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DEVELOPMENT OF ALTERNATIVE FUELS
FROM COAL-DERIVED SYNGAS

Quarterly Technical Progress Report
1 January - 31 March 1992

Contract Objectives

The overall objectives of this program are to investigate potential technologies for the conversion of
coal-derived synthesis gas to oxygenated fuels, hydrocarbon fuels, fuel intermediates, and octane
enhancers; and to demonstrate the most promising technologies at DOE’s LaPorte, Texas, Slurry
Phase Alternative Fuels Development Unit (AFDU). The program will initially involve a
continuation of the work performed under the Liquid Phase Methanol Program but will later draw
upon information and technologies generated in current and future DOE-funded contracts, as well as
test. commercially available catalysts.

Summary of Activity

BASF continues to have difficulties in scaling-up the new isobutanol synthesis catalyst
developed in Air Products’ laboratories. [nvestigations are proceeding, but the proposed
operation at LaPorte in April is now postponed. DOE has accepted a proposal to demonstrate
Liquid Phase Shift (LPS) chemistry at LaPorte as an alternative to isobutanol. There are two
principal reasons for carrying out this run. First, following the extensive modifications at the
site, operation on a relatively “benign” system is needed before we start on Fischer-Tropsch
technology in July. Second, use of shift catalyst in a slurry reactor will enable DOE’s program
on coal-based Fischer-Tropsch to encompass commercially available cobalt catalysts—up to
now they have been limited to iron-based catalysts which have varying degrees of shift activity.
In addition, DOE is supportive of continued fuel testing of LaPorte methanol—tests of M100 at
Detroit Diesel have been going particularly well. LPS offers the oppertunity to produce
methanol as the catalyst, in the absence of steam, is active for methanol synthesis.

Final preparations are underway for the LPS demonstration at LaPorte. The Design Verification
Review (DVR) and Operational Readiness Inspection (ORI) were completed and the run plan
issued. The NEXTGEN Data Acquisition System was commissioned, and the new analytical lab
became operational with the link between lab HP computer and the VAX/NEXTGEN
established. The process team is now on-site and catalyst slurry preparation is underway.

A meeting was held in Pittsburgh during March for the prospective Fischer-Tropsch partners.
Exxon, Statoil, and UOP attended with DOE and Air Products. Shell, whose agreement is
pending, did not attend. The criteria of a successful run were established; stable reactor operation
over a large number of days with at least 50% CO conversion; correlation between lab and



LaPorte reactor performance is important, as is some measure of column hydrodynamics.
Efficient catalyst-wax separation was not viewed as critical and a decision was made to
investigate a low alpha (C,-C,,) catalyst option with the manufacturer. This is probably a wise
move as recent filter tests showed some problems in efficient separation of catalyst particles
from the F-T wax.

The mystery deepens over BASF's inability to scale-up the cesium doped S3-86 catalyst for
isobutanol synthesis. PSG personnel successfully prepared catalysts using the exact same
precursors used by BASF. Subitle differences in preparation technique are suspected, and closer
cooperation with BASF Ludwigshafen will be needed. Meanwhile, Haldor-Topsoe’'s MK101
methanol catalyst was tried as a substrate rather than S3-86. The resulting catalyst performed
less well than the cesium promoted BASF $3-86.

Alcohol injection experiments were conducted in the #1 300 ml autoclave to study the effect of
lower alcohol recycle on the synthesis of isobutanol. A simulation of total recycle of methanol,
ethanol, and propanol showed a 60% enhancement in isobutanol production rate.

The reaction chemistry responsible for the conversion of DME to isobutanol over an oxide
catalyst appears to be unique. Presently the gas phase oxidation of DME and isobutanol to CO
and CO, are responsible for the low yields.

A literature search has pointed out several catalyst candidates for the dehydration of isobutanol
to isobutylene, although nothing seems to have been practiced commercially. Initial lab tests
with a Catapal gamma (8)-alumina dispersed in Drakeol-10 mineral oil show high conversions
(>90%) and high selectivities to isobutylene (>80 mol%). A group of metal phosphate catalysts
identified in the literature have also been evaluated in Air Products’ gas phase reactor and are

_ demonstrating similar high conversions with almost 100% selectivity to butylenes.

Future Plans

Initiate operations at the LaPorte AFDU to demonstrate Liquid Phase Shift (LPS). Commission
and debug new control and data acquisition systems, and the new analytical laboratory. Produce
20,000 gallons of crude methanol for further fuel tests over the next two years. Demonstrate
ability to tailor H,/CO within the LPS reactor for use with oxygenates or F-T catalysts, for a
variety of feed gases.

Finalize membership of the Fischer-Tropsch consortium. Implement necessary steps when the
AFDU is ready for operation in July: obtain catalyst from UCI, mineral oil for start-up,
analytical services, mechanical modifications.

Solve the scale-up issue of the cesium doped S3-86 and continue to optimize the cesium catalyst
for maximum iC ,OH yield.



«  Assess status of DME/O, coupling technology. Decide on respective level of effort for this and
for promoting secondary alcohol formation in the methanol to isobutanol reaction sequence.

RESULTS AND DISCUSSION
Task 1: Engineering and Modifications

Control Room and Lab Room Relocation and Upgrade

This project was finished during the second quarter. The five major items completed were:

1. Relocate the control room to the new shelter and convert the existing control system to a Bailey
distributed control system (DCS).

2. Physically relocate the GC lab, wet lab, and sample hot box to the new shelter.
3. Purchase, configure, and install three new GCs in the new lab.
4. Replace the old AIM data acquisition system with NEXTGEN.

5. Link the various computer systems through communication wiring.

1. Convert Control System to Bailey DCS

The signal terminations, tie-ins, and rewiring construction work was completed. Both above-ground
and underground wiring between the field, the DCS building (formerly the GC Lab Building), the
plant interface panel (located in the old control room), and the new control room are now in place.
The Miscellaneous Cabinet (which contains hard-wired safety switches and the reactor’s nuclear
density gauge controls/readout) was also installed in the new control room. The DCS operator
terminals were installed in the control room and commissioned. This commissioning work included
a complete check-out of the new and existing controls and instruments.

2. Relocate Laboratory Facilities

The construction and furnishing of the wet lab was completed. Wet lab commissioning will be
completed when required. The commissioning of the GC lab was also completed. The installation of
the cabinets, hood, and the HVAC (heating, ventilation, and air conditioning) was finished in
January. The air exhaust rates were balanced in February. In February, the drawings for the sample-
line layout were received and construction began. This was followed by the construction and arrival
of a new flow control box which was subsequently mounted and tied into the sample lines.



3. Purchase, Configure And Install New GCs

The GC laboratory setup was completed by connecting two of the new GCs, one of the older GCs,
and one liquid GC to the newly installed flow control box. These analytical devices were then
commissioned and calibrated. Each of the GCs are connected to, and driven by, an HP computer.
The reconfiguration of this computer was also completed as part of the general laboratory
commissioning work.

4. Upgrade the Data Acquisition System (DAS)

The data acquisition system (DAS) has been completely revamped. New hardware from Digital

Equipment Corporation (DEC) was purchased and delivered to Air Products’ Trexlertown campus.

While on campus, the computer was outfitted with a new DAS software named NEXTGEN. The
database definition was also completed and installed. Finally, communication software (which
allowed the HP computer to send GC data to the DEC computer) was written and debugged. Once
the initial DAS setup was completed, the HP and DEC computers and peripherals were shipped
down to the AFDU where the final setup and staging was completed.

§. Link Computer Systems

With all the computer hardware in place, the final step was to complete the communication links.
Ethernet cable was run from the GC lab to the control room for HP-to-DEC communications. The
ethernet link was also extended from the DEC computer to selected offices for DEC-to-PC
communications. The HP-to-DEC and DEC-to-PC communication protocol (using a Local Area
Network, LAN) was then installed and tested. Finally, the Bailey DCS-to-DEC link (handled via
modem communications) was connected.

6. Summary

The relocation and upgrade of the process control and data acquisition systems has been completed.

The major, on-site equipment are itemized below:



TABLE 1.1.1

Majer On.Site Equipment

Item No. Function

Bailey Muldfunction Controller | 2 Interface between field instrumentation/controls and the

Cabinet control room displays.

Bailey Operator Terminal 2 Used by operators to view and control operation of the
plant.

Bailey Printer 2 Generate hard copy of alarms and reports.

HP 5890 GC (Series II) 2 Analyze gas samples (6 samples per GC, continuous
analysis)

Carle GC 2 Analyze reactor feed gas (only one is fully functional,
the other is used as a spare)

HP Liquid GC 1 Analyze liquid products (batch). This is also fitted with
an electron capture device (ECD) for gas-phase
carbony! analysis.

HP Computer/Terminal/Storage | 1 Receives data from the various GCs, directs integration/
normalization, transfers results to DEC computer.

HP Integrator 4 Connected to each GC. Controls valve switching/timing
and prints “raw’ hard copy.

HP Printer 1 Prints normalized hard copy reports for all the GCs.

DEC Computer/Terminal/Storage| 1 Main data acquisition machine. Communicates with the
Bailey, the HP, and PCs. Displays current plant and
analytical data as well as historical data. Computer is
also used to perform data analysis and produce reports.

DEC Printer 1 Hard copy device for DEC computer.




TABLE 1.1.1 (cont’d)
Major On-Site Equipment

Item No. Function

Bailey Workstation 1 An Intel brand PC which is connected to both the
Bailey and DEC computers. When in Bailey-mode, this
machine is used to configure conwollers off-line. When
in DEC-mode, this machine is used to download data
from the DEC and, in the near future, will be able to
“emulate” a DEC terminal. When in PC-mode, this
machine is used to work-up plant data and to write
daily reports.

In addition to the analytical equipment on site, an FID (flame ionization detector) was purchased
and configured, but not installed.

Future work includes:
1. Reconfigure and stage the analytical equipment for the Fischer-Tropsch demonstration.

2. Complete the software installation to allow PCs to emulate DEC workstations. This will allow
engineers and other staff to view the “live” plant data without physically being in the control
room.

3. Write and stage computer software to allow the DEC computer to send data to the Bailey. This
feature would make it possible for the Bailey to receive molecular weight data from the DEC
and use that data to correct the displayed flow. (Currently, flow as displayed by the Bailey is
only corrected for pressure and temperature while that on the DEC is corrected for molecular
weight as well.)

All three of these items are scheduled to be completed prior to the Fischer-Tropsch demonstration.
Engineering, Design, and Modifications for the Spring Isobutanoi Demonstration

By early January, the bulk of the detailed engineering and design work was completed. Most of our
efforts were devoted to making the necessary site modifications and completing the final hazards
review.

By the end of January, the installation of new equipment items was finished and fabrication of new
field piping/insulation was 90% complete. Reactivation of existing equipment also commenced in
January. The overhaul of the 01.10/01.20 compressor was undertaken. Motors for all pumps, fans,
and agitators were set in place. Twenty of the safety relief valves were removed and sent out for
inspection and any necessary repair. In February, pressure testing and x-ray testing (where required)
were performed on the new equipment and piping.



In February, it was decided that the spring demonstration of isobutanol production would be
postponed and replaced with the demonstration of liquid-phase-shift (LPS). Nevertheless, we did
complete the final hazards review (Design Verification Review) for IBOH (see Appendix 1).

Engineering, Design, and Modifications for the Spring Liquid-Phase Shift
Demonstration

As of February, the run plan called for the demonstration of the water-gas shift reaction in the liquid
phase (LPS). The switch form IBOH to LPS was brought about by the supplier’s inability to prepare
the isobutanol catalyst which met our performance targets. The LPS demonstration requires much of
the same equipment as would have been required to carry-out isobutanol. A commercial shift
catalyst, which has been thoroughly tested in our labs previously, would be used.

All required engineering, design, and modification work was completed. Highlights are summarized
below.

1. Technology
The shift reaction is described as follows:
H,0+CO=H, +CQ,

Most state-of the art gasifiers produce a syngas with a H,:CO ratio between 0.5:1 and 1:1. In
contrast, the stoichiometry of oxygenate synthesis and Fischer-Tropsch synthesis requires H,:CO
ratios of 1:1 to 2:1. As a result, coal derived syngas cannot be completely converted to these fuels
without the use of a shift step to upgrade the hydrogen content. Therefore, shift is viewed as an
integral unit operation in the overall syngas-to-fuels process. Gas-phase shift has been commercially
practiced for years; liquid-phase shift has been previously demonstrated in the labs but, to our
knowledge, has yet to be demonstrated in a bubble column.

2. Demonstration Plan

At the AFDU, LPS will be carried-out by injecting 500 psi steam into the feed gas prior to
introduction to the reactor. The steam will react with the CO to form H, and CO, ; the reaction will
be carried-out at 250°C and 400 to 450 psig. The objective of this demonstration is to prove
feasibility. Thus, the focus will be to study different feed gas types and produce products with a
H,:CO ratio between 1:1 and 2:1 (or more). Process variables such as pressure and temperaw' e are
not to be considered here but could easily be studied in the laboratory autoclave reactors.

The shift catalyst we intend to use is made by BASF (K3-110). This catalyst is one of the
commercial “low temperature” shift catalysts and is composed of CuO, ZnO, and alumina. Since
these components are the same as those found in many methanol catalysts it is also possible to use
the catalyst to produce methanol. Methano! production at the AFDU as part of the Spring 1992
demonstration is advantageous for two reasons:
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1. It provides a means to shakedown and calibrate the DCS and DAS systems under real operating
conditions. The alternative is to shakedown without catalyst (fill the reactor and vessels with oil
and circulate syngas).

2. It provides a means of replenishing our dwindling supply of liquid phase methanol product for
engine tests. Recent tests by Detroit Diesel have been extremely successful and we are
anticipating demand for “LaPorte Methanol” to exceed our existing stock. The alternative would
be to restart the AFDU at some later date for the sole purpose of making methanol.

After consultation with PETC, a run plan was adopted wkich included the demonstration of both
LPM and LPS technologies. The run plan is reproduced in Table 1.1.

TABLE 1.1
Run Plan for Spring 1992 L.PS Demonstration
Run # Operation Duration
CATALYST ACTIVATION
AF-A2 Activation of 550# of K3-110 catalyst 2.0 days
LPM DEMONSTRATION
AF-R4 Methanol synthesis w/K3-110 6.5
Drain reactor to 275# of catalyst (oxide basis) 0.5
LPS DEMONSTRATION
AF-R5 .1 Texaco Gas, SV=10000, H,:CO=1:1 20
.2 Texaco Gas, SV=10000, H,:CO=2:1 1.0
.3 Texaco Gas, SV= 6000, H,:CO=2:1 1.0
.4 Texaco Gas, SV= 6000, H,:CO=1:1 1.0
Change-out methanol in CO, removal section 0.5
AF-R5 .5 Shell Gas, S$V=7000, H,:CO=2:1 1.0
.6 Shell Gas, SV=7000, H,:CO=1:1 1.0
.7 Shell Gas, SV=4000, H,:CO=1:1 1.0
.8  Shell Gas, SV=4000, H,:CO=2:1 1.0
Prepare for once-through operation 0.5
AF-R5 .9 H, Lean Gas, SV=6000, H,:CO=2:1 1.0
.10a POX Gas, SV=6000, H,:CO=20:1 1.0
.10b POX Gas, SV=6000, H,:CO=40:1 1.0
TOTAL 22.0




SV is space velocity expressed as sL/kg-hr. Runs R5.6, RS.7, and R5.10b are optional and will be
carried-out if the schedule can be maintained. The feed gas compositions to be used are presented
in Table 1.2.

TABLE 1.2
Feed Gas Compositions for Spring 1992 LPS Demonstration

Component: H, CO CO, N,
Shell Gas 31.0 65.0 3.0 1.0
Texaco Gas 35.0 51.0 13.0 1.0
H, Lean Gas 1.5 72.0 134 13.1
POX Gas 60.7 37.7 1.6 0.0

3. Process Development

From the viewpoint of the AFDU, operation of LPS is similar to IBOH with some exceptions. The
operation is similar in the sense that some level of CO, removal is required to allow unreacted
syngas to be recycled. However, some modifications to the plant are necessary: new tie-in of HP
steam to the process feed, installation of a throttling valve downstream of the 01.10 feed compressor

(to allow for low pressure operation of the reactor), new tie-ins to the flare, and repiping around the
10.85 pump.

Process Description (see Figure 1.1—Flowsheet)

Hydrogen, carbon monoxide, and carbon dioxide are blended and compressed, then mixed with
recycle gas to form the desired syngas composition and flow. This reactor feed is preheated (in the
21.10) then combined with high pressure steam. The mixed feed is directed to the 02.61 where it is

further heated by condensing HP steam, and then finally introduced to the bottom of the 27.10 slurry
reactor.

The syngas flows upward through the slurry (catalyst-mix plus mineral oil) where water and CO
react to form H, and H,O; some methanol may also be formed as a by-product. The heat of reaction
is absorbed by the oil and then rejected to an internal heat exchanger. The gross reactor effluent is
passed through the 27.11 cyclone to remove catalyst fines, then cooled in the 21.10 to condense
traces of slurry oil. The resultant vapor is considered to be the net reactor effluent. This stream is
subsequently chilled against cooling water (in the 21.30), and introduced to a 22.10 separator where
virtually all the unreacted water (and any methanol) are recovered as liquid.

The vapor from the 22.10 is cooled in ihe 21.38 exchanger and combined with a circulating MeOH
fluid. This combined stream is then chilled to 0°F in the 21.80 kettle evaporator. Simultaneously,
CO, is absorbed into the liquid MeOH. This stream enters the 22.14 where approximately 50% of
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the contained CO, is recovered in the liquid. The remaining CO, and syngas is rewarmed by cross
exchange in 21.38. A portion of this vapor is sent to flare and the remainder recycled to the front-
end.

The liquid from the 22.14 is let down in pressure, then warmed to ambient in the 21.45 and 21.65
hairpin exchangers. The MeOH-rich stream is then degassed in the 22.18. The off-gas, which
contains the previously absorbed CO,, is sent to flare. The liquid from the 22.18 is pumped in the
10.89 and then chilled in the 21.65 and 21.45 prior to being combined with the 22.10 vapor take-off.

A small amount of the methanol and water is carried over from the 22.10. Te maintain a constant
volume in the cold end, a bleed line is required. The bleed will empty into the 22.11. (Throughout
the run, the cold end will operate in an unsteady state as the composition in the cold end changes.
The change in composition will affect the level of CO, removal. Consequently, the liquid inventory
is periodically dumped and then recharged.)

The vapor off the 22.10 is saturated with water. This water would normally condense and potentially
freeze on the tubes of the 21.38. To keep this from happening, a small methanol flow will be drawn

from the 22.18, pumped in the 10.85 and injected into the gas steam prior to its introduction to the
21.38.

4. Engineering and Design

First, preliminary heat and material balances were developed. A revised P&ID and associated FCNs
(flowsheet change notices) were drafted, issued for review, and approved. These were used to
design/size valves, instruments and lines. Specifications were released to Design Engineering, where
the detailed specifications were drawn up and issued for purchase. The preliminary Hazards Review
was conducted which identified action items for further review. Calculations in support of the
Design Hazards Review were then completed and discussed with the review team. In March, the
final review, Design Verification Review, was completed (see Appendix 2).

5. Site Modifications

Required piping modifications and instrument installations were completed in March. At the same
time, shakedown activities continued: controller function check-out was conducted with nitrogen
and oil. Finally, syngas was introduced to the plant during the last week of March. Regular
operations will be ready to begin 1 April.

Engineering and Design for the Summer Fischer-Tropsch Demonstration

P&ID development work was completed for the Summer 1992 Fischer-Tropsch demonstration run.
New control valves as well as new safety valves were specified and approved for purchase. The
21.85 double pipe heat exchanger was also ordered. Piping design work was completed and
construction packages were released. Reactor heat load calculations were performed for various F-T
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process conditions. The calculations indicate significantly higher heat load for F-T at highest space
velocity (6000 sl/hr-kg Fe) compared to LPM. Even though the space velocities are lower for F-T,
CO conversions are much higher and heat of reaction is somewhat higher. The heat load on the
reactor heat exchanger at 6000 GHSV, 600 psig and 0.95 alpha, was calculated to be about 1.1 MM
Btu/hr compared to the maximum LaPorte capacity of about 0.9 MM Btu/hr. The fin fan on the
utility oil is the limiting equipment. As a result of the heat transfer limitations in the reactor, the
highest space velocity was decreased from 6000 to 5000 sl/hr-kg-Fe. Also, in order to obtain a
minimum of 0.14 ft/sec inlet gas velocity, the lowest space velocity was increased from 2000 to
2500 sl/hr-kg. Heat and mass balances were developed for the new conditions.

A filter test was conducted at Mott Metallurgical to check the cross-flow filter design for catalyst-
wax separation. Drakeol-10 oil was used as a slurry medium with UCI Fe catalyst for the test. The
test was conducted at about 150°F to simulate viscosity of wax at 250°F. Initial results indicated
excellent filter performance with 1 micron grade filter element at 20 wt% slurry concentration. After
four hours of operation, the filtrate flow stabilized at 0.17 ~ 0.18 gpm/ft? for next 4 hours. This was
about 35% above the design flux of 0.13 gpm/ft2. Also, no backflush was necessary throughout the
day. The slurry was maintained at 150°F overnight with the filter shut off. On the second day, the
slurry was concentrated to 25 wt%. The filter now needed a backflush every 20 minutes to maintain
the design flux. Overnight on the second day, the slurry got overheated to 250°F. On the third day,
the filter plugged right away when a test with 20 wt% slurry was attempted. Even when the filter
element was replaced with a new element, only 5 minute cycles were achieved. It appeared that the
slurry properties had changed. Particle size measurements indicated reduction in particle size from a
median (by particle number) of 12 microns to 6 microns in 16 hours of operation. Mott did not
believe that particle size was the cause since they have had better performance with finer catalysts in
the past. Also, the step changes in performance after overnight shutdowns at temperature indicated
possible change in the chemical nature of the slurry. One possibility was that water came off the
catalyst and leached potassium oxide from the catalyst forming potassium hydroxide. Hydroxides
are known to inhibit filter performance because they make the particles slippery and allow finer
particles to penetrate the filter, thus plugging up the filter. Several analytical tests were conducted to
investigate the cause of filter plugging problems. Fresh, intermediate, and spent slurry samples were
analyzed. Titrations of the oil samples indicated no alkalinity (hydroxides) or acidity in any of the
samples. Atomic adsorption of the oil samples did not detect the presence of any metals (Fe, Cu, K
or Si). The brown tint in the spent oil was attributable to very fine Fe particles. These particles
would not settle or centrifuge and were only removed by filtration using a fine membrane. Infrared
analysis of the oil samples did not show any evidence of breakdown or oxidation of the oil. XRD on
the catalyst samples indicated that crystallite of Fe,O, represented only 7.7 t0 9.6% of the defraction
pattern with no difference in crystallite size between samples. So, it appears that there was no
change in the chemical nature of the slurry. Perhaps the physical grinding of the catalyst at high
concentrations through the 1/4" test filter element was the cause of the plugging problems.

As aresult of filter plugging problems, the catalyst-wax separation design was changed. It was

decided to attempt some settling prior to filtration. This would reduce concentration of the slurry
going to the filter. The connections to the slurry holding vessel (27.13) were changed such that the

12



connections to and from the reactor will be at the bottom while the connections to and from the filter
will be near the liquid level (3 ft). The settling is expected to be substantial at the base condition;
however, it will only be partial at the high production condition.

CAER, Kentucky completed activity tests with the UCI catalyst to compare Drakeol-10 with
Ethylflow-164 as a starting slurry medium. Both the tests showed poor catalyst activities (see
Figures 1.2 and 1.3). This is in contrast to acceptable and comparable activities observed at both
UOP and Texas A&M. It appears that the catalyst samples at CAER went through a slow activation
and were never fully activated. CAER also had filter plugging problems in both the tests. Even
though attempts were made at CAER to duplicate UOP activation procedures, two differences
emerged as a result of detailed discussions with both the parties. UOP switches from N, to syngas at
280°C while CAER heated up the slurry from 25°C to 280°C in 2.2 hours under syngas tlow. Also,
the CAER stirring rate appears to be low—750 rpm compared to 1100 - 1200 rpm typically used by
UOP and Air Products in the autoclaves. CAER plans to conduct another test.

