at  a rate of  l ° /m in  wi th-a H 2 f lowrate  of  1000 
sccm. The temperature ,Jas m a i n l i n e d  a t  300°C fo r  8 hours. A f te r  
cool ing,  the reactor  was f lushed wi th N2, sealed and t rans fer red  to the 
dry box fo r  ca ta l ys t  removal. In the dry  box the reduced/act ivated 
ca ta l ys t  was s l u r r i e d  in deoxygenated Fisher para f f in  o i l  and t rans fe r red  
to the s l u r r y  autoclave reactor  under a N 2 purge. 

For t h i s  s l u r r y  tes t ,  80.1g of reduced cata lys t  in a 450-cc s l u r r y  
volume was charged to the o n e - l i t e r  reac tor  g iv ing a 17.8w¢% ca ta l ys t  
concentrat ion. The metal loadings before and a f te r  ac t i va t i on  were as 
fo l lows:  

Co, we% 

Fresh Activated 

4.2 4.g 
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( i i )  

( i i i )  

~_(CO)8/Zr(OPr)¢/SiO z --  Test #<J093-i0-58 

This catalyst was activated and slurr ied in the same manner 
as the previous catalyst. The reactor charge was 450-cc of a 
19.6wt% slurry containing 85.7g of activated catalyst. Elemental 
analysis of the catalyst was as follows: 

Fresh Act ivated 

Co, wt% 11.0 16.¢ 
Zr, w1:% 7.4 11.5 

Co_22(CO)B/Zr(OPr)~/SiO 2 -- Extended Test #8862-1-31 

The activation and slurry charge for this test was described 
in the October-December 1985 Quarterly Report. 

(d) Catalyst Characterization 

H 2 chemisorption experiments were conducted on a Micromeri t ic3 
Chemisorb 2800 using ca ta l ys t  samples prereduced in the lO-cc reactor .  
A f te r  t rans fe r  of  the samples to the chemisorption sample tubes, they were 
t reated with H 2 at  3000C and i atmosphere p r i o r  to data acqu is i t i on .  
~. E. T. surface areas were obtained using a micromer i t ics  Dig isorb 2500. 
Mercury in t rus ion  porosimetry was done using an Autopore 9200 and helium 
_pycnomet~y was ~one using an Autopycnometer 1320. 
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