Following completion of a partnership agreement between Air Products and Exxon, we visited
Exxon on 25 February to discuss plans for the F-T run. Exxon has abandoned catalyst systems with
Si0,. They have observed catalyst instability when the catalyst was supported on Si0,. Also, they
find these catalysts hard to activate reproducibly. Instead, they are prefer unsupported catalysts with
Fe, Cu and K. Exxon is concentrating on low alpha operations (about 0.75), producing low
molecular weight HC liquids. This reduces wax cracking and catalyst-wax separation requirements.

A meeting was held on 19 — 20 March in Pittsburgh with DOE and industrial partners to discuss
catalyst selection, run plan and analytical assistance. Our partners to date include Exxon, UOP and
Statoil; an agreement with Shell is pending. At the partners’ meeting, it was decided to pursue a
lower alpha catalyst, which would minimize heavy wax (C%") production and increase lower
molecular weight hydrocarbon liquid products (C, - C, ). It was generally felt that, in view of
filtering difficulties experienced by Air Products at Mott and by Rentech in Colorado, it was worth
minimizing the load on the catalyst-wax separation system and focusing on reactor performance,
which is the main goal of this first run. After the meeting, follow-up discussions were held by Air
Products and Exxon with UCI regarding the catalyst preparation. UCI has agreed to prepare two
different low alpha catalysts on a small scale by end of April. One batch will made with about 1%
K,0 and 1.6% SiO,, starting with potassium silicate. This requires a minimum change from the
current method of producing high alpha catalyst which also uses potassium silicate as startng
material (5.9% K,O and 9.7% SiO,). The K, O to SiO, ratio will remain the same. The second batch

- will involve adding extra SiO, from another source making up to 5% SiO,. The second batch will be

a back-up catalyst, in case the first batch has less than acceptable physical properties due to lower
silica content. Both the samples will be tested by UCI for physical properties such as attrition
resistance. UOP will then activity-test the catalyst selected from the two in early May. By mid-May,
a decision will be made on whether to proceed with a high or a low alpha catalyst. UCI has blocked
out pilot plant time to prepare 2000 lbs of the selected catalyst between mid-May and mid-June.
Thus, the catalyst will be prepared in time for the July run as scheduled.
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During the meeting, Exxon offered the use of their process wax as a starting slurry medium to
eliminate the time needed to displace Drakeol-10 with product wax. Follow-up discussions were
held between Air Products and Exxon regarding the supply of the starting wax. For Exxon to supply
process wax, they would need to restrict access to their wax and would require those with access to
sign a non-disclosure agreement. However, since starting wax will end up with the product wax, it
will be very difficult to limit the access to the starting wax. Also, with the run coming up in about
three months, there is not enough time to get legal agreements in place. Exxon offered Isopar, which
is a C,-C,, saturated isoparaffin liquid. Hcwever, in the absence of available wax, it was decided to
use Drakeol- 10, since it has been extensively and successfully used at LaPorte for LPM and
LPDME. Drakeol-10 is a C, -C,, saturated hydrocarbon liquid which includes straight chain and
branched paraffins as well as naphthenic compounds. The catalyst performance would be
independent of starting medium so long as it does not contain any contaminants. Drakeol- 10 will be
used by UOP in future tests after a catalyst decision has been made.

The run plan proposed at the meeting (see Table 1.1) was accepted by the partners. About 780 lbs of
catalyst and 210 gallons of Drakeol-10 will be loaded in the reactor to make about 35 wt% slurry.
The catalyst will be activated using 0.7 H,/CO syngas at 2000 sl/hr-kg Fe, 150 psig, and 280°C for
about 12 - 16 hours. About 1% N, will be added to the syngas as an internal standard. The inlet gas
velocity of about 0.23 ft/sec will be sufficient for adequate mixing. Expanded slurry height of 20 ft,
which is maximum, will be maintained throughout the run. The decline in CO, and rise in CH,
content of the product gas will be monitored; when they level off the operating conditions will be
changed to run conditions. The baseline run (Run No. 1) will be conducted with 0.7 H/CO syngas
(1% N,) at 2500 sl/hr-kg Fe, 200 psig, and 265°C. It is estimated that the reactor will contain about
490-500 1bs of catalyst during the run; the remaining catalyst will be in the slurry holding tank and
the cross-flow filter system. The slurry concentration in the reactor will be about 26 wt%. The inlet
gas velocity will be about 0.14 ft/sec, which is the minimum velocity required for adequate mixing.
The run at these conditions will be continued for ten days to check for stabilization of the catalyst
performance. These conditions will be repeated for four days at the end of the run to check for any
catalyst deactivation. Two other conditions will be studied for three days each during the run. The
space velocity will be doubled to 5000 sl/hr-kg Fe at 200 psig and 265°C to study the effect of space
velocity (Run No. 2). The inlet gas velocity will be about 0.27 ft/sec. The reactor pressure will then
be doubled to 400 psig at 5000 sl/hr-kg Fe and 265°C to study the effect of reactor pressure (Run
No. 3). The inlet gas velocity will be back to about 0.14 ft/sec.

Discussions were held with DOE at the meeting for analytical assistance. It was decided that Air
Products will ship HC liquid and solid wax samples to DOE’s Pittsburgh Energy Technology Center
(PETC) daily during the run for analysis. PETC is already set up for these analyses and has
promised a 1 — 2 day turn-around time. Gas analysis will be conducted on-line at LaPorte using
PETC’s analytical methods. Two GCs will be set up to analyze up to C, in the gaseous product.

16
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Task 3: Research Program

Task 3.1: New Fuels From Syngas

a. Isobutanol/Higher Alcohols:

Process Variable Scans on Cs-Cu/ZnO/Al,03 (BASF §3-86)

Model Predictions;
Process variable studies were done (last Quarterly Report) on Cs-promoted Cu/ZnO/ALQ, (1.1 wt%
Cs) to quantify the effect of various process variables on the performance of the catalyst. The
influence of four variables was investigated: 1) temperature, 2) pressure, 3) gas-hourly-space-
velocity (GHSV), and 4) the feed CO, concentration in a Shell gas matrix. A Box-Behnken
statistical experimental design, with three levels of each of the above four variables, was used; a
total of 30 experimental observations at 25 different conditions. The levels used for cach variable
were: temperature (285, 300, and 315°C), pressure (500, 750, and 1,000 psig), GHSV (2,000, 5,000,
and 8,000 std. lit./kg-hr), and feed CO, concentration (0, 1.5, and 3.0 mol%). Response wvariables,
such as rates and selectivities for the mdmdual products, were regressed and fit to 2"-order
equations. The experimental results and discussion of the goodness of fit were presented in the last
quarterly report (October-December 1991). More detailed model results are presented here.

Regression parameters were determined for a total of 25 key response variables. These parameters
were used in the 2*-order equation to predict the response variable as a function of the four
independent variables. As an indication of the quality of fit, parity plots for the methanol rate,
isobutanol rate, £C,-C, alcohols rate are shown in Figure 3.1.1. Figure 3.1.1 shows, for each
measured rate, a comspondmg predicted rate as obtained by the 2*-order model. The 2“-order fit is
quite good for these three products. The average absolute prediction error per observation is 3.4%,
6.3%, and 5.3 % for methanol, isobutanol, and £C,-C, alcohols, respectively. The equation for
methanol rate required 10 parameters, while the isobutanol and ZC,-C, alcohols rate equations
required 11 and 12 parameters, respectively.

Previously obtained data, which were not part of the Box-Behnken experimental matrix, on the
effect of GHSV at 300°C and 850 psig using Shell gas with 3% CO, is compared to model
predictions in Figure 3.1.2. As shown, the model does an excellent job of predicting the individual
product rates, as well as the ZC,-C, alcohols rate. Noteworthy is the fact that the 9,000 GHSV
condition is slightly outside the range of GHSV used to generate the models, but the fit is still quite
good. However, extreme caution should be taken in extrapolating the data to any combination of
reaction conditions which is outside the range. The models developed are purely empirical and have
no basis in physical or chemical phenomena.

Model predictions of the major product rates and selectivities as a function of temperature, pressure,
GHSYV, and feed CO, concentration were generated. These rate and selectivity correlations are
presented as funcnons of GHSV at three levels of another variable (temperature, pressure, or feed
CO, concentration) while holding the remaining two variables constant. These model predictions are
shown in Figures 3.1.3-3.1.8.

18



(1y—-06%/6) ajoy paisnsoap

0Z1001 08 09 O¥ OC O

\E RASE SALS RALE RAAS RAD/

~ ©

TS U W e

¥
ol

1
e )

4
ATE PUTE FUUE FUTS FTTS FUW

sjoyoay ¥9-%93

0 O
P
Qa
0z &
g
oy ©
2
09 2
o
08 o
>
004 @
0zZ1 3
S310Yy
o

6ds-s0dsad

(4y—-6%/6) 30y painsoan
00G 00¥ 00€ 00C 00L O

(41y-6%/6) ayoy pasnsoapn
oy 0¢ 0Z Ot 0

ey O W R Aed Aaads naaasaasy W'
- mﬂ ” ]
] il - . 4 oot
- 101 o L ]
! ¥4° ] a ” 3
3 &Pro 4 20 o ] 002
I 1 o L p
- 10 3 : ]
] —~ - 1 00z
V ] o g ]
£ 0% = - 4 ooy
“ { 1 .AA
AP W TS S T =4 AU TN VU PUIR TUTR 7,7
S~
jouninqos) |OUDYIaN

}onpoid 10} syold Ayuod
T RANDM
® ] L ® ®

(y-6x/b) 910y paIdPIId

19



FIGURE 3.1.2
Measured vs Predicted Rates

Cs-Cu/Zn0/Al 0y
Shell Cas, 300°C, 850 psig

Lines aore model prediction
Symbols denote meaosured data

400

~ [ ]
£ 300} .
| [ )
o A ]
x =3 -
N 200 F ~
o ! )
e’ 9 <
) [ )
o 100 F -

s 4 [
.f——’“.fs::::—:;;::u
° N N " 4 i N N N " 1

0 5000 10000
GHSV (std.lit./kg-—hr)
30 ——— ‘
— 25 E'_ ® '-‘UO" .é
L S p
T 20k con 9 1
- ‘ n -
o ] v 1
X b ]
o 'S¢t 1-ProM
V > L
o 10F ]
> b 4
o s ]
(4 5 b J
o N N N JU | N N N N h
0 5000 10000

GHSV (std.lit./kg—hr)

pveprel.spg

20



The effect of temperature on product rate and selectivity for Shell gas with 3% CO, at 750 psig, is
shown in Figures 3.1.3 and 3.1.4. The rates of synthesis of methanol, ethanol, and 1-propanol
decrease monotonically with increasing temperature, while the isobutanol rate increases
monotonically. The influence of temperature on the ZC,-C, alcohols rate is affected by the particular
GHSYV, as shown in Figure 3.1.3. Increasing temperature also increases the rate of synthesis of C,-C,
hydrocarbons. The effect of GHSV on isobutanol rate at the various temperatures is interesting. At
285°C, the isobutanol rate goes through a maximum with increasing GHSV, while, at 315°C, the
rate increases continuously with GHSV. Another interesting observation is that the C,-C,
hydrocarbons rate decreases monotonically with GHSV at 285°C and 300°C, but is barely
influenced by GHSV at 315°C. The selectivity results in Figure 3.1.4 clearly show that methanol
selectivity decreases with increasing temperature, while the isobutanol, ZC,-C, hydrocarbons, and
ZC,-C, alcohols rates all increase with temperature. Also shown is the fact that the selectivity to
IC,-C, hydrocarbons decreases dramatically with increasing GHSV, at each temperature.

Figures 3.1.5 and 3.1.6 show the effect of pressure on product rate and selectivity for Shell gas with
3% CO, and a reaction temperature of 300°C. Figure 3.1.5 shows that a substantial increase in the
rate of synthesis of all products with increasing pressure is quite evident. As shown in Figure 3.1.6,
the selectivity to methanol and isobutanol is not a strong function of pressure. However, selectivities
to ethanol and 1-propanol increase with increasing pressure, while selectivity to ZC,-C,
hydrocarbons decreases with increasing pressure. Pressure has little effect on the selectivity to total
higher alcohols (XC,-C, alcohols).

The effect of feed CO, concentration on product rate and selectivity for Shell gas at 750 psig and
300°C, is shown in Figures 3.1.7 and 3.1.8, respectively. Methanol rate is not affected by varying
CO, concentration, while the rate of synthesis of all other products increases with decreasing feed
CO, concentration. Figure 3.1.8 shows that selectivities to higher alcohols increase with decreasing
feed CO, level.

Another response variable correlated was the reactor exit H,O concentration. This quantity is
important because it determines how much H,O may be present in the product alcohols, and also
may influence catalyst life by determining the rate of hydrothermal sintering. The catalyst, in
particular the copper phase, is expected to sinter faster in the presence of high partial pressure of
H,0. The reactor exit H,O concentration was experimentally determined using the on-line Kar-
Fischer ttrator. Figure 3.1.9 shows the effect of pressure, temperature, and feed CO, concentration
on the reactor exit H,0 concentration. The results indicate that exit H,O concentration increases
dramatically with decreasing GHSV. This correlation suggests that the use of low GHSV may be
disadvantageous from the standpoint of product quality and catalyst life.
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Ontimization:
Within the ranges of process variables explored, certain of the important response variables were
optimized. For these optimizations, temperature, pressure, GHSV, and feed CO, concentration were
constrained to be within the ranges for the Box-Behnken experiments (285-315°C, 500-1000 psig,
2000-8000 std. lit./kg-hr, and 0-3 mol% CO,). Conditions were determined where each variable
(isobutanol rate, isobutanol selectivity, ZC,-C, alcohols rate, ZC,-C, alcohols selectivity, and ZC -C,
alcohols rate) was maximized. Table 3.1.1 shows the results for these determinations.

As shown in Table 3.1.1, isobutanol rate and ZC,-C; alcohols rate are maximized at the maximum
temperature, pressure, and GHSV, and the minimum feed CO, content. Selectivity to isobutanol is
maximized at maximum temperature and pressure, but minimum GHSV and CO, content. Low
GHSYV favors high selectivity to isobutanol, while high GHSV favors high productivity.
Interestingly, the maximum selectivity to £C,-C, alcohols occurs at an intermediate temperature and
the lowest pressure, GHSV, and CO, content. Finally, the ZC,-C, alcohols rate (total alcohol
productivity) is maximized at the lowest temperature (largely because that is where methanol rate is
maximized) and feed CO, content and the highest GHSV and pressure.

TABLE 3.1.1
Optimum Conditions* for Selected Response Variables
Optimum Conditions in Range
GHSV | Feed

Response Maximized | Temp. Press. (sud. lit,/ | CO,

Variable Result °O) (psig) kg-hr) (mol%)
Isobutanol Rate (g/kg-hr) 45.1 315 1000 8000 0
[sobutanol Selectivity (wt%) 16.6 315 1000 2000 0
ZC,-C, Alcohols Rate (g/kg-hr) 136.5 315 1000 8000 0
ZC,-C, Alcohols Sensitivity (wt%)  33.21 310 500 2000 0
2C,-C, Alcohols Rate (g/kg-hr) 628.0 285 1000 8000 0

*Allowed ranges of process variables correspond to their ranges in the Box-Behnken
experimental design:
Temp. (285-315°C), Press. (500-1000 psig), GHSV (2000-8000 std. lit./kg-hr)
Feed CO, (0-3 mol%)

Optimization of the same response variables was done for Shell gas of 3 mol% CO, (i.e., Shell gas
without CO, removal) to obtain more information on the relative importance of CO, removal. The
results are shown in Table 3.1.2. In agreement with the results obtained when CO, content was
allowed to vary (see Table 3.1.1), the isobutanol and ZC,-C, alcohols rates are maximized at the
maximum temperature, pressure, and GHSV. Also, the isobutanol selectivity is maximized at the
highest temperature and pressure but lowest GHSV, in agreement with the results in Table 3.1.1.
Finally, also in agreement with Table 3.1.1, the ZC -C, alcohols rate is maximized at the lowest
temperature but highest pressure and GHSV. The results in Tables 3.1.1 and 3.1.2 suggest that, to
maximize isobutanol rate and selectivity, high temperature and pressure is essential.
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TABLE 3.1.2
Optimum Conditions* for Selected Response Variables
for Shell Gas with 3 mol% CO,

GHSV
Response aximized Temp. Press. (std. lit./
Variable Result (°C) (psig) _ kg-hr)
Isobutanol Rate (g/kg-hr) 397 315 1000 8000
Isobutanol Selectivity (wt%) 15.8 315 1000 2000
2C,-C, Alcohols Rate (g/kg-hr) 111.7 315 1000 8000
£C,-C, Alcohols Sensitivity (wt%)| 29.7 315 1000 2000
ZC,-C, Alcohols Rate (g/kg-hr) 605.7 285 1000 8000

*Allowed ranges of process variables correspond to their ranges in the Box-Behnken design:
Temp. (285-315°C), Press. (500-1000 psig), GHSV (2000-8000 std. lit./kg-hr)

At the end of the process variable experiments, the reactor was run at aggressive conditions to obtain
high rate and selectivity to isobutanol, using the results of the process variable scans as a guide. It
should be noted that these results were obtained on a catalyst sample which had been in use during
the process variable experiments for almost 200 hours on stream. The maximum temperature and
pressure were set by practical considerations, i.e., the maximum achievable by the unit. The feed gas
used was Shell gas with 3 mol% CO,, that is, no CO, removal. The pressure was 1400 psig and the
temperature was 315°C; space velocities of 2000 and 8000 std. livkg-hr were used. The results
obtained are shown in Table 3.1.3. These experiments produced the highest rate of isobutanol
synthesis (49.4 g/kg-hr at 8000 GHSV) ever recorded in our labs.

TABLE 3.1.3
Measured Performance of Catalyst at 315°C and 1400 psig
Feed: Shell gas with 3 mol% CO,

Rate (g/kg-hr) Selectivity (wt%)
ZC,-C, ZCZ-C6
GHSV Methanol Isobutanol alcohols Methanol Isobutanol alcohols
2000 71.5 19.5 37.7 58.1 14.6 28.3
8000 420 49.4 140 70.1 8.2 23.3
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Scale-up of Cs-CwZnO/AlQ, for LaPorte Isobutanol Run:

Work continued on scaling up the preparation of Cs-promoted Cu/ZnO/ALQ, for the LaPorte AFDU
isobutanol run. In the last quarterly report (October-December 1991), results were presented for
some advance samples of Cs-promoted Cu/ZnO/ALOQ, received from the catalyst vendor. These
samples ranged in Cs loading from 1.1 to 1.4 wt%, loadings in the optimum range as determined in
sample preparations done at Air Products. Recall that none of these samples had an acceptable
performance level, in terms of productivity for higher alcohols or isobutanol, and there was no clear
trend with cesium loading in the data. The vendor prepared these samples using a cesium precursor
consisting of cesium hydroxide plus formic acid at pH=7.0, instead of “straight” cesium formate,
which was the precursor used in preparations at Air Products and has a different pH. Since the pH of
the impregnating solution used in the preparation of the catalyst may have a profound effect on the
final catalyst performance, the low performance of these samples may be due to the pH or precursor
used.

Additional samples, now prepared using cesium formate as the cesium precursor, were received
from the vendor and tested in our microclaves. Results for testing of these samples are presented in
Table 3.1.4. Additionally, shown in Table 3.1.5 are results for samples prepared at Air Products.

Before discussing the results presented in Tables 3.1.4 and 3.1.5, some explanation regarding the
notation used in the tables is in order. Cesium precursor denotes the cesium compound used to
promote the Cu/ZnO/Al,O, substrate. “Formate (1) denotes Alfa Products cesium formate, which
was used in preparation of most of the samples at Air Products. “Formate (2)" is the cesium formate
used by the vendor to prepare samples; this cesium formate was chemically the same as that used by
Air Products, but from a different supplier. “Hydroxide” denotes cesium hydroxide, which was used
to prepare some samples at Air Products. In addition, three different Cu/ZnO/ALO, substrates are
indicated in Tables 3.1.4 and 3.1.5. All three are the same methanol synthesis catalyst, but different
production lots. Two cesium deposition methods are also indicated in the tables: incipient wetness
impregnation (abbr. “incip. wetness”) and a spray deposition technique (abbr. “spray™). In the
incipient wetness procedure, an aqueous solution of the cesium precursor was added dropwise to the
CwZnO/AlLO, powder substrate with manual stirring until the point of incipient wetness (paste
formation) was reached. The spray technique, which is more conducive to scale-up, was the only
technique used by the vendor to prepare samples, and was also used at Air Products. This technique
involves spraying the cesium precursor solution onto the Cu/ZnO/ALO, powder substrate which is
being mechanically mixed by tumbling in a vessel. A quantity of more concentrated solution equal
to approximately ' of that required in the incipient wetness technique, is employed to ensure that the
powder remains free flowing and non-clumping. Finally, two methods of drying were employed.
The method designated “impregnator”, where drying of the powder was done by heating the same
tumbling vessel that was used for the spray deposition technique, was used only by the vendor. For
the drying method labeled “‘oven”, the wetted powder, after deposition of the cesium precursor
solution, was transferred to dishes and dried in a standard laboratory convection oven. After either
method of drying, all samples, whether prepared by the vendor or Air Products, were calcined in a
laboratory convection furnace.
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The Cs-Cw/ZnO/ALQ, samples prepared by the vendor range in Cs loading from 0.8 wt% to

1.5 wt% (see Table 3.1.4). These samples were prepared using the two different drying methods: in
an impregnator and in an oven. The first issue worth noting about the performance results in Table
3.1.4 is the large degree of inconsistency in the results, particularly in the isobutanol and £C,-C,
alcohols rates. For example, the isobutanol rate ranges from 7.2 to 21.8 g/kg-hr for these Cs-Cu/
ZnO/ALQ, samples. A second issue is that the performance of all of these samples is significantly
below that which was expected based on results of samples prepared at Air Products. Based on
results obtained with Air Products-prepared samples, an isobutanol rate of at least 25 g/kg-hr and a
ZC,-C, alcohols rate of at least 70 g/kg-hr at the indicated “standard” reaction conditions are
considered to be the performance criteria.

Samples prepared at Air Products were produced using all three lots of Cu/ZnO/ALQ, catalyst
substrate and three different cesium precursors. A large portion of the samples shown in Table 3.1.5
were prepared in an attempt to identify why the vendor-prepared samples had low and inconsistent
performance. The results in Table 3.1.5 are presented in three groups, each group corresponding to a
different Cu/ZnO/A1,O, substrate production lot. The early results obtained at Air Products, which
prompted interest in this particular catalyst for isobutanol and mixed alcohols synthesis, were
obtained on samples prepared using Cu/ZnO/AlO, substrate of lot# 8518672, designated (a) in
Table 3.1.5. As can be seen, consistent results were obtained, which established the aforementioned
performance criteria for this catalyst. In addition, it is noteworthy that a sample prepared using
cesium hydroxide precursor (#12648-19) showed similar performance to those prepared using
formate. Also, a sample prepared (#12648-30) using the same cesium formate that the vendor used
showed high performance consistent with the other lab samples. This result strongly suggests that
the cesium precursor (i.e., supplier) is not responsible for the low performance results obtained for
the vendor-prepared samples.

Table 3.1.5 also shows results obtained for samples prepared at Air Products using Cu/ZnO/AL O,
substrate from production lot# 5535072. These samples were prepared at 1.1 wt% Cs using the two
different cesium deposition techniques with formate or hydroxide as the cesium precursor. As shown
in Table 3.1.5, the performance results are consistent, but the level of performance is below that
which was expected based on the samples prepared using Cu/ZnO/ALO, substrate designated (a).
These results indicate that the particular lot of Cuw/ZnO/ALO, substrate used has an impact on the
final result. One possible reason is that the surface properties, perhaps the surface acidity, of the
Cuw/ZnO/ALQ, substrate may differ from lot to lot, raising the possibility that the optimum cesium
loading may be different depending on the particular lot. Surface acidity can vary with variation of
the ALO, content of the substrate. Indeed, examination of the product distribution for the samples
prepared using Cu/ZnO/ALQ, substrate (b) indicates that the cesium loading is too low for these
samples.

The results described above for samples prepared using Cu/ZnO/ALQ, substrate (b) indicate that a
possible reason why the vendor prepared samples had low performance was because of differences
in the Cu/ZnO/ALQ, substrate used. However, the results shown in Table 3.1.5 for samples prepared
at Air Products using substrate (c), the same substrate used by the vendor, indicate that the
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Cu/ZnO/AL 0, substrate is not the culprit. The four samples prepared at Air Products using substrate
(c) showed consistently high performance, very much in line with the results for samples prepared at
Air Products using substrate (a). Note that the 0.6 wt% Cs sample exhibits slightly lower
performance, but has a cesium loading outside the optimum range (considered to be 1-1.5 wt% Cs).

The collective results in Tables 3.1.4 and 3.1.5 do not give a clear indication as to why samples
prepared by the vendor gave inconsistent and lower than acceptable performance. At this point it
appears that the reason lies in some subtle difference in preparation technique, an issue that can most
likely be resolved by direct interaction with the catalyst vendor’s technical staff. This will take place
carly in the next quarter. Thus, scale-up of the preparation of this catalyst was not ready in time to
proceed with the scheduled isobutanol AFDU run in April 1992. The isobutanol run will be
rescheduled for a later date.

Lower Alcohols Recycle on Cs-Promoted Cu/ZnO/AL O, Catalyst:

Recycle of C,-C, product alcohols during isobutanol synthesis on Cs-promoted Cu/ZnO/ALO; was
experimentally investigated by injecting alcohols into the autoclave reactor syngas feed. The
addition of methanol alone, a mixture of methanol, ethanol and 1-propanol, and a mixture of ethanol
and 1-propanol was done and the product rates were compared to the case of syngas only feed. All
experiments were done using Shell syngas at 300°C, 850 psig, and 5000 GHSV.

The 300 cc #1 autoclave reactor system was used for this investigation. Since this system is not
equipped with downstream separation equipment or recycle equipment, recycle of alcohols was
simulated by addition of alcohols to the feed syngas. Alcohol addition was done by feeding pure
liquid alcohol, or a mixture of alcohols, by a high pressure syringe pump to a heated feed vaporizer.
In the feed vaporizer the liquid alcohol stream was vaporized into the feed syngas stream. Some
attempts were made to simulate total recycle of particular aicohol products. Determination of the
pump rate and composition of the liquid stream is obviously an iterative process, since, for the total
recycle situation, the rate of addition must equal the rate of production of that alcohol or alcohols at
the reactor exit. The match is fairly close for some of the experiments reported here.

The catalyst used was 1.25 wt% Cs on Cu/ZnO/ALO, prepared by the incipient wetness technique.
The sample was reduced in situ using dilute syngas in N,. The reaction conditions used were: Shell
syngas feed, 300°C, 850 psig, and a GHSV (based on syngas) of 5000 std. litvkg-hr. The reactor was
run at the above conditions throughout the experiments. Periodically, the product rates were
determined for the case of no alcohol addition to gather information on catalyst stability and also to
provide a basis for comparison for runs involving alcohol addition.

Figure 3.1.10 shows the major product rates as a function of on-stream time for the periodic runs for
no alcohol addition. The catalyst deactivated at a slightly higher rate than that observed for samples
run in the microclave reactors. A couple of possible reasons are that alcohol addition may increase
the deactivation rate or that the new vaporizer used was not fully passivated for carbonyl production
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during the runs. In a previous attempt at an experiment, the catalyst sample deactivated extremely
rapidly upon heat-up of the feed vaporizer, indicating that it was not passivated. After this previous
run, an attempt was made to passivate the vaporizer by heating in flowing syngas for several hours.
Whether the vaporizer was sufficiently passivated is not known at this time. In any case, the
deactivation rate was low enough to render the results useful.

The other point to make regarding Figure 3.1.10 is that the alcohols rates observed are higher than
those observed in the microclave reactors. For example, after 20 hours on stream, the isobutanol rate
observed in this study was 30 g/kg-hr, compared to 26 g/kg-hr measure in the microclave. This is
probably a result of the mixing or gas-liquid contacting deficiency which is characteristic of the
microclaves, a deficiency observed in the past.

Methanol addition to the feed was investigated. The results for this experiment, along with a run
done without methanol addition (for comparison), are shown in Table 3.1.6. The rate of methanol
addition for this experiment was less than that corresponding to total methanol recycle, actually
corresponding to the production rate without methancl addition. As can be seen, the addition of
methanol substantially increased the rate of production of ethanol and 1-propanol, while resulting in
only a modest increase in isobutanol rate. The ethanol plus 1-propanol rate increased by 38% upon
methanol addition, but the isobutanol rate increased by only 10%. The rate of production of all
C,-C, alcohols increased by 22% upon methanol addition.

TABLE 3.1.6
Addition of Methanol to Feed
Reaction Conditions: Shell gas, 300°C, 850 psig, 5000 GHSV

Rate (g/kg-hr
Time on LC,-C,
Steam (hr)|MeOH | EtOH 1-PrOH i-BuOH alcohols
No alcohol addition 44 233 12.6 14.2 28.9 74
Alcohol addition 47 324 17.7 19.2 31.7 90
(Alcohol addition rate) 233 0 0 - 0

If the synthesis of higher alcohols occurs by a sequential homologation mechanism, as the literature
suggests, then the fact that methanol addition has the largest impact on the ethanol rate is quite
reasonable. Perhaps greater incorporation of methanol into products higher than ethanol would occur
at lower GHSV (higher reactor residence time).

Table 3.1.7 shows results for the addition of a mixture of methanol, ethanol, and 1-propanol; an
attempt to simulate total recycle of these three products. A fairly good match between the methanol,
ethanol, and 1-propanol production rates and the rates of addition of these products was obtained,
indicating a situation quite close to total recycle of these products. Addition of the mixture of these
alcohols results in a much larger increase in isobutanol rate than that for methanol addition alone.
The isobutanol rate increases by 60% upon addition of this alcohol mixture to the feed. The C,,
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liquid product obtained in this simulated total recycle of C,-C, alcohols would contain an estimated
56 wt% isobutanol, with the balance of the liquid products being esters and C,, alcohols.

TABLE 3.1.7
Addition of Mixture of Methanol, Ethanol, and 1-Propanol to Feed
Reaction Conditions: Shell gas, 300°C, 850 psig, 5000 GHSV

Rate (g/kg-hr)
Time on £C,-C,
Stream (hr)l MeOH | EtOH 1-PrOH i-BuOH alcohols
No alcohol addition 118 243 12.4 13.7 26.1 70
Alcohol addition 122 359 25.8 33.2 41.7 122
(Alcohol addition rate) 332 27.3 30.5 -- 57.8

The addition of a mixture of ethanol and 1-propanol, to simulate recycle of these products without
methanol, was also investigated. The results of this experiment are shown in Table 3.1.8. For this
experiment also, the rates of addition of ethanol and 1-propanol are quite close to the rates of
production, indicating that this condition closely simulates total recycle of these products. The
isobutanol rate increased from 24.1, for syngas alone, to 34.1 upon addition of ethanol and
1-propanol, a 41% increase in rate. This is significantly lower than the 60% increase observed for
the case of addition of methanol, ethanol, and 1-propanol (see Table 3.1.7). The reason why the
isobutanol rate is higher for the case when methanol is also recycled is probably primarily that
methanol recycle increases the ethanol and 1-propanol available for recycle. Recall that the results in
Table 3.1.6, for the recycle of methanol alone, indicate that methanol addition substantially
increases the ethanol and 1-propanol rates.

TABLE 3.1.8
Addition of Mixture of Ethanol and 1-Propanol to Feed
Reaction Conditions: Shell gas, 300°C, 850 psig, 5000 GHSV

Rate (g/kg-hr)
Time on IC,-C,
Stream (hr)| MeOH | EtOH 1-PrOH i-BuOH alcohols
No alcohol addition 165 241 12.4 134 24.1 66
Alcohol addition 169 239 17.0 22.7 34.1 92
(Alcohol addition rate) 0 18.6 20.6 - 39.2

The results in the last column of Table 3.1.8 indicate that all of the added ethanol and 1-propanol
was not incorporated into only C,-C, alcohols. Specifically, the sum of the alcohol addition rate plus
the rate of production of C,-C, alcohols for syngas feed is larger than the production rate of C,-C,
alcohols during alcohol addmon A small portion of the added alcohols is incorporated into other
products: alcohols greater than C, and hydrocarbons. The results in Table 3.1.8 indicate that recycle
of ethanol and 1-propanol is a technically viable means of increasing isobutanol productivity.
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Literature Search on the Dehydration of 2-Methyl-1-Alkanols:

We completed the literature search on the dehydration of 2-methyl-1-alkanols, in particular
isobutanol, to their corresponding olefins. A report was issued on 24 March and it is attached as
Appendix 3.

From the literature search, several catalysts were identified for lab screening evaluations. These
catalysts include gamma aluminas, calcium phosphate (hydroxyapatite) and zirconium sulfate.
Alumina is the most widely used dehydration catalyst that has been implemented into at least two
pilot plant evaluations for the dehydration of isoamy] alcohol.

The bulk of the work in the literature has been carried out in packed-bed reactors under reaction
conditions of 300-400°C and atmospheric pressure. A limited amount of literature describes a
process for the dehydration of tert-butyl alcohol using a slurry reactor.

Liquid Phase Water-Gas Shift Lab Experiments:

In support of the AFDU demonstration of the liquid phase shift process, two experiments were
performed in the lab using a 300 cc stirred autoclave. The first experiment (Run #11782-58) used
ground-up (-200 mesh) BASF K3-110 low temperature shift catalyst and the second experiment
used the “LaPorte catalyst”. The second experiment (Run #11782-63) was actually a “quality
control” test of the LaPorte catalyst batch, a powder K3-110 catalyst.

Dilute syngas was used to activate the catalyst in both experiments. The activation procedure was
identical to that for a methanol catalyst as described in the finial report of a prior DOE contract,
Contract # DE-AC22-87PC90005. Figure 3.1.11 shows typical cumulative changes of H,, CO, H,0,
and CO, over the period of the catalyst activation. The total consumption of H, and CO was around
1.6 scf/lb-catalyst. It should be pointed out that the water numbers are not quantitative because the
analytical equipment (GC) was not calibrated for accurate water analysis.

The activity of these catalysts are comparable. Both catalysts were first tested for their methanol
activity using Texaco gas. The powder catalyst (Run #11782-63) seemed to have slightly higher
activity and produce more by-products. After the initial methanol synthesis, steam was introduced to
continue the water-gas shift reaction.

Several water-gas shift conditions were tested on the ground-up catalyst in Run #11782-58. Run
#11782-58B through #11782-581 include results using both Texaco gas and Shell gas as the feed.
Detailed results and material balances are shown in Appendix 4.

Only one water-gas shift experiment was conducted on the powder K3-110 catalyst. Run 11782-63C
summarizes the result using Texaco gas as the feed. The test suggested that the powder K3-110 has
similar activity to its ground-up counterpart, and the data obtained from both catalysts can be used to
predict the performance for the AFDU.
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Task 3.2 New Fuels From Dimethyl Ether (DME)

Overall 2QFY’92 Objectives

The following set of objectives appeared in Quarterly Technical Progress Report No. 5.
+ Continue modifying the mass balance (C and H,) for the DME to isobutanol scheme.

» Define a series of catalyst compositions of one of the screened catalysts for a reactor parameter
determination in the BTRS.

» Develop an octane number database for establishing a structure vs. octane number correlation.
Laboratory Reactor Procurement

¢ Anexisting Varian 6000 GC was modified to act as a pulse/adsorption reactor to study the
reacticn of dimethyl ether, oxygen, and methanol with basic catalysts.

* A Management of Change was issued to change the original PHR for the dual atmospheric
screening reactors to include the dehydration of isobutanol to butenes.

Chemistry and Catalyst Development

During this quarter, research activity has been split between 1) the conversion of dimethyl ether and
oxygen to isobutanol, and 2) dehydration of isobutanol to isobutylene.

Catalyst Screening for Isobutanol

A series of lanthanide group oxides were screened for the conversion of DME and methanol to
isobutanol. Pr,0, , Nd,0,, and Eu,0, were active, while Sm,0, was not. The chemistry is outlined
inegn. lor1'.

CH,OCH, +2CH,0OH - (CH,),CHCH,0H + 2H,0 (1) or
2CH,0CH, - (CH,),CHCH,0H +H,0 (1)

Atmospheric pressure gas phase reaction experiments were conducted at 300° to 450°C with 2 or
20 grams of catalyst. The dimethyl ether to oxygen ratio was varied between 5:1 and 50:1. Total
flow rate was varied between 5 and 100 sccm. Contact times were on the order of 1 ~ 30 seconds.
Pr,O,, powder was pressed and sieved to | mm sized particles.

Reaction studies at 300 psig were performed at 300° to 450°C with 10 grams of catalyst. The
oxygen was supplied from a 10% oxygen/nitrogen cylinder. Contact .imes were on the order of 1 -
20 seconds.



TABLE 3.2.1
Conversion of Dimethyl Ether and Oxygen over Basic Catalysts

Press | Contact | DME Weight % Selectivity
Catalyst am | Time |Conv. | 1-BuOH|DMET | CH,OH | CO [CO, [ CH,
2gPrO, 1 1 8 0.3 0.0 30 22 | 28 1
20gPr,O, 1 26 8 0.2 0.0 30 23 |1 25 1
1 5 8 04 0.1 34 21 | 25 2
10g PrO,, 20 13 14 0.6 2.6 24 26 | 23 16
10 g 5% Li/MgO| 20 26 11 2.6 2.3 24 24 | 28 14
20 4 11 0.4 34 38 18 | 25 9
10 g 3% Sn/MgO| 20 26 12 0.6 25 14 23 { 36 18
Temperature 400°C

Feed Composition: 1atm: 8% O,, 92% DME
20 atm: 5% O,, 50% DME, 45% N,

Under these conditions both DME and O, were required for the formation of isobutanol. Addition of
methanol slightly increased the formation of isobutanol. The coupling product of two DME
molecules, 1,2-dimethoxyethane, is dependent upon concentration. This product has been observed
at pressures as low as 1.5 atmospheres.

Experiments with an empty reactor tube indicated that 100% of the CO, and 50% of the CO
formation was due to thermal oxidation of the DME, either in the gas phase or on the hot walls of
the reactor. Passing a solution of 1% isobutanol/methanol through an empty reactor resulted in
combustion on 75% of the isobutanol. The apparent independence of catalyst loading and flow rate
on the isobutanol yield indicate that oxidation of DME on the walls or in the gas phase of the reactor
is responsible for most of the conversion in the screening studies. Attempts to minimize these effects
through reactor configuration have been unsuccessful to date.

Concentration of the reactor effluent revealed traces of acetaldehyde, ethanol, 1-propanol and
1,2-dimethoxyethane. The existence of trace amounts of acetaldehyde, ethanol, and propanol suggest
that these are intermediates in the formation of isobutanol. A sequential reaction scheme utilizing
aldol condensation/dehydration reactions as demonstrated in the literature could be formulated
(Appl. Cat, 77 (1991), 123, and Wang and Lee, J. Chem. Soc., Chem. Comm, (1991), 1760).

H, HCHO H, HCHO
CHCHOH - CH,CHO - CH,=CHCHO - CH(CHCHO -

H, H,
CH=C(CH)CHO - (CH,),CHCHO ~ (CH,),CHCH,0H
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Ethano!l was added to the feed so that the concentration was about 1%. Ninety percent of the ethanol
was converted at 7 second contact time; the amount of isobutanol in the product increased from
0.3% to 0.5% and the propanol content was measurable. At 2 second contact time 50% of the
ethanol was converted and the isobutanol content was still 0.5%, but the amount of propanol
increased to 0.5%. Most of the ethanol was converted to propanol and isobutanol, supporting the
reaction scheme above. Increasing the concentration of ethanol in the feed to 5% resulted in the
formation of many products which were assumed to be the result of cross-condensation reactions
occurring over the basic catalyst support.

Addition of acetaldehyde to the feed produced an identical response as ethanol addition. The
acetaldehyde in the exit stream (estimated at 0.2% of the product) was the same whether the amount
in the feed was 0%, 1% or 5%. Ethanol, propanol and isobutanol yields increased with the addition
of acetaldehyde to the feed. Trace amounts of isobutyraldehyde and propionaldehyde were also
observed.

Addition of methanol to the feed also effected an increase in the amount of isobutanol formed. The
isobutanol yield is a maximum when the methanol in the hydrocarbon feed is between 10 and 40%.
The addition of methanol provided a source for the formaldehyde.

TABLE 3.2.2
Effect of Methanol Cofeed on the Conversion of Dimethyl Ether and Oxygen

MeOH: | DME | MeOH Weight % Selectivity

DME Conv. | Conv. | i-BuOH | CH,OH | CO CO, CH,
0:1 7.7 | — 0.28 30 23 28 1.0
1:8 7.9 0.0 0.45 22 27 29 0.9
1:5 7.5 0.0 0.54 14 29 30 0.8
2:3 6.4 54 0.45 —_ 33 28 0.8
1:1 7.9 7.5 0.38 — 25 32 0.9
Temperature: 400°C, 1 atmosphere

Feed Composition: 8% O,, 92% DME, 18 sccm

2gPrO,: Contact time ~1 second

The overall conversion of DME was directly related to the amount of O, in the feed. The yield of
isobutanol was a maximum when the feed contained between 8 and 12% O,. Dimethoxyethane
formation decreased to zero when the O, content was above 12%. The formation of methanol
decreased with increase in O, content, while the H,O formation increased.
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TABLE 3.2.3
Effect of Oxygen Concentration on the Conversion of Dimethyl Ether
over Basic Catalysts ®
Oxygen DME Weight % Selectivity
mol % Conv. i-BuOH | CH,OH | CO CO, CH,
2 2.5 0.24 34 24 28 3.0 ®
4 43 0.29 33 23 29 1.9
8 1.7 0.28 30 23 28 1.0
16 14.5 0.14 24 26 25 0.4
Temperature: 400°C, | atmosphere )
Feed Composition: O, varied, DME balance, 18 sccm
2gPrO,;: Contact time ~1 second
a. Aldol Condensation/Dehydration Reactions to Isobutanol ®

The cesium-promoted catalyst to be used in the LaPorte pilot plant for the higher alcohols campaign

was used in the gas-phase atmospheric pressure reactor to screen aldol condensation/dehydration

conditions and products. Two grams of the catalyst were reduced in a 2% H,/He stream using

standard conditions. Reactions were carried out with a 5 wt% ethanol in methanol feed diluted to ®
10 and 50% in N,. Total flow rates were either 20 or 100 ccm.

Because of the low pressure, methanol conversion was complete at 300°C. At 250°C the methanol

conversion ranged between 60 and 90% depending upon the flow rate. The total ethanol conversion

was 100% at 300°C and 90% at 250°C; however, the conversion to products positively identified as

the result of the above reaction scheme was much less: 15% at 300°C and 40% at 250°C. ¢

The major hydrocarbon product at all conditions was isobutyl alcohol; however, significant amounts
of isobutyraldehyde, propanol, and methy] acetate were also detected. Other unidentified products
were also detected. The unidentified products had GC retention times around the isobuty! alcohol
peak and were assumed to be the result of aldol condensation of the C, and C, aldehydes. Although
analyses of the above results are complicated due to the activity of the catalyst, these experiments
provide a basis for comparison with other potential catalysts.

Praseodymium oxide, which was shown to be active for the conversion of DME to isobutyl alcohol,
was tested under similar conditions of ethanol in methanol. The conversion of ethanol to isobutyl C
alcohol and related alcohols and aldehydes was approximately 1% in the absence of O,. When 5%
0, was added to the reactor feed, the conversion of ethanol was 40%, with about 30% selectivity to
oxidative addition products. In the absence of O, co-feed, reoxidized catalyst produced a similar
amount of oxidative addition products showing that adsorbed or lattice O, may participate in the
reaction.



b. Eu,0, Catalyst

With Eu,0, at 400°C, 8.2% of DME reacted with 1.1% DME going to isobutanol, 62% to CO, 35%
to CO, and balance methane. Carbon accountability was 90%. Hydrogen accountability was 74%.

Catalyst Screening for Dehydration of Isobutanol

Some of the preliminary findings on dehydration are summarized in Table 3.2.4. Gas phase
conditions (flow and cat. amt.) have been adjusted to give ~1 second contact time in order to
compare with the slurry phase reactor at Iron Run. Al,O, and Ca,(PO,), are reasonable catalysts. To
date, the GC capillary column does not separate isobutylene from 1-butene. The molar mass
balances from experiment to experiment are very good with respect to C, H, and O. At this time it
appears that controlling Bronsted acidity will minimize skeletal rearrangement to linear olefins. The
data in the table reflects screening and does not address lifetime performance.
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TABLE 3.24
Gas Phase Isobutanol Dehydration

1 ml cat., 20.8 cc/min N, @ 298K 3.26 cc/min i-BuOH @ 298K

Molar Mass Balance
C,
Contact % Selectivity i-BuOH
Temp.| Time | % Conv. | i-C=+ at0% | ICz=
Entry Cat. () (sec) | i-BuOH -C= | t-2.C= | c-2-C= Conv. | HO
1 ALO, 250 13.7 99.2 97.5 0.5 2.0 0.94 1.0
2 ALQ, 300 13.1 100 95.5 1.9 2.5 0.81 0.88
3 CaHPO, 300 13.1 100 80.7 9.1 10.2 0.95 0.97
4 CaHPO, 290 133 96.5 85.1 57 9.2 0.97 0.99
5 CaHPO, 250 13.7 19.3 86.5 4.8 8.7 0.90 0.80
6 ZrO, 300 13.1 100 73.3 16.3 10.4 0.93 0.85
7 WO, 250 13.7 100 66.2 20.2 129 0.83 0.86
5 ml cat.; 10.4 cc/min N, @ 298K; 1.54 cc/min. i-BuOH @ 298K
8 CaHPO, 325 6.2 100 81.5 8.7 9.8 0.94 0.93
9 CaHPO, 300 6.5 78.9 85.7 57 8.6 0.91 1.0
5 ml cat.; 20.8 cc/min N, @ 298K; 3.26 cc/min i-BuOH @ 298K
10 CaHPO, 325 1.2 79.5 85.9 5.1 9.0 0.98 0.94
11 CaHPO, 300 1.3 313 86.7 33 10.0 0.97 1.0
12 Ca(H,PO,), 325 1.2 92.1 80.4 9.4 10.2 1.0 0.99
13 Ca(H,PO,), 250 14 9.4 86.1 5.0 8.9 0.90 0.71
14 Ca(PO), 325 1.2 90.9 86.5 5.2 8.3 0.83 0.90
15 Ca(PO), 300 1.3 373 87.5 38 8.7 0.78 0.94
16 CaP,0, 325 1.2 20.6 86.7 44 8.9 1.0 1.0
17 CapP,0, 250 14 0 -- - - 1.0 --
18 ZnP0, 325 1.2 100 73.2 149 11.9 0.98 0.98
19 ZnP0, 300 1.3 98.7 75.4 12.9 11.7 1.0 1.0
20 MgpPO, 300 1.3 10.7 -- -- -- 0.89 -
21 MgpP0O, 250 1.4 7.8 - -- - 0.95 -
22 KHPO, 300 1.3 20.3 -- -- - 0.84 --
23 KHPO, 250 1.4 0 -- - -- 0.94 -
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3QFY92 Objectives
Future plans for Task 3.2 will focus on the following areas:

+ Continue to examine the lanthanide series of oxides Pr,O,, and Eu,0,, in order to increase yield
to isobutanol.

« Examine different reactor configuration to decrease the gas phase oxidation of DME and
isobutanol to CO, CO,.

» Determine the effect of calcination on Bronsted acidity of the phosphate catalyst for
dehydration.

» Screen sulfate catalysts for isobutanol dehydration.
Task 3.3: Catalyst Poisons Studies

No activity ir this period.

Task 4: Program Support

No activity to report. A comprehensive study of DME, isobutanol and MTBE economics is currently
underway. A report in the June quarterly is expected.

Task 5: Program Management

Task 5.1 Planning and Reports

Monthly reports for January and February 1992 were prepared and issued to DOE. A draft Quarterly
Report for October — December 1991 was also submitted. The Milestone Schedule Status Report and
Milestone Log have been updated and are attached. In addition, monthly Cost Summaries continue
to be issued to DOE.

During March, a meeting was held in Pittsburgh with DOE and a number of private organizations to
organize the run plan for a July Fischer-Tropsch demonstration at LaPorte. The private partners
include Exxon, UOP, Statoil, and Shell Oil. Criteria of run success, catalyst requirements, and
analytical needs were addressed, as was the challenge of catalyst-wax separation. A run plan was
approved, subject to Shell’s input as they could not attend this particular meeting. Details of the
meeting and the decisions made can be found in a report by Dr. B. L. Bhatt (see Appendix 5).

47



Task 5.2 Management Activities

DOE PETC has accepted a proposal to demonstrate Liquid Phase Shift (LPS) chemistry at LaPorte
as an alternative to isobutanol. There are two principal reasons for carrying out this run, First,
following the extensive modifications at the site, operation on a relatively “benign” system is needed
before we start on Fischer-Tropsch technology in July. Second, use of shift catalyst in a slurry
reactor will enable DOE'’s program on coal-based Fischer-Tropsch to encompass commercially
available cobalt catalysts—up to now they have been limited to iron-based catalysts which have
varying degrees of shift activity. DOE is also supportive of continued fuel testing of LaPorte
methanol—tests of M 100 at Detroit Diesel have been going particularly well—and are favorably
disposed to a run where methanol can be made to supplement the dwindling pool. LPS offers the
opportunity to produce methanol as the catalyst, in the absence of steam, is active for methanol
synthesis.

The proposed contract between M. W. Kellogg and Air Products to assist in the design of a PETC
generic unit is still under negotiation. Nevertheless, technical assistance was provided at meetings in
Pittsburgh and Houston. DOE has decided to go with 6" diameter reactors for more authentic
hydrodynaric studies providing the funding for gas supplies is available. A fallback to 2" (or 4")
reactors is also recommended which will, at a minimum, provide information on catalyst activity.

Methanol from LaPorte was used in a 100 hour engine test at Detroit Diesel Corporation (DDC).
The goal was to assess what compositional changes, if any, would need to be made in the crude
methanol product anticipated in the CCT Il CoolWater project, for it to be used in M100
applications. A particular concemn was the water content (~0.5 wi% on average in CoolWater
product) as the preferred specification (based on chemical grade methanol) in 0.3 wt% maximum.
The LaPorte material passed the test, in DDC’s new 6V-92TA 276 hp methanol engine, with flying
colors. An understanding of why, and the potential for running with even higher water levels, is
being developed with DDC.

OPEN ITEMS:
None
ATTACHMENTS:

Milestone Schedule Status Report
Milestone Log

Appendix 1: Design Hazards Review Report; March 1992 IBOH Run

Appendix 2: Design Hazards Review Report; April 1992 Liquid Phase Shift (LPS) Run

Appendix 3: Literature Search on Dehydration of Isobutanol to Isobutylene

Appendix 4: Material Balance Sheets for A. Run #11782-58 (Ground-up K3-110) and B.
Run #11782-63 (Powder K3-110, LaPorte Batch)

Appendix 5: Meeting Notes from Partners’ Meeting in Pittsburgh, March 19 - 20, 1992.
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Page 1 of 1

MILESTONE LOG

Report Date: 31 January 1992 Contract No. DE-AC22-91PC90018
Planned Actual
Ident. Completion Completion
No. Description Date Date Comments
1.1  Detailed Engineering and Apr 92
Procurement
1.2  AFDU Modification Oct 92
2.1  AFDU Shakedown Apr 91 Completed for DME
Operation
2.2  AFDU Operations Jul 93
2.3  AFDU Reactivation, Sep 93 Started 5/91
Deactivation, and Disposal
3.1  New Fuels from Syngas Oct 92 Started 3/91
3.2  New Fuels from DME May 93 On Schedule
3.3  Catalyst Poisons Studies Oct 92 Started 4/91
3.4  Catalyst Poisons Field Tests Jan 93
(Optional)
3.5 Modeling and Scale-up Jul 93
(Optional)
4.1  Support to Research Oct 93
42  Commercial Application Oct 93
(Optional)
4.3  ProducyMarket Analysis Oct'3
(Optional)
5.1  Planning and Reports Oct 93

5.2  Management Activities Oct 93



APPENDIX 1

DESIGN HAZARDS REVIEW REPORT
MARCH 1992 IBOH RUN
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@ R.L. Williams

Attached is a copy of the Design Verification Review report for the
isobutanol demonstration at the Alternative Fuels Development Unit
(AFDU) in LaPorte, TX.

The schedule for performing the isobutanol run has been delayed due to
problems in manufacturing the required catalyst. It is uncertain as to
when the run will be performed, but most likely it will be within the
next two years. This document serves to finalize the hazard review
process for the isobutanocl demonstration.

Efforts are currently underway in preparation for an alternative run
® this Spring at the AFDU: water gas shift (WGS) demonstration. A

separate Hazards Review will be performed and documented for the WGS

run, but since this run will utilize all of the recently installed

equipment, many of the same hazards addressed for the isobutancl run
will apply to the WGS run.

Please contact me if you have any questions or comments.
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DESIGN VERIFICATION REVIEW (DVR)

Alternative Fuels Development Unit (AFDU)

March 1992 Iso-Butanol Run
LaPorte, Texas
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Review Team

T. E. Conway Start-Up Engineering
D. M. Herron Process Engineering
M. R. Jocsak Project Engineering
G. A. Peters PSG Engineering Safety
E. S. Schaub Process Engineering
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INTRODUCTION

A Design Verification Review (DVR) meeting was conducted on 21 February 1992 for
the isobutanol demonstration at the LaPorte, TX Alternative Fuels Development Unit
(AFDU). The run objectives are to investigate mixed alcohol synthesis in a bubble
column reactor and to study the influence of light alcohol recycle on isobutanol
selectivity.

The purpose of the DVR was to review the status of each hazard item addressed during
the Design Hazards Review (DHR) and to ensure these itemns have been satisfactorily
considered during the design phase.

PROJECT STATUS

The schedule for performing the isobutanol demonstration has been delayed due to
problems associated with manufacturing a suitable catalyst. In an effort to shake down
the newly installed DCS system and GC laboratory equipment, an alternate operating
campaign is being planned for the spring of 1992. This run will demonstrate a water-gas
shift (WGS) reaction in our liquid phase reactor train and will utilize the recently
installed methanol circulation equipment.

It is likely that the isobutanol demonstration will be performed during FY'93, assuming a
suitable catalyst is available.

A separate Hazards Review will be performed and documented for the WGS
demonstration.

STATUS OF HAZARD ITEMS

The following lists the status of each hazard item as discussed during the DVR meeting.
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Memorandum g
To: Distribution Deptiocy

From: D. M. Herron Dept./Ext.: PSG-Process

Date: 18 February 1992

Subject:

Justification for Changing the High Temperature Shutdown (SD02) Set-Points - Spring '92 IBOH Demo
at the AFDU

Distribution:
T. E. Conway
E. C. Heydom
M. R. Jocsak
C. A. Peters
ISSUE:

Process and R&D would like to operate the reactor at 572 F and increase the high temperature
shutdown set-points for the following devices:

TISH-182 21.10 Tubeside Inlet 590 F
TSHH-190  27.10 Reactor 590 F

POTENTIAL HAZARD WHICH IS BEING PROTECTED AGAINST:

1. Unexpected, violently exothermic side reactions being triggered at elevated temperature (
primarily the methanation reaction).

2. Loss of coolant resulting in exceeding the design temperature of materials.
HISTORY:

G. A. Peters has determined that the installation of the existing high temperature shutdowns
resulted from a hazards review following an exotherm in late 1983 (1). As explained by D. J.
Silkworth (2)...

"A significant inventory of an old nickel catalyst was subsequently found to have remained in the
product cooler, which had been a component of used equipment from a methanation pilot piant.
Nickel catalyst particles had been able to recirculate through the original feed gas preheat
system, and undoubtediy had provided a superior catalytic surface for the promotion of the
methanation reaction during the December 1983 trials.”

Following the ‘83 exotherm, the plant was thoroughly cleaned and according to Peters (1), the
high temperature shutdowns were instalied. The plant was subseguently operated over a two
year period without incident. The normal reactor temperature was 482 F and the maximum was
507 F.
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According to Heydorn, the normal high temperature shutdowns set-points used during the LP 1lI
contract and during the '91 DME Demo, were:

TISH-182 21.10 Tubeside Inlet 550 F
TISH-183 21.10 Shellside Outlet 550 F
TSHH-190  27.10 Reactor 515F
TSHH-312  27.14 Separator 550 F
TSHH-550 02.62 Red. Gas Heater Outlet 550 F o

Extended operations under the LP lil contract were completed without any exothermic incident.
The normal operating temperature of the reactor was 482 F. On at least one occasion, the
reactor was operated at 545 F.

During the start-up for the DME Demonstration in 1991, testing for poisons was performed which
revealed extremely low levels of iron and nickel carbonyls. This result indicates that the internals
of the plant remain clean and devoid of loose nickel catalyst. Furthermore, continuous GC
analysis of the gas streams during normal operations rarely picked-up methane.

EVALUATION:

It is my opinion that the lack of subsequent exotherms, low nickel carbonyl concentrations during
carbonyl bum-out operations, and low to nil methane concentrations during normal operations
suppert the supposition that the loose nickel catalyst has been successfully purged from the
plant. ®

In addition, the risk of reintroducing nickel to the plant is minimal for the following reasons:
1. New stainless steel materials used in syngas service are passivated in nitric acid.

2. No electric heating elements are in direct contact with the syngas (excepting the reduction ®
heaters which have been used previously, which process 96% N2 4% syngas, and which
retain the existing high temperature shutdown temperature).

Finally, nickel carbonyls tend to decompose on, and poison the catalyst within the reactor. The
presence of small amounts of nickel in the reactor, though not desirable, does not sesm to be a Y

major safety issue since the heat of methanation is absorbed by the slurry oil along with the heat
release associated with the major reaction. '

RECOMMENDATIONS:

1. We should continue to use the high temperature shutdowns for the purpose of guarding C
against plant upsets such as loss of utility oil coolant flow. If this is the case, the set-points
should be based on intended operating ternperature.

2. Impliedin 1) is that high temperature shutdowns are being retained to protect equipment
and materials from being subjected to temperatures exceeding their design values, which is

currently 600 F at 1000 psig for some pieces in and around the reactor. ¢
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1)

2)

Concem for the presence of loose nickel in the existing plant should not be the basis for
establishing shut-down set points. Rather, it should be demonstrated that the addition of
new materials and equipment does not inadvertently introduce catalytic materials.

An exception to 3) is the high temperature shutdown on the electric reduction gas heaters.
The current set point for TISH-850 (based on LP lll) shouid be retained unless the
exchanger is subjected to a controlled temperature-ramping demonstration. it may be
useful to perform this work following the upcoming run.

Whenever we bring a piece of equipment to a new elevated temperature, the temperature
should be ramped in a cautious and controlied manner.

Specific to the upcoming run, the set-points for TISH 182, and TSHH 180 should be

increased to accommodate the new normal operating temperature of the reactor. The
alarm and shut-down temperatures should be as near 572 F as possible and defined by

operations to allow for small transients.

D. M. Herron

G.A. Peters to AFDU Hazards Review Team Members, "Criteria for High Temperature
Alarms/Shutdowns on the LaPorte Alternative Fuels Development Unit", 7 November 1991.

D.J. Silkworth to D.W. Studer, "LPMEOH - Part lll, 87-7-1565, Hazards Review", 28 March
1988.
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. MATERIAL SAFETY |BASF Corporation Chemicals Division BASF

100 Cherry Will Resd, Parsippany, Wew Jersey 07054, QO1) 318-2000

DATA SHEET

PPODUCT NUMBER: 828931 BASF Catalyst $3-88 Modified W/CS

TRADE NAME: BASF Catalyst S3-88

CHEMICAL NAME. Copper Oxide Catalyst

SYNONYMS: Low Pressure Methanol EORMULA: N/A
Synthasis Catalyst

CHEMICAL FAMILY: Hetarogenecus Catalysts MOL. WGT.: N/A

ECTION 1= INGREDIENTS
COMPONENT CAS NO. % PEL/TLV - SOURCE
BASF Catalyst S$3-88 100 Not estab)ished
Contains:
Copper Oxide 1317-38-0 81.8 1 og/m3 as CQu ACGIH, QSHA
(Trans/Fins))
Zinc Oxide 1314-13-2 21.8 | 5 mg/m3;10 my/m3 STEL ACGIH
5 mg/m3 OSHA (Trans/Final)
Alumina 1344-23-1 4.8 10 mg/m3 ACGIH
S mg/m3 OSHA (Trans/Final)
Vater 7732-12-8
Graphite 7782-42-8 2.5 mg/m3 ACGIM OSHA Final
. ; 20 mppct OSHA (Trans)
Cesium Oxide 20281-00-9 1-1.5 .2 mg/m3 TWA as Cesium
A1l components - ~=~ {n TSCA inventory, .
SARA Title 111 _.ot. 313: Listed.

_SECTION 1ll = PHYSICAL'DATA

BOILING/MELTING POINT @760 mm Hg: N/A pH: «8.5 (100 g/1 water)

VAPOR PRESSURE smm Hg €20 C: N/A

SPECIFIC GRAVITY OR BULK DENSITY: 1300 kg/m3

SOLUBILITY IN WATER: 0.1 g/1 @ 20C Color:Dk. Brown

APPEARANCE  Powder . ODOR: None INTENSITY: N/A
SECTION 1V - FIRE AND EXPLOSION HA

FLASH POINT (TEST METHOD): N/A AUTOIGNITION TEMP: N/A

FLAMMABILITY LIMITS IN AIR (% BY VOL) LOWER: N/A UPPER: N/A

EXTINGUISHING Use watsr fog, alcohol feam or dry chemical extinguishing

MEDIUM media.

SPECIAL ! rirefighters should be equipped with self-contained

FIREFIGHTING i ~reathi aratus and turnout gear.

PROCEDURES reathing ape g

UNUSUAL FIRE nne.

AND EXPLOSION

MAZARDS

EMERGENCY TELEPHONE NUMBER

CHEMTREC 800-424-93300 201-318-3000
THIS NUMESER 1S AVAILABLE DAYS, NIGHTS, WEEKENDS. AND HOLIDAYS

bri02 12 87 PAGE 1 OF

)



W

PRODUCT NUMBER 325931 BASF Catalyst sa 86 Modified W/CS
E L - SECTION V'-"HEALTH DATA
TOXICOLOGICAL TEST DATA: RESULT:
BASF Catalyst S3-88
Rat, Oral LDSO 4850 mg/kg
Rapbit, Skin Irr{tation Non-{rritating
Rabbit, Eye Irritation Moderately irritating

EFFECTS OF OVEREXPOSURE:

Contact with the powder or {ts dusts may result {n moderate {rritation of the
eyes and machanical irpf{tation of the skin. Inhalation of custs causes
respiratory {rritation. Chronic overexposure o Copper compounds can iead to
anemia, and damage to the liver, kidneys, lungs, and spleen. Gamm-zlumina, a
form of aluminum oxice, was fibrogenic when injected into the lungs of
animals; however, aluminum oxide has not bean implicated as a cause of lung
disease in humans. Inhalation of zinc fumes may cause "metal fums fever",
Symptoms of metal fume fever include metallic taste, dryness, and irritation
of the throat, difficult breathing, weakness, fatigue, and fever. Thirteen of
nineteen wvorkers {n a zinc powder factory werse reported to exhibit
inflammation of the upper respiratory tract after 2-3 years of amployment.
Ingestion of 2inc oxide powder may cause gastric disturbances.
Existing medical conditions aggravated by exposure to this material:

No information found for this mixture.

FIRST AID PROCEDURES:

Eyes-Immediately wash eyes with running water for 15 minutes.
It {rritation cevelops, consult a physician.

Skin-Wash affected arsas with scap and water. Remove and launder
contaminated clothing before reuse. 1If {rritation Cevelops,
consult a3 physicirn.

! Ingestion-1f swallowed, wiiute Wi.™ Water &is twe.li iy ifakioo
vomiting. Never give fluids or induce vomiting 1f the victim
is unconscious or having convulsions. Get {mmediate sedical
attention,

Inhnalation-pMove to fresh air. Aid {n breathing, {¢ necessary,
and get immediate medical attention.

- SECTION VI - REACTIVITY DATA = _

STABILITY: Stable.
CONDITIONS TO AVOID: N/A
CHEMICAL INCOMPATIBILITY: N/A

HAZARDOUS DECOMPOSITION PRODUCTS: N/A

HAZARDOUS POLYMERIZATION: Dpoes mot occur
CONDITIONS TO_AVOID: N/A

CORROSIVE TO METAL: Mo OXIDIZER: _No
i dsbd il SECTION VI - SPECIAL*PROTECT!ON -

RESPIRATORY PROTECTION:
dusts are gensrated, woar a NIOSH/MSHA approved cust mask.

EYE PROTECTION: Chemical goggles or sice-shield safety glasses.

PROTECTIVE CLOTHING: Glaves and protective clothing as necessary to prevent
skin contact.

VENTILATION: [ocal exnaust required to control to P.E.L.

OTHER:  (ciean clothing should be worn caily.

Shower after handiing.

or103 4 87 PAGE 2 OF 4




PROdUCT NULMBER: 828931 BASF Catalyst $3-88 Mod

ified W/CS

" SECTION VIl < ENVIRONMENTAL -DAT

ENVIRONMENTAL TOXICITY DATA:
None available.

[ WASTE

I = S
SPILL AND LEAK PROCEDURES:

" spills should
This material

HAZARDOUS SUBSTANCE SUPERFUND: Mo

be contained and placed in suitable containers for disposal.
is not regulatsd under RCRA or CERCLA (°*Superfund®).

RQ (ibsk

DISPOSAL METHOD:

Landfil) in a licensed tacility.
Do not discharge into waterways or

HAZARDOUS WASTE 40CFR261: No

sewer systams without proper suthority.

HMAZARDOUS WASTE NUMBER:

CONTAINER DISPOSAL:

Dispese of (n licensed facility.
Recommand crushing or other means to praven

t unauthorized reuse.

= SHIPPING

DATA

—

D.C.T. PRbPER "SHIPPING NAME (49CFR172.101-102)

None

HATARDOUS SUBSTANCE
(4SCER CERCLA LIST)

No
MEPORTABLE QUANTITY. (RQ) w/a

D.0.1. HAZARD CLASSIFICATION (CFR172.101-102)
PRiMA&Ym '

SECONDARY
None

I

R S
DOT LABELS REQUIRED (49CFR172.101-102)
None

D.0.T. R
REQUIRED (CFR172.504)
None

POISON CONSTITUENT

(49CFR172.203(K))
None

PLACARDS

BILL OF LADING DESCRIPTION
Chemicals, NOIBN

(Not Reguiated By D.0.T.)

CC NO. 354

UN/NA CODEN/A

DATE PREPARED: 3/ 317 87

WHILE BASF CORPORATION
AS OF THE DATE HEREOF,

UPDATED: 7/ 6/ 88

BELIEVES THE DATA SET FORTH HEREIN ARE ACCURATE
BASF CORPORATION MAKES NO WARRANTY WITH RESPECT

THERETO AND EXPRESSLY DISCLAIMS ALL LIABILITY FOR RELIANCE THEREON.
SUCH DATA ARE OFFERED SOLELY FOR YOUR CONSIDERATION,INVESTIGATION,

AND VERIFICATION.

ori0s 0 07
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PRODUCT NUMBER: 28931 BASF Catalyst $3-88 Modified W/CS '

.. SECTION X =-PRODUCT LABEL- .= -~ = ' .

BASF Catalyst $3-88 Modified W/CS

WARNING:

CONTAINS COPPER OXIDE (CAS No.: 1317-38-0); ALUMINA (CAS No.: 1344-28-1);
ZINC OXIDE (CAS No.: 1314-13-2).

CONTACT WITH EYES OR SKIN MAY RESULT IN IRRITATION.

INGESTION MAY RESULT IN GASTRIC DISTURBANCES.

{NHALATION OF DUSTS MAY IRRITATE THE RESPIRATORY TRACT. '
GAMMA ALUMINA, A FORM OF ALUMINUM OXIDE, WAS FIBROGENIC WHEN INJECTED INOT
THE LUNGS OF ANIMALS.

CHRONIC OVEREXPOSURE TO COPPER COMPOUNDS CAN LEAD TO ANEMIA AND DAMAGE TO THE
LIVER, KIDNEYS, LUNGS AND SPLEEN.

INHALATION OF ZINC OXIDE FUMES MAY CAUSE METAL FUME FEVER, SYMPTOMS OF WHICH
INCLUDE METALLIC TASTE, DRYNESS AND IRRITATION OF THE THROAT, DIFFICULTY

IN BREATHING, WEAXNESS, FATIGUE AND FEVER.

Aveid contact with syes, skin or clothing. Avoid breathing dusts.

Use with local exhaust. Wear a NIOSH/MSHA-approved dust respirator, chemical
goggles, gloves, coveralls, apron, boots and other protective clothing as
necessary to prevent contact. Shower after handling. Clsan clothing should
be worn daily.

FIRST AID: )

Eyes-Immediately wash ayes with running water for 15 minutes.
1¢ irritation cevelops, consult a physician. .

Skin-Wash affected areas with soap and water. Remove and 1sunder
contaminated clothing before reuse. If {rritation develops,
consult a phystician.

ingestion-1f swallowed, dilute with water and {mmediately {nduce
vomiting. Never give fluids or induce vomiting if the victim
is unconscious or having convuisions. Get {mmediate medical
attention. .

. ilohalaction-Move to fresh air. Afd in L, authiiig, {f necassury,

and get immediate medical attention.

IN CASE OF FIRE: Use water fog, alcohol foam or dry chemical extinguishing
media. Firefighters should be equipped with self-contained breathing apparatus
and turnout gear.

EMPTY CONTAINERS: All labeled precautions must be observed wvhen handling,
storing and transporting empty containers due to procduct resicues. Do not
reuse this container uniess it is professionally clsaned and recond!tioned.

DISPOSAL: Spilled material, unused contents and empty containers must ba
disposed of in accordance with local, state and federal regulations. Refer
to our Material Safety Data Sheet for specific digposal instructions.

IN CASE OF CHEMICAL EMERGENCY: Call CHEMTREC day or night for assistance and
information concerning spillec material, fire, eiposurs and other chemical
accicents. 800-424-8300 '

ATTENTION: This product {s sold solely for use by {naustrial institutions.

Refer to our Technical Bulletin and Material Safety Data Sheet regarding
safety, usage, applications, hazards, procecures and digposal of this procuct.
Consult your superviser for agditional information,

CAS Nos.: Graphite: 7782-42-5
Made in West Germany
Intermediates and Fine Chemicals
0489

)

or10s 8 07 PAGE 4 OF 4
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Memorandum PRODUCTS 4=
To: 1. C. Tafuri DeptiLoc.  PSG Engineering Technology °
fom: D.M.Hemon  DTW& Dept/Ext:  PSG Process Engincering (4765)
Date: 18 February 1992
Subject: LaPorte AFDU Operation in the Spring of 92 - Materials Review ®
c: T.E.Conway
E. C. Heydom o
M. R. Jocsak
G. A. Peters
, .®
Last year ] had asked you to review two phase separators and one heat exchanger for fimess
of service. We had intended to use the 22.14, 22.18 and 21.38 in service where the normal
and/or upset temperatures were below that which was originally intended. To review:
Item Normal Temperature Upset Temperature P
22.14 0°F “10°F
22.18 80°F -20°F
21.38 0°F -710°F
You had previously determined that these items were fit for use under these condidons for ¢
two, nominal two week runs. Low temperature shut-downs were incorporated in the design
and operation of the plant.
The first use of these items in "low" temperature service was completed in May 1991. The
temperature control of the 22.14 was very stable and neither the 22.14 nor the 21.38 were C
subjected to temperatures below 0°E. On one occasion the 22.18 was manually
depressurized to near-atmospheric pressure; details of the event are not documented but itis
possible that the temperature in the heal of the 22.18 may have reached -20°F (at
atmospheric pressure) for a short period of time.
C

As part of the Hazards Review for an upcoming run (scheduled to begin early April this
year) I have been asked to let you know that we intend to use these items again in similar
service. Normal conditions are the same while the potential upset conditions result in less
cool temperatures than previous. In addition, the probability for a repeat of the 22.18
depressurization event is much lower since this vessel will always be operated at near- (
atmospheric pressure. Following this run, these pieces of equipment will be permanentdy )
reconfigured and place back into high temperature service (for another run scheduled in July

of this year).

PORM 1020 (REV. A39)



J. C. Tafuri -2- 18 February 1992

I will stop up to discuss the use of these items in the upcoming run. A written response is
not required unless you wish us not to proceed as indicated.
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-Memorandum PRODUCTS 4=
To: G. A. Peters Deptioe: PSG-Engr Safety
o
From: D. M. Herron Dept/Ext.: PSG-Process
Date: 11 February 1992
Subject:  CO2 Vent Stack Review for the Spring ‘92 Demo at the AFDU °
cc:
T.E. Conway
E.C. Heydom
M.R. Jocsak @
For the purpose of completing the hazards review, we need to review the CO2 vent stack.
To summarize, two cases need consideration:
1. Release of CO2 during normal operations, and , @
2. Release of syngas during the 21.80 tube-rupture event.
Case1:
Currently, the design max CO2 vent flow is 833 Ib/hr; the design minimum is 685 Ib/hr.
Both these flows fall between the minimum and maximum flows which we examined last ®
time (299 to 1128 Ib/hr).
Case 2.
I've looked at 8 different subcases for the tube rupture event. The resuits are tabulated in
Tables 1,2 & 3.
@

Table 1 shows the assumptions made to arrive at each of the subcases. The maximum vent flow
occurs when syngas blows into the 21.80 shell and vaporizes CO2 . The two cases you may want to
focus on are 1 and 3.

Table 2 shows the flows and composition for the release through the 3* vent; Tabie 3 shows the flows
and composition for the release through the 1* vent (assuming the PV on the 21.80 is fully open).

Please take a look these flows and make an operating recommendation.

Dm\é/’—— c

D. M. Herron

-y
Tabls Ll'jl §  Shew v ~leag rades Gl Siant

pressurts er.’ﬂ -~y e,\rex*rs (Cay !-—%’> as a
fuch on ob-]—m-e



SUMMARY XLS

TABLE 1: KEY TO THE DIFFERENT CASES

CASE 1 2 3 4 5 8 7 8
Syngas through Tube? Y Y Y Y Y Y Y Y
Methanol through Tube ? Y Y Y Y
Syngas mixes with CO2 Liquid? Y Y Y Y
Methanol mixes with CO2 & Syngas? Y Y
PV-692 (evaporator vent) wide Qpen? Y Y Y Y
TABLE 2: RELEASE TO THE 3° VENT
CASE \ 2 3 4 5 8 7 8
Flow Ivhe 8132 8450 10780 10960 8070 8420 10491 10700
Ib mole/hr 3n 38s K’ -] s 367 ko< n 381
Temperature F 170 170 20 -20 170 170 -15 -15
Pressure psia 175 18 17 17 17 18 175 175
Mole Wt - 2 2 22 92 o] 2 28.1 28.1
Density 1%, <} 0.057 0.058 0.105 0.108 0.088 0.059 0.103 0.103
Cp BTUAD-F 038 0.38 038 035 038 0.35 0.38 0.38
Compositicn  mole %
H2 -] r-} 18 18 -] -} 2 2
co 67 &7 “ a 67 67 41 A1
co2 7 7 38 38 7 7 37 a7
HHV BTUAD mole (77F) 113529 113529 75604 75604 | 113529 113529 76961 76961
Pipa 1D n 3 3 3 3 3 3 3 3
Tip Velocity ft/sec 808 817 580 500 825 813 576 588
TABLE 3: RELEASE TO THE 1" VENT
CASE 1 2 3 4 S 7 8
Flow /e 10078 13370 10008 13006
b moleMr 458 458 4535 463
Temperature F 170 -20 i 1§
Pressure psia 170 17 170 170
Mole Wt - 2 32 2 28.1
Density .Y <] 0553 1.052 0.5383 1.001
Cp BTUAL-F 0.38 035 033 0.38
Compositon  moie %
H2 2% 18 -] 2
co 67 a“ 67 41
co2 7 38 7 37
HHV BTUAD mole (77F) 113529 75694 113529 76961
Pipe ID n 1 1 1 1
Tip Velocity f/sec 927 647 921 662

Page 1




CASE 1

CASE 2

CASE3

CASE4

ime

87
191
318

ime

201
212

12
128

2

time

148
A
k)

SUMMARY XLS

TABLE 4: RELEASE PREDICTIONS WITHOUT METHANOL FLOW

KEY

tme Time into the event (sec)

mass Vapor inveniory in the plant (Ib)
pres Plant pressure (psia)
flow Vaper fow into the 21.80 (/hr)
vent Vapor fiow 1 the vents (Ib4v)

figadd Netvolume of liquid added o the 21.80 (13)
lotbq Cumulative liquid voluma in 21.80 (13)

mass pres flow vent liq add
905.3 1018 18210 18210 0.00
7028 788 14150 14150 0.00
6318 708 12563 12560 0.00
606.8 630 7760 7780 0.00
4549 510 8§70 570 0.00
3309 an 3830 3830 0.00
mass pres flow vent liq add
905.3 1018 8460 8480 0.00
7679 861 7160 7160 0.00
601.2 674 56800 $600 0.00
5949 667 838 838 0.00
504.9 687 838 836 0.00
mass pres flow vent liq aad
869.8 7S 11670 24150 0.00
7189 808 9210 20260 -3.19
607.4 681 7n 17100 -5.7%
599.4 672 4828 10620 -5.94
4495 S04 3585 7820 -9.82
3282 368 2710 5310 <1294
mass pres flow vent liq add
8698 973 5§290 10960 0.00
726.0 814 4210 g0 340
597.6 670 3480 7650 -6.80
534.9 667 838 1700 £.89
504.9 6567 836 1700 7.09
Page 2

ot iq

1883
18.83
1883
1883
1883
1883

niq

1883
1083
883
383
188

983
.83
1934
2
129
{ Bal

o

‘83
08
1§13
1nn
1164



o

CASE S

CASE 3

CASE?

CASE S

NIERR I

time

288380

18
214
475

time

17

e

TABLE 5: RELEASE PREDICTIONS WITH METHANOL FLOW

905.3
709.1
630.6
6110
4576
3336

905.3
769.7
604.7
585.8
595.8

869.8
725.1
6119
804.7
4522
3300

mass

869.8
7189
600.3
§55.8
5958

T

SUMMARYXLS

KEY

ime Time into the event (sec)

mass Vapor inventry in the plant (1b)
pres Plant pressure (psia)
fow Vapor flow into the 21.80 (ib/hr)
vent Vapor flow to the vents (Ib/w)
liqadd Net volume of liquid added to the 21.80 (113)
totliq Cumutative liquid volume in 21.80 (1£3)

pres
1018
795
707
513
374
pres

1018

678

7S
813

678

n

BEIRS 1

LI L 1]

18078
14178
12572

§720

11350

8185
4540

2480

5170
447

G568

Page 3

LT AT I

vent
18078
14175
12570

5720

8420
7180

10700

7550
1700
1700

liq acd

0.00
1.73
258
286
6.36
10.61

liq add

0.00
263
6.63
7.14
15.88

liq aod

0.00
-1.35
-2.20

-1.40
0.97

liq add

0.00
0.61
1.72
192
537

tot g

18.53
2026
FARR
2139
24.89
29.14

tot big

18.53
21.16
25.16
25.67
3441

ot liq

18.33
17.18
16.33
16.30
1743
19.50

ot liq

18.53
16.14
2028
2045
23.90

FOTTm
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"EMORANDTU M PRODUCTS
-} D. M. Herron Dept: ~ PSG Process

‘rom: G. A. Peters Dept/Ext: PSG Engineering Safety/8127
yate: 17 February 1992

jubject: COa Vent stack for Spring ‘92 Run - LaPorte AFDU

sc: T. E. Conway
E. C. Heydorm
M. R. Jocsak

I have reviewed the COa vent stack at the LaPorte AFDU for the release
cases sent to me in your memo dated 11 February 1992 per your request.
Using the release information provided, I have determined that the
existing stack will nct require any modifications for the Spring 1992
runs. The calculationrs have been performed for a stack that is 10 feet
above the top operator platform.

Attached is some documentation supporting my conclusion. Attachment 1
includes the dispersion runs performed on the COz releases from the 1"
stack. The diagrams indicate that the COx should not slump onto
operating platforms at the release rates you provided. Attachment 2 is
a graph of the radiation that can result from ignition of the releases
as defined in cases 1 and 3 of your memo. The acceptable radiation
level is 3000 BTU/hr-ft?. Radiation levels slightly in excess of this
level may be present at the upper most platform if the release occurs,
the material ignites, the wind is blowing toward the platform, and an
operator is present. As I recall, we made a commitmznt to limit
operator access to the top platform during operation of the AFDU. This

restriction should be enforced during the Spring 1992 runs.

T will be glad to provide any additional information on this issue.

_M-‘\. a [‘71l )

G. A. Peters




Buovant Jet Model

- JETX

LAPORTE AFDU CO2 VENT (1lin)
MAX. CO2 RELEASE CASE FOR SPRING ‘92 RUN (833 1lb/hr)

MDOT,1lb/s D,in MW LEL UEL
0.23000E+00 1.00000E+0O 44.00000E+00 5.00000E-03 0.12500E+00
uw,£ft/s TO,deg F GAMMA (0) RHOO,1b/ft3 STABILITY
1.00000E+00 -6 .50000E+01 89.99900E+00 0.15261E+00 6.00000E+00
Ds 1/Fr No. Ta,deg F Uo,£ft/s ALPHA 3
0.50000E+00 3.51087E-05 70.00000E+00 27.63295E+01 1.00000E+00
MOLE FRACT TUEL, sec zZ,ft X, ft MEX,1lbs
0.12404E+00 2.09859E-02 51.72908E+00 1.45380E-02 0.00000E+00
MOLE FRAC TLEL,secC Z,ft X, ft MEX,lbs
4.96478E-03 9.66173E+00 85.72976E+00 20.95962E+00 2.21737E+00
GAMMA ,deg S,ft u,ft/s B,ft Ho, ft
-1.78162E+01 48.06250E+00 1.11327E+00 13.29287E+00 50.00000E+00
Isopleth Area, ft2 = 0.00000E+00 at Zz = 0.00000E+00

The Program Date is: 24 April, 1991 - Version 6.7

188 Buouyant Jet Model - JETX .@8436s
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Buovant Jet Model

- JETX

LAPORTE AFDU CO2 VENT (1lin)

MIN. CO2 RELEASE FOR SPRING ‘92 RUN (685 lb/hr)

MDOT, 1b/s D,in MW LEL UEL
0.19000E+00 1.00000E+00 44.00000E+00 5.00000E-03 0.12500E+0Q0 L
uw,ft/s . TO,deg F GAMMA (0) RHOO,1b/£ft3 STABILITY
1.00000E+00Q -6.50000E+01 89.99900E+00 0.15261E+00 6.00000E+0Q0Q
DS 1/Fr No. Ta,deqg F vo, ft/s ALPHA 3
0.50000E+00 5.14474E~-05 70.00000E+0Q0 22.82722E+01 1.0000QE+00
MOLE FRACT TUEL, sec zZ,ft X, £t MEX, lbs
0.12403E+00 2.54115E~02 51.72905E+00 1.76278E-02 0.00000E+0Q0 o
MOLE FRAC TLEL, sec Z,ft X, ft MEX,lbs
4.95460E~-03 10.93143E+00 77 .40084E+00 21.69444E+0Q0 2.07214E+00
GAMMA ,deg S,ft U,ft/s B,ft Ho, £t
~-3.08401E+01 44.54167E+00 1.22100E+00 11.68291E+Q0 50.00000E+00
Isopleth Area, ft2 = 0.00000E+00 at 2 = 0.00000E+00
The Program Date is: 24 April, 1991 - Version 6.7 L
i Buoyant Jet Model - JETX.884955
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APPENDIX 2

DESIGN HAZARDS REVIEW REPORT
APRIL 1992 LIQUID PHASE SHIFT (LPS) RUN



AIR /.
Memorandum PRODUCTS 4=

To: Distributi

Dept./Loc.—

on
From: M.R. Jocsak "/”}’/ﬁg! Dept/Ext:  Project Eng./364%
Date: 13 March 1932

Subject: Design Verification Review Report
April 1992 Liquid Phase Shift (LPS) Run

Distribution:

W.C. Allen (MC#83)

Heiung,/R.P. Underwood

A. Peters
D.M. Herron—I74C C/"a
E. Schaub/B. Bhatt/D. Studer
R.L. Williams

A.G. Barbieri

D.M. Brown

T.E. Conway

E.C. Heydorn (LaPorte AFDU)
T.

G.

Attached is a copy of the Design Verification Review report
for the Liquid Phase Shift (LPS) demonstration at the
Alternative Fuels Development Unit (AFDU) in LaPorte, TX.

Most of the hazard items have been satisfactorily addressed

and inclucded in the plant design and/or operating

procedures. The status of all action items will be reviewed
during the ORI-Safety Audit.

»

Please contact me if you have any qQuestions cr comments.

MkJ /028

RECEIVED

MAR 181992

FROCESS ENGINEERING

MM%HZ:iZ?’
/.
i

ECRy 1027 @5y 4 30



DESIGN VERIFICATION REVIEW (DVR)
Alternative Fuels Development Unit (AFDU)
April 1992 Liquid-Phase Shift (LPS) Run
LaPorte, Texas

11 March 1992

T. E. Conway Start-Up Engineering
D. M. Herron Process Engineering

E. C. Heydom Operations

M. R. Jocsak Project Engineering

G. A. Peters PSG Safety Engineering



Design Verification Review (DVR)
Altemnative Fuels Development Unit (AFDU)
April 1992 Liquid Phase Shift (LPS)
LaPorte, Texas
11 March 1992

Table of Contents
Page No.
L IIItTOdUC IO .. e ieieeierrenseeierererrssssnsstsssessecserssesnnsessassssessessraasssssssssenssssnnssnsonsanne 1
I, Status Of Hazard T1eImS...ouuuueceieeereierereeerrssessmreassesssessessesssssnssssssssssnssssssssesssasss 1
Appendices

A. E.S. Schaub ; 12 March (232 Mewmo )?ewew ot “ube mp;\.\rc Cm\lﬁ;é.

B. G.A.Pekers, 16 Marc\n 1992 memo, CO, Vet Stuck safely review.

References
1. Design Hazards Review Report (DHR) - 3 March 1992 (LPS)
2. Engineering Flowsheet (P&ID) for the Spring '92 Liquid Phase Shift
DEMONSTRATION - ATT1016C, revision 1, March 10, 1992
3. Engineering Flowsheet (P&ID) 87-7-1533, Liquid Phase Methanol, revision 15,
19 September, 1991.
4, FCN (to F/S 87-7-1533) #'s: 31,32, & 33.



INTRODUCTION -
A Design Verification Review (DVR) meeting was conducted on 11 March 1992
for the April 1992 Liquid Phase Shift (LPS) run.

The meeting was conducted by first reviewing the Rev. 1 P&ID and preliminary
FCN's and then addressing hazard items. All of the hazard items identified for
the iso-butanol demonstration were addressed and a determination was made as to
their relevance to the LPS run. In addition, several new hazard items were

discussed.

STATUS OF HAZARD ITEMS

The following lists the status of each hazard item as discussed during the DHR
meeting.
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APPENDIX 3

LITERATURE SEARCH ON DEHYDRATION OF
ISOBUTANOL TO ISOBUTYLENE



Memorandum

To: T.H. Hsiung Dept./Loc.: PG&E Research/Iron Run
From: B.E. Latshaw Dept./Ext.:  PG&E Research/3995
Date: 24 March 1992

Subject: Literature Report and Related Information - Dehydration of Isobutanol to Isobutylene

cc: D.M. Brown R. P. Underwood
T. W. Copeman F.J. Waller
D. M. Herron

SUMMARY:

A thorough literature scarch was performed to obtain information on the dehydration of
isobutanol to isobutylene. Because of the limited information available on this particular
reaction, the search strategy was broadened to the dehydration of alcohols to alkenes with
special interest in obtaining information on the catalyst, reactor type, and reaction conditions
used in the work. Work on the dehydration of ethanol was not included because of the lack
of correlation between the mechanisms followed for the dehydration of ethanol and
isobutanol, i.e. isomerization is an important factor for isobutanol.

A number of catalysts have been used in the literature to study the dehydration of alcohols to
alkenes. These catalysts can be divided into four groups: aluminas and modified aluminas,
zeolites, metal phosphates and sulfates, and oxides. Alumina has been the most widely used
dehydration catalyst and has been implemented into at least two pilot plant operations for the
dehydration of isoamyl alcohol. From this information, it appears that the catalysts best
suited for the dehydration of isobutanol would be a treated alumina or possibly just a less
pure gamma-alumina, a phosphate or sulfate modified zirconia, or a calcium phosphate.
These catalysts were specified because of their inactivity for producing the butanol isomers
during the course of the reaction. The reaction conditions obtained from the literature
indicate temperatures ranging from about 300 to 400 C and pressures around atmospheric.
The thermodynamic calculations for the dehydration of isobutanol show that the reaction is
endothermic and therefore, requires the higher temperatures in order to obtain a reasonable
conversion. According to the literature, the majority of the work has been performed in
packed bed reactors; however, a limited amount of literature has been found which describes
a process for the dehydration of tertiary-butyl alcohol utilizing a slurry phase reactor.
Attempts are being made to obtain more information on this matter. It was difficult to make
any reasonable conclusions in regard to the catalyst life expectancy. It appears that the
occurrence of side reactions which lead to carbon formation on the catalyst surface should be
inhibited by the absence of strong acid sites.



INTRODUCTION:

The dehydration of isobutyl alcohol to isobutene is an important reaction because of the use
of isobutene as a feed stock for the production of methyl tertiary butyl ether (MTBE). Since
it has been shown that isobuty! alcohol can be successfully produced from coal derived
syngas, the next step to the production of MTBE is to develop the dehydration process of
isobutanol. A literature review of the dehydration of isobutyl alcohol has been conducted;
however, there does not appear to be a large amount of information on this specific reaction.
In regard to this fact, an expanded view of the literature was undertaken to obtain any
available information on the dehydration of alcohols with a similar carbon structure, i.e. 2-
methyl-1-alkanols. The desired product of the dehydration reaction is isobutene (2-methyl-1-
olefin), but it is quite possible to obtain all of the butene isomers. Thus, a catalyst and
reaction conditions need to be determined which will give isobutene as the primary product
and inhibit to a large extent any isomerization from occurring.

DEHYDRATION REACTION:

Since the dehydration mechanism is undoubtedly a function of both the structure of the
catalyst as well as the structure of the alcohol, a single reaction mechanism cannot be
established. According to the literature though, alumina appears to have been the most
widely used dehydration catalyst and therefore, the most widely studied. In order to obtain
some insight into the reaction mechanism, information will be presented on the dehydration
of alcohols over alumina with specific reference to isobutanol when applicable.

In general, dehydration of alcohols occurs over an acid catalyst. On alumina, two different
acid sites are present, namely Lewis and Bronsted. The Bronsted acid sites result from the
surface hydroxyl groups and are considered on average to be weakly acidic.l The Lewis acid
sites result from the incomplete coordination of surface aluminum atoms by surrounding
oxygen atoms.2 These incompletely coordinated aluminum atoms arise due to removal of the
surface hydroxyl groups through condensation with adjacent hydroxyl groups and evolution
of w:iter. This removal of surface water also creates Lewis base sites which are oxygen

ions.

The adsorption of the alcohol to the surface occurs through hydrogen bonds between the
alcohol hydroxyl group and the surface hydroxyl group and oxide ion.3 At this point it is
believed that the reaction scheme is slightly different depending on the structure of the
alcohol.3 The schemes proposed are based on the fact that the alumina contains only weak to
moderate acidic sites and thus the reaction can be compared to dehydration in dilute aqueous
acids. Taft et al.4 found that tertiary alcohols abstract the hydrogen from the acid forming a
carbonium ion basically free of covalently bonded water. Less stable secondary carbonium
ions were found to be stabilized by specific interaction with two water molecules indicating a
more concerted mechanistic character.5 Dostrovsky and Klein® determined that oxyg:a
exchange with primary alcohols in dilute acid solution occurred through a concerted
mechanism and not by way of a carbonium ion.

The mechanism of dehydration for a primary alcohol such as isobutanol occurs through
abstraction of the f-hydrogen of the alcohol by the surface oxide ion with subsequeat
cleavage of the alcohol hydroxyl group forming water and a surface oxide ion.7 This

L ]



mechanism has been concluded through a number of experimental observations. Knozinger8
found that if aluminum hydroxide (which exposes solely hydroxyl groups at the surface) is
used as the catalvst, there is complete inactivity for the dehydration of tertiary butanol.
However, if the catalyst is heated such that the trihydroxide losses water to form the
monohydroxide resulting as well in the formation of oxygen and aluminum ions, the
dehydration reaction is observed. This indicates that other surface sites must take part in the
formation of olefins. It has also been shown that selective poisoning of the Lewis acid sites
by pyridine does not significantly alter the dehydration of alcohols.® Roca et al.9 on the
other hand have verified the participation of basic sites by poisoning experiments with
tetracyanoethylene.

The rate limiting step during the dehydratior reaction has been studied by Knozinger and
Scheglila. 10 By examining primary kinetic isotope effects for the dehydration of tertiary,
secondary, and iso-butanol in the gas phase, they determined that deuteration of the hydroxyl
group does not cause an isotope effect and thus excludes the hydroxyl proton from any rate
determining participation. This resu't also excludes the desorption of water as being rate
determining at least in the case where the water is adsorbed by hydrogen bonds to hydroxy!l or
deuteroxyl surface groups. The kinetic isotope effect for f-carbon deuteration was greatest
for the primary iscbutanol and least for tertiary butanol. At temperatures below 200 C, they
believe that all three alcohols exhibit E 2-like behavior, but as the temperature is raised the
mechanism for tertiary alcohol shifts to E 1-like. An E2 reaction mechanism involves a
single transition state in which the base pulls a proton away from the carbon while the
hydroxide ion simultaneously departs allowing the double bond to form. The E1 reaction
mechanism however, involves two steps whereby the alcohol undergoes cleavage of the
hydroxyl ion with formation of a carbonium ion. This carbonium ion then loses a proton to
the base to form the alkene. The results presented by Knozinger and Scheglilal0 reaffirm the
mechanisms postulated earlier by Pines and Manassen3 for the dehydration of tertiary,
secondary, and primary alcohols on weak acid sites.

The mechanism for dehydration is not the same for all alcohols. Arai et al.11 found while
studying the dehydration of ethanol that at low temperatures (T<135 C) the major product
desorbed from the alumina catalyst was diethyl ether. At higher temperatures they found a
decrease in ether formation and an increase in ethylene formation. They postulated that the
ether was formed by reaction of two nearby surface ethoxides. The presence of the surface
ethoxides was verfied through IR studies. Knozinger and Kohnel2 however, found ethylene
to be produced only above 250 C during ethanol dehydration. They believed that'the ethylene
was formed directly from dehydration as weli as through decomposition of the ether. As the
temperature was increased, the ether composition decreased significantly. The difference
between the two findings is most likely a result of slight variations in the catalyst as well as
the fact that Knozinger and Kohne performed continuous operation while Arai et al.
performed batch experiments. Knozinger and Kohne proposed that the ether formed by
reaction of an adsorbed alcohol with a surface ethoxide. They found a similar behavior for
straight-chained alcohols up to n-hexanol; however, the temperature range in which ether
could be isolated as the only product decreased with increasing chain length. They were also
unable to detect any ether as a dehydration product of the branched butanols. This appears to
be due to the instability of the alkoxide of the branched butanols. Surface alkoxides were



detected by IR spectroscopy for the ether-forming alcohols wheieas ro surface alkoxide could
be detected for the olefin-forming alcohols.2 Thus it appears that the dehydration of
isobut;nol over alumina occurs through the concerted mechanism proposed by Pines and
Haag.

The E 2-like mechanism for dehydration of primary and secondary alcohols has been fairly
well accepted. It is the transition state during the dehydration of the alcohol which appears to
still be in question. Pillai and Pines13 as well as Kibby et al.14 had determined that alcohol
dehydration on y-alumina occurs as the trans-elimination of the elements of water. It has also
been found that when formation of the cis- and trans- isomers is possible, the cis-olefin forms
preferentially.2,3:7 From the results of selectivity studies, Schwab and Schwab-Agallidis 15
proposed that the dehydration proceeded in pores and crevices of the catalyst. This view was
also taken by Pines and Manassen3 and Pines and Pillai16 on the assumption that acidic and
basic sites would be located on opposite sides of the pore. This scheme would indicate a
reaction controlled by diffusion which has never been observed for alumina. Knozinger et
al.17 proposed that the alcohol molecule adsorbed onto the surface exercises as a whole
vibrational motions, such that the O-Cg-Cg-H plane inclines to the surface. This would lead
to the sterically more favorable conformation where bulky substituents are farthest away from
the surface leading to preferential cis formation. Sedlacek and Kraus18 have determined
from quantum chemical modelling using the adsorbed state proposed by Knozinger et al.17
that anti-elimination is the more energetically favorable path on the alumina surface.
Sedlacek19 was also able to explain the significant preference for cis-olefin formation by
taking into account geometric and electronic factors.

It appears that an E2 reaction mechanism is followed for the dehydration of isobutanol on
alumina. According to Pines and Haag” as well as Knozinger and Scheglilal0, it appears that
pure B-H elimination occurs to form the primary dehydration product. This olefin product
may then readsorb onto the strong acid sites where it may undergo isomerization. It is also
assumed that oligermization occurs on these strong acid sites when the olefin is readsorbed.
This most likely can be avoided by either running at lower conversions so as to avoid the
olefin concentration from building up to a point where the probability of readsorption
becomes high or by selectively poisoning the strong acid sites. Running at lower conversions

was proposed due to the observed increase in isomer composition with increased contact time.

It is also possible that at higher temperatures (T>300 C) y-H elimination may occur with
sebsequent migration of the hydrogen or methyl group forming a number of isomers.20

DEHYDRATION CATALYSTS AND REACTION CONDITIONS:

The information presented in this section has been divided into subsections according to the
type of catalyst used for the dehydration reaction, namely: aluminas, zeolites, metal
phosphates and sulfates, and oxides. According to the literature, alumina is a widely used
catalyst for the dehydration of alcohols. Because of this, the information regarding alumina
has been organized according to the structure of the alcohol (mixed alcohols, 2-methyl-1-
alkanols, and isoamy! alcohol) used in the reaction so as to provide only that information
which is most relavent in regard to the dehydration of isobutanol. The type of reactor and
reaction conditions used by the various authors is also discussed as well as any pertinent
information with respect to catalyst fouling and competitive side reactions.



A. ALUMINA:

The surface of alumina contains both acidic and basic sites. These acidic sites range in
strength from strong to weak. Pines and Pillai2] found that by modifying alumina with
ammonia it was possible to produce relatively pure primary f-H dehydration products from a
number of alcohols such as 3,3-dimethyl-1-butanol without significant quantities of their
isomers. Pines and Haag? found that by incorporating small amounts of sodium (0.001% -
1.5% weight) into the alumina, the activity for dehydration decreased as the sodium content
increased, however the more significant finding was that the activity for isomerization
decreased substantially. According to the findings of Pines and Haag,22 aluminas without
alkali contain a substantial number of strong acid sites; aluminas prepared from alkali
aluminates contain a large number of weak acid sites; and aluminas impregnated with alkali-
base contain a reduced number of acidic sites without an appreciable change in the strength
distribution. When the alumina is impregnated with alkali base, it is quite possible that if the
base concentration is low and the solute is nonselectively adsorbed, the solution may be
depleted of solute before the pores are filled. This would lead to the nonpreferential decrease
in acid sites. The fact that both isomerization and dehydration decrease on impregnation of
an alkali-base could result from adsorption of the base on the aluminum ions as well as
sodium exchange with the surface hydroxyl protons.

1. MIXED ALCOHOLS: .

Several patents have been issued which describe the use of an alumina catalyst for
dehydration of alcohols. Hofstadt et al.23 suggested using an alumina catalyst impregnated
with LiOH, KOH, or NaOH with alkali metal concentrations of 0.1 to 1.5 wt.%. for the
dehydration of C4-Cg alcohols produced from a synthesis gas. An undisclosed alumina
catalyst was proposed by Reichi24 for the dehydration of a mixed alcohol stream produced
from synthesis gas. Reichle2S used a high-purity (alkoxide derived) y-alumina with low
impurity levels impregnated with metal nitrates for the dehydration of normal alcohols to
high-purity a-olefins. The metal ion consisted of Ba, K, Rb, or Cs with a concentration on
the doped catalyst of 0.05-2.0 wt.%. Reichle suggests a low impurity alumina most likely so
that the poisoning can be controlled solely through impregnation with the metal nitrates.
Alvila et al.26 proposed the use of a commercially available (Harshaw) aluminum oxide
catalyst for the dehydration of a stream of mixed butanols. The proportion of straight-
chained: branched alcohols was 1.3:1. The preparation of a-olefins in high selectivity from
fatty alcohols was described by Voeste and Buchold.27 in their process, they used a y-
alumina doped with NH3 to dehydrate the alcohols while inhibiting any isomerization.
Min'ko and Timofeev28 described a pilot facility which uses an aluminum oxide catalyst
treated with 0.25% KOH for the dehydration of several normal alcohols and isoamyl alcohol.
They found that using this catalyst they could produce 1-hexene with 90-95% selectivity.

The above mentioned dehydration reactions were carried out in packed bed reactors. The
reaction conditions used were temperatures ranging from 300-500 C and pressures ranging
from 0.5 to 1 atmosphere. The LHSV (liquid hourly space velocity) were on the order of 1-4
liters of alcohol feed per liter of catalyst per hour. These conditions were utilized to obtain a
product stream which consisted of a high selectivity for the primary olefin.



2. ISOBUTANOL OR 2-METHYL-1-ALKANOLS:

The dehydration of isobutanol was performed by Kim et al.29 using an aluminum oxide
catalyst doped with 1.5-2% Ca(H2PO4); to inhibit skeletal isomerization. The reaction was
carried out at temperatures of 300-400 C and GHSV of 300-2500 providing contact times of 5
seconds or less. They found that the yield of isobutylene could be raised from 80% to 96%
by modifying the alumina catalyst. It was determined by Kim et al.30 that by carrying out
the reaction in a fluidized bed reactor they were able to obtain results which were similar to
those obtained in a fixed bed reactor.

Several patents were issued on the use of modified alumina as a dehydration catalyst for 2-
methyi-1-alkanols whereby the modified alumina produces a higher yield of the 2-methyl-1-
olefin. Specific increases in the product selectivity or yield were not always stated.
Shioyama31 proposed using a zinc aluminate catalyst which is prepared by mixing equimolar
portions of y-alumina and zinc oxide in a ball mixer and then processed to produce the final
physicai form. Results were obtained which were similar to those using a sodium modified
alumina, but the zinc aluminate had a wider temperature range over which the maximum
olefin yield was produced. He also determined that the zinc aluminate was more effective
than simple mixtures of zinc oxide and alumina. Resofszki et al.32 studied the dehydration
reaction using a solid solution of iron oxide and aluminum oxide prepared by spray-

~ decomposing the aqueous solution of the nitrates at 500 C. They found that the addition of 1-
10 mole% of iron oxide caused a sharp decrease in the acidity of the catalyst as well as total
inactivity for skeletal isomerization. A zinc aluminate catalyst was also suggested by John33,
However, John used a y-alumina which was impregnated with an aqueous zinc salt solution
producing an alumina carrier with zinc aluminate on its surface. With this zinc aluminate he
was able to obtain 1-pentene with better than 90% selectivity. Drake34 proposed the use of
an alumina treated by soaking it in a solution of an organic carboxylic acid and a diluent to
produce 2-methyl-1-butene with a selectivity of 85-95%. The amount of carboxylic acid used
in the treatment of the silica can range from about 0 01-0.1 g per gram of alumina. An
alumina catalyst which was modified simply by heat treatment was utilized by Drake35 for
the dehydration of branched alcohols. According to his process, a mixed boehmite
(aluminum oxide-hydroxide)/chi-alumina catalyst is heated to about 550 C for several hours
under a stream of nitrogen. The result is a relatively pure chi-alumina which shows high
selectivities for the primary dehydration products without subsequent isomerization.

The above discussed catalysts were utilized for the dehydration reaction of branched alcohols
to their corresponding olefins. The reactions were carried out in fixed bed reactors over a
temperature range of 250-450 C and pressures of 1-7 atmospheres. The alcohol was
introduced to the reactor at a WHSV ranging from 0.1 to 20 grams of alcohol feed per gram
of catalyst per hour along with an inert carrier gas flow of 40-50 liters per hour.

3. ISOAMYL ALCOHOL:

Two studies have been performed on the dehydration of 3-methyl-1-butanol to provide
information for optimal pilot plant operation. The studies were concerned with determination
of a catalyst and reaction conditions which would produce a product stream with a high yield
of 3-methyl-1-butene and low concentrations of product isomers. Drake et al.36 of the
Phillips Petroleum Co. found that a base treated gamma alumina inhibited the formation of



product isomers. The pilot plant utilized a packed bed reactor operating at about 300 C core
temperature and a pressure of approximately 3 atmospheres. The alcohol feed was varied
from 1.0-1.5 LHSV resulting in a product yield of greater than 85% 3-methyl-1-butene. It
should be noted that the product yield dropped to about 70-75% when the unit was run on a
lower purity feed. Nitrogen was used as a carrier gas for the alcohol feed. Early tests on the
catalyst life revealed that approximately 1000 pounds of 3-methyl-1-butene were produced
per pound of catalyst. The second pilot plant operation was described by Timofeev et al.37
Their process relied on a y-alumina impregnated with 0.25 wt.% KOH. The dehydration was
carried out at approximately 380 C with an alcohol feed of 4 liters per liter of catalyst per
hour. Under these corditions, they were able to obtain a product selectivity of about 70%.

B. ZEOLITES AND AMORPHOUS ALUMINOSILICA:

Several experimental studies have been carried out in which silica-alumina catalysts of
various compositions have been used for the dehydration of isobutyl alcohol. Weisz and co-
workers38 looked at the molecular shape selective dehydration of the isomeric butanols on
Ca-zeolites SA and 10X. They found that approximately 100% conversion of the isobutanol
could be obtained at 300 C on the 10X catalyst, but that negligible conversion occurred for
the dehydration on the SA. This implies that the isobutanol is excluded from the crystal
interior of the zeolite SA. Normal butanol was dehydrated to about the same extent on both.
No analysis of the butene products was presented. Amorphous aluminosilica gels and zeolites
having chemical compositions corresponding to that of type X zeolite were used for the
dehydration of isobutanol by Levchuk and Dzis'ko.39 Running the reaction at 310 C they
determined that the conversion could be increased by lowering the space velocity; however,
they also found a corresponding increase in the concentration of polymeric products. Over
the range of space velocities used, normal butene isomers constituted approximately 20-30%
of the product stream. Samples with low sodium content were found to decrease in activity
quite rapidly with time. This could result from oligomer formation within the pores and their
inability to diffuse out. Their results showed that at low conversions the rate of dehydration
as well as isomerization were independent of the alcohol conversion, but both became
dependent with increasing conversion. They also found a linear decay of both rates with
increasing sodium content.

Makarova et al.40,41 performed limited experiments on the dehydration of isobutanol on H-
ZSM-5. Their reaction conditions were 100-150 C, 1 atmosphere pressure, and low

, conversions (<10%) such that the reaction was zero order with respect to isobutanol. They
did not provide an analysis of the product stream butene isomer composition. IR studies
were performed to determine a possible reaction scheme. They believe that the reaction
occurs through formation of a surface alkoxide which reacts with the alcohol to form a
hydrogen bonded ether. This ether, restricted from diffusing out of the channel intersection,
decomposes to form a butene and an alcohol molecule. Under conditions of higher
conversion or interupted alcohol flow, they found a significant increase in oligomer
formation. They postulate this to arise from interaction of the butene with the highly reactive
alkoxide as the butene is diffusing through the pore.



C. METAL PHOSPHATES AND SULFATES:

Hofstadt et al.23 suggested using either an aluminum phosphate or a calcium phosphate as the
dehydration catalyst for a mixed alcohol stream. However, they stated that they preferred
using an aluminum oxide or calcium phosphate, Ca3(PO4)3, as the dehydration catalyst so
that secondary reactions (condensation and polymerization) could be suppressed. A
phosphorous rich hydroxyapatite catalyst Cag(HPO4)(PO4)50H was investigated by Kibby et
al.14,42 for the dehydration reaction of several alcohols. They found that upon dehydration
of isobutanol they were able to obtain about 90% isobutene with 10% normal butenes. The
reaction was carried out at 300-400 C and low conversions such that the reaction was zero
order with respect to the alcohol concentration. The calcium rich form of this catalyst,
Cayo(PO4)6(OH)7 makes it a suitable catalyst for alcohol dehydrogenation. Brett et al.43
states that the dehydration reaction is catalyzed by the acidic phosphate hydrogen. Clearfield
and Thakur#4 studied the dehydration of cyclohexanol using a zirconium phosphate catalyst.
They found the catalyst to be very selective toward the dehydration reaction with little
activity for isomerization or dehydrogenation. The reaction was performed over a
temperature range of 300-400 C and they determined that the dehydration data fit a first order
rate equation. Clearfield and Thakur also proposed that the primary active sites are the
monohydrogen phosphate protons with a possible secondary active site being of the Lewis
acid type.

A sulfate modified zirconia catalyst was proposed by Klier et al.4> as a possible catalyst for
the dehydration of isobutanol. They found that when a mixture of isobutanol and methanol
were charged to the reactor, the catalyst proved to be efficient and highly selective for the
production of isobutene with methanol dehydration suppressed. However, no work has been
done to study solely the dehydration reaction of isobutanol with this catalyst. Thorton and
Gates46 studied the dehydration of isobutyl alcohol using a poly(styrene-divinylbenzene)
matrix containing sulfate groups as the catalyst. The reaction was performed at
approximately 100 C giving a mixture of butene isomers and isobutane formaticn at low
substrate partial pressures. The reaction was accompanied by about a 20% decrease in rate
over tens of hours of operation resulting from a catalyst which became covered in a dark,
sticky tar. The catalyst deactivation was not observed with either isopropyl or sec-butyl
alcohols. According to Knozinger,20 it is believed that the dehydration of alcohols on ion
exchange resins occurs through oxonium or carbonium ion intermediates.

D. OXIDE CATALYSTS:

Schwab and Schwab-Agallidis15 studied the dehydration of ethanol to ethylene on 2 number
of oxide catalysts (ZnO, TiO2, Cry03, y-Al203, CeO3, and ThO9) and found that the
product stream from the alumina and thoria catalysts consisted of better than 90% ethylene.
Canesson and Blanchard47 found that on dehydration of secondary alcohols over thoria a
high selectivity was shown for the formation of the 1-alkene. They proposed that the reaction
proceeds as a syn-elimination occurring by an E1cB pathway. A reaction occurring by an
E1cB mechanism involves the loss of a proton from the alcohol to the base with formation of
a negatively charged carbanion which then losses the hydroxide ion in a separate step to yield
the alkene. Studying the possibility of y-H eliminations from certain alcohols during the
course of dehydration at 300-350 C, Siddhan and Narayanan® found that thoria showed
very little propensity for y-eliminations whereas the products obtained from alumina doped



with sodium exhibited a significant contribution from y-eliminations. It should also be noted
that alumina exhibited a much higher activity for the dehydration of alcohols such as 3-
methyl-1-pentanol than did thoria.

The dehydration of isobutanol was observed by Kotsarenko and Malysheva%9 using binary
compounds of the type aMpy,Op (1-a)SiO5, where M=Al, Ga, Zr, Be, and Y as catalysts. The
reactions were carried out over the temperature range of 275-350 C using a circulation-flow
method with a circulation rate of 800 liters per hour. They found that with increasing alcohol
concentration, the order of the reaction changed from first to zero on all of the catalysts. The
results of their experiments showed that isobutylene made up about 60-70 mole% of all the
butylenes formed for all of the binary compounds. They also found that a gamma-alumina
sample produced about 95% isobutylene. No indication as to the chemical composition of the
alumina was given. Results for the isomerization of an isobutylene feed showed that alumina
and the binary compounds of Be and Y were inactive for this reaction. From their results
they concluded that the dehydration reaction of isobutanol on the binary oxides occurs
through a carbonium ion mechanism leading to a high rate of normal olefins. Davis30 looked
at the dehydration of branched secondary and tertiary alcohols over aluminum and
molybdenum oxide at temperatures of 180-275 C. For certain alcohols (i.e. 2,2-dimethyi-3-
pentanol) it was found that molybdena produced a significant quantity of products which
resulted from skeletal isomerization whereas the alumina did not. Davis postulated that the
skeletal isomerization resulted from the dehydration step and not from a secondary reaction.
The acidity and basicity of a number of metal oxides were investigated by Gervasini and
Auroux.51 The catalysts were tested for the decomposition of isopropanol to propene and
acetone. While it is difficult to make any conclusions about the use of these catalysts for the
dehydration of isobutanol, there are a few points that should be mentioned. They found that
the oxides of Mo and W gave propene in the temperature range of 400-430 K while those of
Al, Nb, Ta, Ti, and Zr were active in the temperature range of 430-490 K. This would
indicate that MoO3 and WO3 possess stronger acid sites than the other oxides. However, it
should be noted that MoO3 and WO3 also gave acetone, an undesired product in the
dehydration reaction, at lower temperatures.

DEHYDRATION IN A SLURRY REACTOR:

Some work has been undertaken in the use of liquid phase reaction technology for the
dehydration of tertiary butyl alcohol (TBA). A patent issued to Dockner and Krug52
describes a process in which a feed of TBA and nitrogen are passed into a packed quartz tube
filled with vacuum gas oil (boiling point 400 C) containing about 5% resin catalyst. The
reaction is carried out at 205 C giving 97% yield isobutene. Abraham and Prescott53 discuss
the processes utilized by several companies for the dehydration of tertiary butanol to
isobutene. According to the authors, Cities Service dissolves the TBA and a p-toluene
sulfonic acid catalyst in a reaction medium of xylene. The isobutylene is removed as a gas
and the water separates out and is removed continuously. Nippon, Asashi, and Maruzen use
powdered resin catalysts in a stirred reactor for their processes. It must be noted that the
patents referenced by Abraham and Prescott could not be located as cited in their article.



THERMODYNAMICS:

Calculations were made to determine the heat of reaction as well as the change in the Gibbs
free energy upon dehydration of isobutanol to form isobutene and water. The heat of reaction
at 298 C and 1 atmosphere is 8.16 kcal/mole and the Gibbs free energy change is -0.64
kcal/mole. The entropy change was determined to be 24.1 cal/mole K. The heat of reaction
was also calculated at 300 C with its value being 8.75 kcal/mole. Thus, the reaction is
endothermic and will require the process to be run at elevated temperatures in order to obtain
good conversions. Klotz94 performed some equilibrium calculations for the dehydration
reaction and found that the equilibrium favors almost 100% conversion in the temperature
range of 100-300 C and that it was only slightly shifted toward isobutanol at elevated
pressures up to 52 atmospheres. The adiabatic temperature drop for the reaction was also
determined by Klotz55. He found that at inlet conditions of 1 atmosphere and 200 C the
temperature dropped to 77 C for 100% conversion while for an inlet temperature of 300 C the
temperature dropped to 130 C. The temperature drop for the low inlet condition is controlled
by the condensation of water in the reactor.

CONCLUSIONS: .

From the information that has been gathered on the dehydration of alcohols, and in particular
2-methyl-1-alkanols, it appears that the catalysts best suited for the dehydration of isobutanol
would be a treated alumina or possibly just a less pure gamma-alumina, a phosphate or sulfate
modified zirconia, or a calcium phosphate. The literature indicates that the reaction should be
run at temperatures ranging from about 300 to 400 C and at pressures around atmospheric.
From the thermodynamics it is seen that the reaction is endothermic and requires the higher
temperatures in order to obtain reasonable conversion of the isobutanol. According to the
literature, the majority of the work has been performed in packed bed reactors; however,
some of the TBA dehydration processes indicate that a slurry phase reactor should provide the
proper conditions for an efficient and economic isobutanol dehydration process. It was
difficult to make any reasonable conclusions in regard to the catalyst life expectancy. It
appears that a catalyst which does not possess strong acid sites such that isomerizations do not
occur should also inhibit other side reactions from occurring which lead to carbon formation
on the catalyst surface.

B¢

B. E. Latshaw
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APPENDIX 4
MATERIAL BALANCE SHEETS
FOR
A. RUN #11782-58 (GROUND-UP K3-110)
&

B. RUN #11782-63 (POWDER K3-110, LAPORTE BATCH)



A. Run #11782-58 (Ground-up K3-110)
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o] 0.0 0.00 0.0 0.0 000 0,00
m ’1-31 l‘z-“ “0“ u1ln "8011 ‘l-u
IROCH CEVBSI ¢ 6.3 KE2 A C
CARME INOIDE COVERSION : WML
CAEE DIOKIDR CORISIR BT
QRN RECOVERY : 100.15 ¢
TYORGES JECOVEXY : 9.9
QTGS MSCOVERY : 100.5 3 C
YITROCK RRCIVERY : R
UKL AOKINIR. ¢ 16,40 GolyBE 170D
wm:  Bedction doe vith dilote sy s,
'l
Q
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Software Version: 3.2 <OQEOL>
Sample Name 300ce~1 Time 2/28/92 5:42 PM
sample Number: 300cc #l Study alcohols research
Operator : sSed

Instrument $50-1 ALCOHOLS GC Channel A A/D mV Range 1000
AutoSampler NONE
Rack/vial 0/0

Interface Serial # 9212551066 Data Acquisition Time: 2/28/92 5:27 PM
delay Time 0.00 min.

End Time 15.00 min.

Sampling Rate 5.0000 pts/sec
Raw Data File c:\2700\datal\05%9a004.raw

esult File c:\2700\datal\059a004.rst

Instrument File: c:\2700\methods\alcohols.ins
Process File c:\2700\methods\alceohols.prc

Sample File c:\2700\methods\alcohols.smp

Sequence File C:\2700\SEQUENCE\ALCOHOLS.seq

Inj. Volume 1 MOL% Area Reject 0.00

Sample Amount 1.0000 Dilution Factor 1.00

ALCOHOLS Pascn .ua»u&,.kt-&

Jeak Tise Area Area Norm. Area BL Aagunt Coaponent

t  [ain] [uvesec] (8] (%) (ppal Naue

l 0.723 1528.71  0.21 0.21 BY 0.0000

2 0.774 633.29 0.09 0.09 v8 60.8212 METHANE

3 0.991  17085.81 2.3 2.36 88 1470.7085 DIMETHYL ETHER

4 1.109  668060.69 92.36 92.36 BV 91190.3750 NETHANOL

5 1,318 8128.98 1.12 1.12 V8 937.1200 METHYLFORMATE

6 1.539 12418.00 1.72 1.72 88 797.0054 ETHANOL

1T 2454 2927.99 0.4l 0.41 88 179.8903 NETHYL ACETATE

8 J. 14 5192.41 0.72 0.72 88 200.4799 1-PROPANOL

9 4.660 3353.78  0.46 0.46 88 89.1717 ISOBUTAROL

10 5.407 1852.24 0.2 0.26 88 50.7410 1-8UTANOL

I3 6.376 747.10  0.10 0.10 88 0.0000

12 6.745 662.04 0.09 0.09 88 14,2106 2-METHYL-1-BUTANOL

13 1,283 719.20  0.10 0.10 88 15.8368 1-PENTANOL

723310.31 100.00 100.00 95006.%62%



RUN #
OIL TYPE

OIL WEIGHT

CATALYST

INLET FLOW

PRESSURE

GHSV (DRY)
H20 I'WJECTION RATE:
H20/CC RATIO IN FEED

N2
CH4

co2
H20
MEOH

MeoFormate
ETCOH

TOTAL

LIQUID PHASE SHIFT

APCI STIKRED AUTOCLAVES

11782-58E
SONTEX 100 (Drakeol 10)
121.78 GM
BASF K3-110 (210 mesh)
153.61 SL/HR
467.30 PSIG
5067.96 SL/KG-HR (616 5)
27.00 ML/HR
0.44
INLET
CONC FLOW
N L/HR
37.74  57.97  31.38
1.05 1.61 0.87
0.00 0.00 0.00
49.56 76.13  41.21
10.04  15.42 8.35
0.00 0.00  18.19
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
98.39 151.14 100.00

CARBON MONOXIDE CONVERSION
CARBON DIOXIDE YIELD
HYDROGEN YIELD

water conversion

CARBON RECOVERY

HYDROGEN RECOVERY

OXYGEN RECOVERY

NITROGEN RECOVERY

Pco2*Ph2/Pco*PH20: inlet=
equilirium H20 conversions

Reduction done with dilute
moles of water converteds

DATE : 02/29/92
HOURS ON STREAM : 49.00 HRS
STIR SPEED 1200.00 RPM
CATALYST LOADING: 30.31 GM
OUTLET FLOW . 183.27 SL/HR
TEMPERATURE 252.10 DEG C
Keq = 83.54
33.60 sl/hr Exit water: 2.42 sl/nr
OUTLET DELTA
CONC FLOW FLOW FLOW
s L/HR L/HR GMOL/HR
46.94 86.03 28.06 1.25
0.86 1.58 20.04 0.00
©.00 6.00 0.00 0.00
23.22 42.56 -33.57 -1.50
25.43 46.61 31.18 1.39
1.32 2.42 2.42 0.11
0.92 1.69 1.69 0.08
“U.00 0.00 0.00 6.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
98.65 180.87 29.73 1.33
: 44.10 MOLE §
: 40.96 MOLE §
: 36.85 MOLE §
: 92.81%
: 99.23 &
100.30 %
99.52 &
97.72 &
0.35 exit= 38.99
0.9648 1.18 sl/hr
syn gas.
17.5471
83.5¢

Q)

o



RUN #

OIL TYPE
OIL WEIGHT
CATALYST
INLET FLOW
PRESSURE
GHSV (DRY)

LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

H20 INJECTION RATE:
H20/CO RATIO IN FEED

H2

N2

CH4

co

co2

H20

MEOH

DME
MeFormate
ETOH

TOTAL

11782-58C
SONTEX 100 (Drakecl 10)
121.78 aM
BASF K3-110 (210 mesh)
294 .44 SL/HR
468.20 PSIG b )
9714.44 SL/KG-HR (/)
49.00 ML/HR
0.42
INLET
CONC FLOW
4 L/HR
37.74 111.12 31
1.05 " 3.09 0
0.00 0.00 0
49.56 145.93 41
10.04 29.56 8
0.00 0.00 17
0.00 0.00 0
0.00 0.00 0
0.00 0.00 0
0.00 0.00 0
98.39 289.70 100.

.69
.88
.00
.61
.43
.39
.00
.00
.00
.00

00

DATE : 02/29/92

HOURS ON STREAM : 51.25 HRS
STIR SPEED t 1200.00 RPM
CATALYST LOADING: 30.31 gM
OUTLET FLOW s 349.52 SL/HR
TEMPERATURE H 248.20DEG C
Keq = 89.42

60.98 sl/hr Exit water:

42.95
0.83
0.00

27.01

23.45
2.45
0.22

0.00
0.00
0.00

96.91

CARBON MONOXIDE CONVERSION :
CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
HYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY

Pco2*Ph2/Pco*PH20:

inlet=
equilirium H20 conversiona

0.37
0.9682

Reduction done with dilute syn gas.
moles of water converteds

16.835
89.42

150.12
2.90
0.00

94.41
81.96
8.58
0.77
0.00
0.00
0.00

338.74

35.31 MOLE

35.91 MOLE

26.72 MOLE
85.93%
100.94 %

98.60 &
104.17 &

93.83 %

exits
1.94 sl/hy

8.58 sl/hr
\
DELTA
FLOW FLOW

L/HR GMOL/HR

3s.00
-0.19
0.00
-51.52
52.40
8.58
0.77
0.00
0.00
0.00

49.03

15.20

OO0OONNMNMOO

.74
.01
.00
.30
.34
.38
.03
.00
0.00
0.00

2.19



RUN #

OIL TYPE
OIL WEIGHT
CATALYST

H20 INJECTION RATE:
H20/CO RATIO IN FEED

H2

N2

CH4

co

co2

H20

MEOH

DME
MeFormate
ETOH

TOTAL

LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

11782-54D
SONTEX 100 (Drakeol 10)
121.78 GM
BASF K3-110
150.97 SL/HR
456.70 PSIG
4980.87 SL/KG-HR (060%5-5)
22.00 ML/HR
0.29
INLET
CONC FLOW
s L/HR
29.62 44.72 25.85
0.97 1.46 0.85
0.00 0.8 0.00
62.69 94.64 54.71
3.18 4.80 2.78
0.00 0.00 15.82
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
96.46 145.63  100.00

CARBON MONOXIDE CONVERSION :

CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
EYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY

Pco2*Ph2/Pco*PH20:  inlets=
equilirium H20 conversions

reduction done with dilute
moles of water converteds

86.04

DATE : 03/01/92
HOURS ON STRERM : 72.75 HRS
STIR SPEED 1200.00 RPM
CATALYST LOADING: 30.31 QM
OUTLET FLOW 171.39 SL/HR
TEMPERATURE : 250.40 DEG C
Keq = 86.04
27.38 sl/hr Exit water: 1.43 sl/hr
94.77%
QUTLET DELTA
CONC FLOW FLOW FLOW
$ L/HR L/HR GMOL/HR
39.38 67.4¢ 22.78 1.02
0.83 1.42 -0.04 0.00
0.00 0.00 0.00 0.00
39.51 67.72 -26.93 -1.20
17.94 30.75 25.95 1.16
0.83 1.43 1.43 0.06
0.79 1.35 1.35 0.06
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
99.28 170.17 24.54 1.10
28.45 MOLE §
27.42 MOLE %
24.07 MOLE §&
94.77%
100.38 &
99.99 %
100.63 §
97.14
0.08 exits 21.42
0.9857 0.39 sl/hr
syn gas.
15.5987



RUN &
OIL TYPE

OIL WEIGHT

CATALYST

INLET FLOW

PRESSURE

GHSV (DRY)
H20 INJECTION RATE:
H20/CO RATIO IN FEED

H2

N2

CH4

cO

co2

H20

MEOH

DME
MeFormate
ETOH

TOTAL

LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

11782-5?2
SONTEX 100 (Drakeol 10)
121.78 GM
BASP K3-110
150.97 SL/HR
460.10 PSIG
4980.87 SL/KG-HR
41.00 ML/HR
0.54
INLET
CONC FLOW
3 L/HR
29.62 44.72 22.74
0.97 1.46 0.74
0.00 0.00 0.00
62.69 94.64 48.13
3.18 4.80 2.44
0.00 0.00 25.95
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
96.46 145.63 100.00

CARBON MONOXIDE CONVERSION :

CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
HYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY

Pco2*Ph2/Pco*PH20: inlet=
equilirium H20 conversions

reduction done with dilute
moles of water converteds

.92

.00
.00
.92
.96
.32
.03
.00
.00
.00

.30

DATE : 03/01/92
HOURS ON STREAM : 75.00 HRS
STIR SPEED H 1200.00 RPM
CATALYST LOADING: 30.31 GM
OUTLET FLOW 198.10 SL/HR
TEMPERATURE 250.80 DEG C
Keq = 85.45
£1.02 sl/hr Exit water: 7.23 sl/hr
OUTLET DELTA
CONC FLOW FLOW FLOW
] L/HR L/HR GMOL/HR
44.33 87.82 43.10 1
0.72 1.43 -0.04 0
0.00 0.00 0.00 0
26.02 $1.55 -43.10 -1
24.53 48.59 43.79 1
3.65 7.23 7.23 0
0.31 0.61 0.61 0
0.00 0.00 0.00 0
0.00 0.00 0.00 0
0.00 0.00 0.00 0
99.56 197.23 51.60 2
45.54 MOLE §
46.27 MOLE %
45.54 MOLE %
85.83%
101.32 %
108.84 &
105.95 %
97.490
0.04 exits= 11.45
0.9738 1.34 sl/hr
syn gas.
25.27

85.43



RUN #

OIL TYPE
OIL WEIGHT
CATALYST
INLET FLOW
PRESSURE
GHSV (DRY)

H20 INJECTION RATE:
H20/CO RATIO IN FEED

CH4
co
co2
H20
MEOH

MeFormate
ETOH

TOTAL

LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

)

11782-5pm
SONTEX 100 (Drakeol 10)
121.78 GM
BASF K3-110
153.41 SL/HR
468.20 PSIG
5061.48 SL/KG-HR ((170)

27.00 ML/HR
0.46
INLET
CONC FLOW
L L/HR
37.62 57.71 30.93
1.01 1.55 0.83
0.00 0.00 0.00
47.72 73.21 39.24
13.37 20.51 10.99
0.00 0.00 18.01
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
99.72 152.98 100.00

CARBON MONOXIDE CONVERSION :

CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
KYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY

Pco2*Ph2/Pco*PH20: inlet=
equilirium H20 conversions

reduction done with dilute syn gas.

moles of water converteds

DATE + 03/02/92
HOURS ON STREAM : 91.50 HRS
STIR SPEED 1200.00 RPM
CATALYST LOADING: 30.31 QM
OUTLET FLOW 184.28 SL/HR
TEMPERATURE 250.00 DEG C
Keq = 86.65 ,
33.60 sl/hr Exit water: S.44
OUTLET DELTA
CONC FLOW FLOW
] L/HR L/HR
46.70 86.06 28.34
0.83 1.93 -0.02
0.00 0.00 0.00
23.45 43.21 -30.00
26.41 48.67 28.16
2.95 S.44 S.44
0.45 0.83 0.83
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
100.79 185.74 32.76
40.97 MOLE §
38.46 MOLE §
38.72 MOLE §&
83.80%
98.92 &
105.97 &
101.75 %
98.71
0.48 exit= 17.80
0.9602 1.34 sl/hr
17.29
86.68

sl/hr

0000 O0OMKKHOOW
. e e s e e e e e s
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LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

RUN # 11782-58G
OIL TYPE SONTEX 100 (Drakeol 10)
OIL WEIGHT 121.78 oM
CATALYST BASF K3-110
INLET FLOW 297.10 SL/HR
PRESSURE 473.20 PSIG
GHSV (DRY) 9801.97 SL/KG-HR 11,593
H20 INJECTION RATE: $3.00 ML/HR
H20/C0O RATIO IN FEED 0.46
INLET
CONC FLOW
] L/HR
H2 38.00 112.90 31.08
N2 1.02 3.03 0.83
CH4 0.00 0.00 0.00
co 47.88 142.25 39.17
co2 13.15 39.07 10.76
H20 0.00 0.00 18.16
MEOH 0.00 0.00 0.00
DME 0.00 0.00 0.00
MeFormate 0.00 0.00 0.00
ETOH 0.00 0.00 0.00
TOTAL 100.05 297.25 100.00
CARBON MONOXIDE CONVERSION :
CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
HYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY
Pco2*Ph2/Pco*PH20: inlet=
equilirium H20 conversion=
NOTE: reduction done with dilute

moles of water converteds=

DATE : 03/702/92
HOURS ON STREAM : 91.50 HRS
STIR SPEED 1200.00 RPM
CATALYST LOADING: 30.31 M
OUTLET FLOW 358.92 SL/HR
TEMPERATURE 250.80 DEG C
Req = 85.45
65.96 sl/hr Exit water: 18.13 sl/hr
OUTLET DELTA
CONC FLOW FLOW FLOW
] L/HR L/HR GMOL/HR
44.77 160.69 47.79 2.13
0.83 2.98 -0.05 0.00
0.00 0.00 0.00 0.00
26.18 93.96 -48.29 -2.16
24.21 86.89 47.83 2.14
5.05 - 18.13 18.13 0.81
0.10 0.36 0.36 0.02
0.00 0.00 0.00 0.00
0.00 0.60 0.00 0.00
0.00 0.00 0.00 0.00
101.14 363.01 65.77 2.94
33.94 MOLE §
33.62 MOLE &
33.60 MOLE %
72.51%
99.94 &
110.26 &
106.14 8§
98.30
0.47 exit= 8.20
0.959% 2.67 sl/hr
syn gas.
17.4237

85.45



LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

RUN # 11782-58H
OIL TYPE SONTEX 100 (Drakeol 10)
OIL WEIGHT 121.78 GM
CATALYST BASF K3-110
INLET FLOW 297.13 SL/HR
PRESSURE 458 .70 PSIG
GHSV (DRY) 9803 .15 SL/KG-HR CILAASS)
H20 INJECTION RATE: 40.00 ML/HR
H20/CO RATIO IN FEED 0.26
INLET
CONC FLOW
s L/HR
H2 30.85 91.67 26.27
N2 0.92 2.73 0.78
CH4 0.00 0.00 0.00
co 65.45 194.47 §5.73
co2 3.46 10.28 2.95
H20 0.00 0.00 14.27
MEOH 0.00 0.00 0.00
DME 0.00 0.00 0.00
MeFormate 0.00 0.00 0.00
ETOH 0.00 0.00 0.00
TOTAL 100.68 299.15 100.00
CARBON MONOXIDE CONVERSION
CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
HYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY
Pco2*Ph2/Pco*PH20: inlets=
equilirium H20 conversions
NOTE: reduction done with dilute

moles of water converteds

DATE : 03/03/92
HOURS ON STREAM : 117.25 HRS
STIR SPEED 1200.00 RPM
CATALYST LOADING: 30.31 M
OUTLET FLOW 336.61 SL/HR
TEMPERATURE 250.90 DEG C
Keq = 85.30
49.78 sl/hr EBExit water: 9.20
OUTLET DELTA
CONC FLOW FLOW
s L/HR L/HR
39.11 131.68 39.98
0.81 2.73 -0.01
0.00 0.00 0.00
44.53 149.89 -44.58
15.11 50.86 40.58
2.73 9.20 9.20
0.16 0.54 0.54
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.00 0.00
102.45 344 .87 45.71
: 22.92 MOLE &
: 20.87 MOLE §
s 20.56 MOLE %
: 81.53%
: 98.31 %
104.01 8%
100.86 %
99.74
0.10 axit= 4.86
0.9265 0.67 sl/hr
syn gas.
14.0726

85.32

sl/hr

OOOOOHPOQH
P T
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LIQUID PHASE SHIFT

APCI STIRRED AUTOCLAVES

RUN # 11782-581
OIL TYPE SONTEX 100 (Drakeol 10)
OIL WEIGHT 121.78 GM
CATALYST BASF K3-110
INLET FLOW 294.44 SL/HR
PRESSURE 476,40 PSIG L
GHSV (DRY) 9714.44 SL/KG-HR (11359 )
H20 INJECTION RATE: 40.00 ML/HR
H20/CO RATIO IN FEED 0.26
INLET
CONC FLOW
L L/HR
H2 30.85 90.84 26.24
N2 0.92 2.71 0.78
CH4 0.00 0.00 0.00
co 65.45 192.71 §5.66
co2 3.46 10.19 2.94
H20 0.00 0.00 14.38
MEOH 0.00 0.00 0.00
DME 0.00 0.00 0.00
MeFormate 0.00 0.00 0.00
ETOH 0.00 0.00 0.00
TOTAL 100.68 296.45 100.00
CARBON MONOXIDE CONVERSION :
CARBON DIOXIDE YIELD
HYDROGEN YIELD
water conversion
CARBON RECOVERY
HYDROGEN RECOVERY
OXYGEN RECOVERY
NITROGEN RECOVERY
Pco2*Ph2/Pco*PH20: inlets
equilirium H20 conversions
NOTE: reduction done with dilute

mole of water convertedsz

DATE : 03/03/92
HOURS ON STREAM : 120.50 HRS
STIR SPEED 1200.00 RPM
CATALYST LOADING: 30.31 G4
OUTLET FLOW 339.05 SL/HR
TEMPERATURE 275.60 DEG C
Keq = 56.59
49.78 sl/hr Exit water: 4.67 sl/hr
OUTLET DELTA
CONC FLOW FLOW FLOW
s L/HR L/HR GMOL/HR
39.19 132.87 42.04 1.88
0.81 2.75 0.04 0.00
0.00 0.00 0.00 0.00
43.18 146.40 -46.31 -2.07
16.31 55.30 45.11 2.01
1.38 4.67 4.67 0.21
0.72 2.44 2.44 0.11
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00
101.59 344.43 47 .98 2.14
24.03 MOLE &
23.41 MOLE &
21.81 MOLE &
90.62%
100.61 %
103.75 ¢
101.79 %
101.38
0.10 axits 10.75
0.9797 1.01 sl/hr
syn gas.
14.09

56.59



B. Run #11782-63 (Powder K3-110, LaPorte Batch)

)



Z.Prie &hﬂ.!,t k3-(1o
( shipped fomm Germary )

LIQUID PEASE METHAKOL SYNTHESIS
APCT SYORED AUNCIAVES
M UMk us 101/
OL PP  :SNTRX 100 (DRARROL 10)  BOGRS O STRRAK ¢ 19.00 &S
oL smIcEr: 112 d STIR SPRDD ¢ 1200.00 27X
CASALTS?  :BASY K3-110 (LOR f453 G263)10TAL CAT LoMDDNG: LU @
menm: NuLe OUTLE? LW ¢ uam
PRESSTE ¢ 748.04 PSIC RrRATRE ¢ BMNC
sy : 5563.09 LR
e ooTLae man
o o o no ns na
t R t um VR R

'] 37.65  65.15 (1 (B ] <3031 L3S
n 1.0 LB .0 1a .08 -0
o in - 0.0 00 00 Le
(1] 9.3 B 8.6 616 1615 <N
o 18 B4 169 U0 0.8 003
LV | 1/ 0.00 n 0.00 0.00 0.00
na n 0.0 9% 1.8 K I X 5
s A 800 .08 011 29 S K
Beformats n 0.00 0.3 o8 ol i
| N 0.0 0.08 011 Wl
T0ILS 101.“ 17!01‘ 101-15 1“0” 1.4 <14

CHVERSI® H #.50 i3 ¢

CARNE KKIIDE CONVERSION ¢ LK R 7 R

CARMON DICGXIDE CONVERSION : LN K3

CARNCE RECOVERY H nut

oVt H n.ne

ITCHN RECOVERY H N3

ITTR0GEE KRCOVERY : 5.0 %

NETEAIE, PRODOCTIVITY : 19.9 Qole/B-16

o Reduction doos vith dilste sya s,
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Software Ve-sion: 3.2 <CEGL. PY

Sample Name : 300cc-1 Time : 3/25/%92 11:29 AM

camplie Number: 300cc #1 Study : alcohclis research
QOeerator : seg

Instrument : 950~-1 ALCOHOLS GC Channel : A A/D mV Range : 10C0
~utoSampler @ NONE ®
Pack/vial : /0

Interface Serial # : 9212551066 Data Acquisition Time: 3/25,92 11:23 Am

Daelay Time : 0.00 min.
End Time : 15.00 min.
Sampling Rate : 5,000C pts/sec Py
Raw Data File c:\2700\datal\085a004.raw
Rezult File c:\2700\datal\085a004.rst
iretrument File: c:\2700\methods\alcohols.ins
Yiowess File : c:\370C\methods\alcohols . pi'C
LSample File c:\270C\methods\alcohols.smp PY
lacuence File C:\2700\SEQUENCE\ALCOHOLE . seq
imn3. Volume : 1 MOL% Area Reject : 0.0C
sampie Amount @ 1.0000 Dilution Factor : 1.00
""""""""""""""""""""""""""""""""""""""""""""""""""""" @
ALCOHOLS
::5-;::::::::::::::::::::::::::::::::2::::::::'—'::::::::::::::::::::::::::::::::
C1~C& MIXED ALCOHOLS
PRS- DA - G- gl A Al ol S Nl i~ i o~~~ R S - :::1‘:;‘1
Saak Time Area Area Nora, Area Bi Arount Conponent
t [min}] luvssec) (%) {s) {ppa) Nase
l 0.72§ 1464, 64 0.18 0.18 BV 140.6647 NETHANE ®
2 0.7 818.96 0,08 0.08 v8 27.5824 ETHARE
3 0.99% 8534.80 1.04 1.0¢ 88 891.4980 DIMETHYL ETHER
4 1,107 739286.06 90.08 §0.08 BY 97394.9453 METHANOL qeal
] 1.3 10206.25 1.24 1.24 V8 1293.2148 METHYLFORMATE
[ 1.532 14601.78  1.78 1.78 88 893.6423 ETHANOL
72462 352,17 0.43 0.43 88 209.4092  METHYL ACETATE H(1182-63G ®
3 3.101 1873.3¢  0.92 0.92 38 277.8900 1-PROPANOL
9 4043 1145.58  0.14 0.14 88 0.0000 )
10 4638 31420 0.42 0.42 B 85,6162  1SOBUTANOL 19 hrd ow - shraw
il 5.325 4538.05 0.5% 0.55 88 123.5396 1-BUTANOL
12 5.986 1467.64  0.18 0.18 88 36.5261 NETHYL 1SOBUTYRATE
13 6.3 1270.530 0,16 0.16 88 0.0000
14 6.676 178313 0.21 0.21 88 35,7360 2-METHYL-1-BUTANOL €
5 7.1 2566.10 0.31 0.31 88 S1.7179 1-PENTANOL '
16 7.602 1133.76 0.14 0.14 88 0.0000
17 7.9%7 756.80  0.09 0.09 88 0.0000
18 B8.168 1083.43 0.13 0.13 88 21.0583 2-METHYL-1-PENTANOL
: 8.654 2198.12 0.7 0.27 88 50.6085 1-KEXANOL
200 9.5 110159 0.13 0.13 88 0.0000 C
21 §.997 141€.80 0.17 0.17 88 0.0000
W 10313 632.33 0.08 0.08 88 0.0000
Loirde 3




LIQUID PHASE METHARX, SYNTHISIS

ABCT STIISED ATROCLAVES
0 B UMD L /269
OIL TIPS :SONTEX 100 (DRAKECL 10)  HOURS B STREMN : 43,00 IS
om, wee ¢ M a ST SPEDD ¢ 120,00 W
@UITST SMASP K3-110 (LOT JUS3 §263)%0mL AP LOMDDK: .1 @
menm: INuLm oons N ¢ ey
¢ 709,% PSIG TCBATRE ¢ B10C
@v $ 556309 LIG-RR
e oot onn
o no o nm ne no
! um t e Iz aum

n NS UK w8 BAN 248 -3
n L4 1M L LN .02 -0.00
a ] 0.00 L i o1 0.00
® 0w U aan 6.3 5.0 0.6
o ns 1% 169 U8 085 0.4
w 11 0.00 N 8.00 0.00 0.0
na N 0.00 . LA 1332 0
b N 0.00 0.8 0L 011 0.0
Reformts in 0.00 o 016 o.l6 001
s N .00 0.8 01 041  0.00
T0RLS 100.99 17‘.75 100.50 1.4 3.1 «1.%

TYDROCKS CONVERSIH H (LNI) /R

CARBOY NONOXIDS CONVERSIN : JIRCR /R

CARMCE DIOXIDE CONVERSIN : -6t

CARDON RECOVERY : 95813

EYDROGES RECOVERY : n.ut

XYCIE RECOVERY : 100,12 %

KIYROGEY RECOVERY : L R R .

IEYEANCL, PRODOCTIVITY : 19.11 Glole/ER+iG

n: Deduction dooe vith dilute syo qas.



AR ITL S

AutoSampler . NONE

Rack/Vial : 9/0

Interface serial # : 3212551066 Data Acquisition Time: 3/26/92 11:40 AM
Delay Time . 0.00 min.

fnd Time . 15.0¢ min.

zampling Rate 5.0000 pts/sec

Raw Data File c:\2700\datal\0863004.raw
Result File c:\2700\datal\08oa004.rst
Instrument File: c:\:?OO\methods\alcohols.ins .
Process File c:\2700\mathods\alcohols.prc
sample File c:\2700\methods\alcohols.smp
sequence File c:\2700\SEQUENCE\ALCOHQLS.seq
Inj. Volume . 1 MOL% \;?23 Reject . 0.00
sample Amount : 1.0000 Dilution Factor 1.00
ALCOHOLS
21-C& MIXED ALCOHOLS
Peak Tise Area Area Mors. Area 8L asount Coaponent
t  (ein] [(uvssec] %) (%) (ppn] Nane
1 0.726 1351.34 0.18 0.18 8Y 129.7832 METHANE
2 om 498.66 0.07 .07 v8 22,29 ETHANE
3 0.995 7743.010  1.02 1.02 88 808.9733 DINETHYL ETHER [
¢ 1101 70432381 2.2 92.32 8V 92788.9531 METHANOL b3
s 1.3 geds.12 1.13 1.13 V8 1095.7876 NETHYLFORMATE
6 1.528 12480.61 1.54 1.64 88 763.8251 ETHANOL -
1 2.464 2810.04 0.37 0.37 88 167.13695 NETHYL ACETATE # 118 2 é%b
8 3.103 6163.11 0.81 0.81 88 226.1440 1-PROPANDL
- A
9 4,046 983.46 0.13 0.13 88 15.5200 HEXARE G3hn. &~ sher [
10 4.639 2993.26 0.34 0.34 88 65.029¢ 1S0BUTANOL
11 9.328 3563.56 0.47 d.47 88 97.147 1-8UTANDL
12 5.983 1157.23  0.15 p.15 88 28.8008 RETHYL ISOBUTYRATE
13 6.378 902.3¢ 0.12 0.12 88 0.0000
14 8.676 1207.66 0.16 0.16 88 4.6172 Z-HETHYL'I-BUTMOL
15 1.8 1862.44  0.24 0.24 88 37,532 1-PENTANIL ®
16  B8.166 645,34 0.09 0.09 88 12.5%30 2-NETHYL-1-PENTANOL
17 8.656 1341.27 0.18 0.18 88 30.8809 1-HEXAROL
18 9.539% 545.34 0.0 0.07 88 0.0000
19 9.997 §91.44 0,09 0.09 88 0.0000
20 10.778 854,31 0.07 0.07 88 0.0000
U 11,933 1558.77  0.20 0.20 B8 0.0000 C
22 12.403 3%6.21 0.0% 0.05 B8 0.0000
C
23 13,01 929.47 0.12 0.12 B8 0.2000
762916.25 10¢.90 100.00 96314.9141



LIQUID PRASE SEIT?
APCT STIERED ATPOCLAVES

o K] s11702-6% s s 03/26/92
OIL TP mmﬁ(mlﬁ) MBS U STREM ¢ wsms
OIL WEIGE? : MMM & ST SPID s 1200 B
CATALYS? :RAS? K3-110 (L% {153 8263) anie? oooe:  dud
s now ¢ 1N /R onna  : aLesm
PRESSTR ¢ 452,76 PSIC MOGAE ¢ 250.7 026 C
GESV (DRT) ¢+ 5562.20 SL/AG-R Bpil. Const, ¢ $5.060
£20 DUCTION RATE: 30,00 ML/ER: 3733 sl
§20/00 RATI0 TN mm: 0.4 it Water, slAr= 316
INE? R Inlet ooTLE? DIY ntle LB
fry CoR¢ L8 Bet Conc. &y m NN WetCxe N N0
$ R ] e f m R

n NI WU N8 6.0 %06 88 an 14
V] .0 L on o 1 .8 .07 0.0
] Vs 0.0 0,00 7] 000 000 000 .0
(] 0.% u.u 5 '] w16 510“ no“ 'nun 'Lu
o Wy AR un o sn 260 U 1.5
7] n 0.0 1769 N 0N L8 0N L0
na n/a o 00 08 LB N LM B
m T e 000 17 0 000 000 00
Teformta .7 ] N 00 17} 0.0 000 000 000
o | a 0.0 0.00 n/s 6.0 00 000 089
L 100.40 1.7 100.00 9. 2008 10.00 %H 18

CARME I0POXIDS CONVERSIOH © RN PR

CARNS DIOXIDG YIRID H a.2mes

TDR0CEN YIRID H .0 KRS

Tater Cooversica : DR R

CASNE RECOVERY : .38

HYROCEE RECOVIRY : 14,02 8

OXTCEN RECOVERY H 14023

ITTROGHN RECOVERY : 104,07 %
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RUN # OPERATION DURATION

CATALYST ACTIVATION
AF-A2 Activation of 550# of K3-110 catalyst 2.0 days
LPM DEMONSTRATION
AF-R4 Methanol synthesis w/K3-110 6.5
Drain reactor to 275# of catalyst (oxide basis) 0.5
LPS DEMONSTRATION
AF-R5 .1 Texaco Gas, SV=10000, H2:CO=1:1 2.0
2 Texaco Gas, SV=10000, H2:CO=2:1 1.0
3 Texaco Gas, SV= 6000, H2:CO=2:1 1.0
4 Texaco Gzs, SV= 6000, H2:CO=1:1 1.0
Change-out methanol in CO2 removal section 0.5
AF-RS5 .5 Shell Gas, SV=7000, H2:CO=2:1 1.0
6 Shell Gas, SV=7000, H2:CO=1:1 1.0
v Shell Gas, SV=4000, H2:CO=1:1 1.0
8 Shell Gas, SV=4000, H2:CO=2:1 1.0
Prepare for once-through operation 0.5
AF-R5 .9 H2 Lean Gas, SV=6000, H2:CO=2:1 1.0
.10a POX Gas, SV=6000, H2:C0=20:1 1.0
10b POX Gas, SV=6000, H2:CO=40:1 1.0
TOTAL 22.0

SV is space velocity expressed as sU/kg-hr. Runs R5.6, RS.7, and R5.10b are optional and
will be carried-out if the schedule can be maintained. The feed gas compositions to be used
are presented in Table 2.

TABLE 2: Fegd Gas Compositions for Spring '92 LPS Demonstration

Component: H2 Cco CcO2 N2

Shell Gas 31.0 65.0 3.0 1.0
Texaco Gas 35.0 51.0 13.0 1.0
H2 Lean Gas 1.5 72.0 13.4 131
POX Gas 60.7 37.7 1.6 0.0

3. Process Development
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Ag Produclts inad Clhomi;:uls. Inc. A’R ,‘
7201 Hamiiton Boulevar

Allentown, PA 18195-1501 PRODUCTS L=~
Telephone (215) 481-4911

Telex: 847416

Fax: (215) 481-5900

31 March 1992

Mr. Gary J. Stiegel
Project Manager
Liquid Fuels Division
Pittsburgh Energy Technology Center
US Department of Energy
PO Box 10940
" MRS 922-H
Pittsburgh, PA 15236

Dear Gary:

Attached please find:

*

Our notes on the Partners' Meeting at Pittsburgh on March 19-20.

A summary of foliow-up discussion with Dr. Fred Tungate, UCI regarding catalyst
preparation for F-T demonstration at LaPorte.

A summary of follow-up discussion with Dr. Rocco Fiato, Exxon regarding starting
wax at LaPorte.

Information on Drakeol-10.

A Proposed Run Plan for the F-T demonstration in July 92.

Timely comments from everyone on the distribution list are welcome.

Yours truly,

3.4 . FL A

Dr. Bharat L. Bhatt

Senior Principal Process Engineer
PSG Process Engineering

(215) 481-5995



Dr. Udaya Rao

Project Manager

Liquid Fuels Division

Pittsburgh Energy Technology Center
US Department of Energy

PO Box 10940

MS 922-H

Pittsburgh, PA 15236

Dr. Hemant B. Gala

Project Coordinator

Project Development Department
UOP Inc

25 E Algonquin Rd

Des Plains, IL 60017-5017

Dr. Dennis M. Brown
Technology Manager

Methano! and Alternative Fuels
Air Products and Chemicals, Inc
7201 Hamilton Bivd.

Allentown, PA 18195-1501

Mr. Keijo Kinnari

Staff Engineer

Research and Development
Statoil

PO Box 300

N-4001 Stavanger

Norway

Dr. Rocco Fiato, Exxon

Research Manager

Exxon Research & Engineering Co.
180 Park avenue

Florham Park, NJ 07932



AIR /.
NOTES FROM MEETING PRODUCTS £=
Page One Of One
DATE OF MEETING WEEKDAY TIME LOCATION
| STARTED ENDED
3/19/92-3/20/92 Thursday & 8:30 AM 5.00 PM Holiday Inn Airport,
Friday 8:30 AM 12:00 Noon | Pittsburgh

SUBJECT AND/OR PURPOSE
Fischer-Tropsch Partners Meeting
ITEM | RESPONSIBLE TARGET
NO. | PERSON (INITIALS) DATE

DISCUSSION

1.

UoP

2. APCI

Statoil

The partners agreed to include the following individuals at any

future meetings or discussions as non-financial contributing

attendees. Each will bring different areas of expertise to the group.

They are:

« Dr. Norman Carr- Statoil Consultant- hydrodynamics expert

o Dr. Fred Tungate- UCI catalyst developer

o Prof. Drago Bukur- Texas A&M research scientist- catalyst
testing capability; DOE FT advisor

UOP noted that they may need to sign a secrecy agreement with
Dr. Fred Tungate/UCIL. Dr. Carr joined the meetings after lunch
on Thursday. Dr. David Gray from Mitre was attending as DOE's
FT advisor.

The possibility of including Rentech in the LaPorte planning was
discussed at several points during the meeting. Since Rentech is
in a partnership with Fuelco and Houser Chemical, this
complicates the matter. They are also busy trying to solve
problems in their own unit at this time. It was suggested that Bob
Senn or Dennis Brown of APCI contact Rentech and determine if
they are available to provide insight into possible startup
problems, with limited legal problems.

In place of possibly using Rentech's 1.6" bubble column reactor,
Statoil offered to run a few tests in a 2" bubble column reactor once
we have decided LaPorte operating conditions, the catalyst, and
the wax starting material. This will provide an intermediate data
point between the autoclaves and the LaPorte reactor. However,
this test will not be in the decision scheme for LaPorte; it will be a
parallel effort.

The partners agreed that they would prefer to run low alpha (0.70-

0.78) cases at LaPorte this year. However, this was a change from

our original objectives to make as much wax as possible. The

reasons for preferring low & operations include:

« higher chance of success for our first run

 minimize our dependence on the catalyst/wax separation
equipment to achieve maximum days on stream

AM 354 (REV. $99)




NOTES FROM MEETING PRODUCTS £=°
CONTINUATION

ITEM RESPONSIBLE

NO. | PERSON (INITIALS) DATE

TARGET

DISCUSSION

4. Catalyst
Choice
Committee

N

UoP

5. UOP

3/24/92

4/1/92

~ DOE was interested in using the wax product in their other
programs which include catalyst/wax separation. However,
since APCI proposed a second Fischer-Tropsch run in 1993,
they were willing to forego significant wax production until the
second run and concentrate on reactor performance and days on e
stream.

A high a catalyst has been developed by Fred Tungate/U CI for the
summer '92 operations. Much discussion focused on the means
available to either develop a low catalyst or determine operating ®
conditions with the present catalyst that would produce a low a
product distribution. The partners agreed they were willing to
accept a delay of 1 month in the schedule, but not a 2 month or
longer delay. Two phone conversations with Fred Tungate were
held by a sub-group of the partners. Tungate felt he could make a-
low « catalyst by a minor change in the formulation of the catalyst
and without changing the silica binder. He will give a sub-
committee of the partners (B.L. Bhatt/R. Fiato) his schedule for
making this change on March 23 or 24. *

The o of the present catalyst has yet to be determined. UOP will
report back when their analysis is complete.

As an alternative to a different catalyst formulation, it was
suggested that the a may drop a sufficient amount by raising the @
operating temperature by 20°C. The partners have no data on the
present catalyst at different temperatures. There is data on other
catalysts which show varying degrees of a's dependency on
temperature. However, it was stated that although increasing the |
temperature may decrease the fraction of products as wax, it cou1d¢
cause increased activity, with the result being the same (or higher)
amount of wax product. The partners agreed that on 3/23/92, UOP
will begin a test with the high « catalyst. They will activate the
catalyst using their previous activation method, use the same

liquid medium, run for a few days at their regular operating C
temperature of 265 oC to establish a baseline conversion rate, and
then increase the reactor temperature to 285 °C. Run conditions
are 290 psig and 2400 space velocity. Following the operation at
these conditions, LaPorte base conditions of 200 psig, 2500 space
velocity and 265°C will be investigated.

FORM 3884 (REV. S99
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NOTES FROM MEETING PRODUCTS &=
CONTINUATION

Page Three Of Six

ITEM
NO.

RESPONSIBLE
PERSON (INITIALS)

TARGET
DATE

DISCUSSION

Exxon

Wax
Starting
Medium

Committee

DOE

APCI

Another method discussed for lowering the catalyst a was de-
surfacing the present catalyst by pretreating it with steam. De-
surfacing the catalyst will reduce the sites available for the longer
chain hydrocarbons to grow. However, Rocco Fiato stated that by
pretreating the catalyst in a Hg, N9, steam mixture would
deactivate the catalyst by roughly 50%. The partners agreed that
such a reduction in catalyst activity would not be acceptable.

Since low o conditions will result in a longer turnover period for
the LaPorte reactor, the partners felt that the starting slurry
medium was more important than in a high « run, where reactor
turnover would occur rapidly. Rocco Fiato will investigate what
wax starting material Exxon could provide for the operations. The
closer the starting wax is to an FT product, the more legal work
will be required by Exxon to allow its use. Therefore, legal matters
may require us to use Drakeol as our starting medium.

A sub-committee of Bharat Bhatt, Rocco Fiato, Udaya Rao and
Hemant Gala was identified to chose the starting medium. They
will inform the other partners of their choice and their reasons.

If a solid Exxon wax is provided, a partial charge of Drakeol would
be used to preheat the equipment while the wax was being melted
externally with steam coils. The liquid would then be added to the
Drakeol.

A discussion of the CAER's test results using Drakeol with the UCI
catalyst indicated that most participants felt that the poor CO
conversions seen by CAER may have been the result of the unit
(for example, no gas sparger) or the conditions, rather than the
Drakeol (no controls were run). Udaya Rao will have an X-ray
analysis done on both the spent CAER catalyst and some spent
catalyst tested by UOP.

Bharat Bhatt presented the gas analysis points we are planning to
use and the use of DOE methods to do the gas analysis. Since
operating decisions will be made based on the on line gas analysis,
duplicate analysis will be done on the gas samples. This will
involve altering the new FID analyzer and one of the new TCD gas
analyzers.

FORM 360 (REV. S38)
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NOTES FROM MEETING PRODUCTS 1=
CONTINUATION
Page Four Of Six

ITEM
NQ.

RESPONSIBLE
PERSON (INITIALS

DATE

TARGET

DISCUSSION

10.

11.

DOE/APCI

DOE/APCY
Shell

Exxon

UOP/DOE/
Exxon/APCI

It was further agreed that Joe Hackett of DOE/PETC would spend
one week at LaPorte, during the startup, training the APCI
analytical technician in the DOE gas sampling methods. After the
first week, APCI will provide two analytical technicians. o
On line hydrocarbon analysis cannot be done for this run since the
LaPorte 1ab is too remote from the sample points and it is likely
that the hydrocarbons will condense in the sample lines. DOE
suggested that to install their hydrocarbon analysis methods at the
LaPorte facility in time for the run would be extremely difficult, @
due to the different analytical computer setup. The partners
agreed that batch hydrocarbon liquid, aqueous, and wax samples
will be priority shipped to PETC for analysis and they will fax the
results back to LaPorte. This should allow for a 48 hour
turnaround time on liquid and wax analysis. Two samples per day@®
each of the liquid hydrocarbon, wax, and aqueous cuts will be
analyzed. This plan may be modified when Shell joins the
discussions, since they have previously offered analytical
capabilities. PETC has the capabilities to analyze C;5-Cqs
hydrocarbons and intends to archive all samples received from @
LaPorte for future re-analysis.

Exxon offered to analyze a limnited number of representative wax
samples from the run. Their analytical capabilities include Cje-

C10.000- ®

An analytical sub-committee was identified for future decisions
which included Curt White (DOE Analytical Group), Hemant Gala
(UOP), Bharat Bhatt (APCI), and Rocco Fiato (Exxon).

A "dry run" of the analytical methods will be conducted using the ¢
products made from the UOP autoclave high temperature test.
UOP will forward to both PETC and Exxon samples of the
hydrocarbon liquid and wax. They will also send to PETC an
aqueous product sample. With the gas analysis from UOP, the
partners will try to piece together a Schultz-Flory a distribution.
In addition, PETC will send a sample of their typical hydrocarbon
and wax reports to Bharat Bha :, so APCI can the LaPorte data
acquisition system.

FORM 384 (REV. YO0
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NOTES FROM MEETING PRODUCTS 4=
CONTINUATION
Page Five Of Six
TEM | RESPONSIBLE TARGET
'No. PERSON (INI'TIALS) DATE DISCUSSION
12. ALL Some areas of operations which will require further action from
the partners include:

¢ Due to the expected exotherm, it is desirable that the LaPorte
reactor only be preheated to 240°C during catalyst activation.
Heat of reaction will then increase the temperature further.
UOP currently does catalyst activation at 280°C. Any effects
on catalyst activity of introducing syngas at the lower
temperature will need to be quantified before the run.

+ The amount of aromatics which the present catalyst makes
must be quantified before the LaPorte run so that the
appropriate safety precautions may be taken.

Y « Ed Heydorn (APCI) will investigate how the analytical samples
- can be shipped to PETC for analysis. The equivalent of MSDS's
will be required, as may special packaging or ground
transportation, instead of air.

o Each partner must let APCI know what quantity of each
product cut they want at the end of the run. This will affect
APCI storage and therefore, APCI safety/hazard analysis.

o The concept of lowering the operating pressure to increase the
superficial velocity through the reactor was discussed.
Currently, APCI intends to run LaPorte at 200 psig and 400

psig.

13. Bharat Bhatt presented the results from the cross flow filter tests.
The results were disappointing, but APCI has incorporated a
gravity settling method into the system so that the filters will see a
less concentrated slurry than was tested. No additional tests are
planned with the filters since it would require an additional 10 to
12 1bs of reduced catalyst, which is not available. The first set of
tests were done with the catalyst oxide. It is known that the
reduced catalyst properties are much different than that of the
oxide.

14. The reactor feed gas will have a Ho/CO ratio of 0.7 and will
: contain no COg.

“ORM 2644 (REV. Y99



AIR /.
NOTES FROM MEETING PRODUCTS =
CONTINUATION
Page Six Of Six
PONS TARGET
o, pe?i%N |NI":‘;ES) DATE DISCUSSION ].

15.

The partners identified their criteria of success:

e high number of days on stream

« good catalyst activity- CO conversion at least 50%

» stable bubble column reactor performance

« good correlation of catalyst performance between the autoclaves
and the LaPorte reactor

Criterion identified as not being required for a successful run

included:

e clean wax product

o % filtration catalyst recovery

+

FORM 384 (REV. 38
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Eallow-up Discussion with Dr, Fred Tungate (UC) regarding Catalyst Preparation

After the partners' meeting on March 19-20, follow-up discussions were held by Dr. Bharat
Bhatt (APCI) and Dr. Rocco Fiato (Exxon) with Dr. Fred Tungate (UCI) regarding the
catalyst preparation for the F-T run at LaPorte. UCI has agreed to prepare two different
low alpha catalysts on a small scale by end April. One batch will made with about 1% K20
and 1.6% SIOy, starting with potassium silicate. This requires a minimum change from the
current method of producing high alpha catalyst which also uses potassium silicate as
starting material (5.9% KoO and 9.7% SiO3). The K20 to SiOg ratio would remain the
same. The second batch would involve adding extra SiO2 from another source making up
to 5% SiOa. The second batch will be a back-up catalyst, in case the first batch has less
than acceptable physical properties due to lower silica content. Both the samples would be
tested for physical properties such as attrition resistance by UCI. UOP will quickly activity
test the catalyst selected from the two in early May. By mid-May, a decision will be made

_ _on whether to proceed with a high or a low alpha catalyst. UCI has blocked out pilot plant

“Rime to prepare 2000 Ibs of the selected catalyst between mid-May and mid-June. Thus,

the catalyst would be prepared in time for the July run as scheduled. Dr. Udaya Rao
(DOE) and Dr. Hemant Gala (UOP) were consulted during the discussions and they are in
agreement with the above plans.

Eollow-up Discussion with Dr, Rocco Fiato (Exxon) regarding Starting Wax

Follow-up discussions were heid by Dr. Bharat Bhatt (APCI) with Dr. Rocco Fiato (Exxon)
regarding the supply of the starting wax for the LaPorte F-T run. For Exxon to supply their
process wax, they would need to restrict access to their wax and would require those with
the access to sign a non-disclosure agreement with them. However, since starting wax
would end up with the product wax, it would be very difficult to limit access to the starting
wax. Also, with the run coming up in about three months, there is not enough time to get
legal agreements in place. Exxon offered Isopar, which is a Coo-C3q saturated isoparaffin
liquid. In absence of availability of wax, APCI would rather use Drakeol-10, which has
been extensively successfully used at LaPorte for LPMEOH and LPDME. Drakeol-10is a
C1g-Cag saturated hydrocarbon liquid which includes straight chain and branched
paraffins as well as naphthenic compounds. Dr. Rocco Fiato agrees with the plan of using
Drakeol-10. The catalyst performance would be independent of starting medium so long
as it does not contain any contaminants. Dr. Udaya Rao (DOE) and Dr. Hemant Gala
(UOP) were consulted during the discussions and they are in agreement with our plans of
using Drakeol-10. Drakeol-10 will be used by UOP in future tests after a catalyst decision
has been made. Information on Drakeol-10 is given below.

Information on Drakeol-10

Drakeol-10 is a white mineral oil, manufactured by Penreco. It contains C1g-C3g saturated
straight chain and branched paraffins as well as naphthenic hydrocarbons. Some relevant
physical properties of Drakeol-10 are given in Table 1. Results of a simulated distillation
(ASTM D2887-73) to check for the oil's stability are shown in Figure 1. A calibration curve




using n-alkanes as a standard to identify carbon numbers quantitatively is given in Figure
2. Cos is the maximum ingredient of the oil. The autoclave spent sample shows only a
slight decrease in the light ends (< C2q). Density, viscosity, thermal conductivity and heat
capacity of Drakeol-10 as function of temperature are given in Figures 3-6.

Propased Run Plan

The proposed run plan as discussed at the partners' meeting is summarized in Table 2.
The plan was accepted by the partners. About 780 Ibs of catalyst and 210 gallons of
Drakeol-10 will be loaded in the reactor to make about 35 wt% slurry. The catalyst will be
activated using 0.7 Hp/CO syngas at 2000 nl/hr-kg Fe, 150 psig and 280°C for about 12-
16 hours. About 1% No will be added to the syngas as an internal standard. The inlet gas
velocity of about 0.23 f/sec will be sufficient for adequate mixing. Expanded slurry height
of 20 ft, which is maximum, will be maintained throughout the run. The decline in CO2 and

" Xise in CH4 content of the product gas will be monitored and when they level off, the
operating conditions will be changed to Run No. 1.

BunNo.1

The baseline run will be conducted with 0.7 Ha/CO syngas (1% Np) at 2500 nl/hr-kg Fe,
200 psig and 265°C. Itis estimated that the reactor will contain about 490-500 Ibs of
catalyst during the run; the remaining catalyst will be in the slurry holding tank and the
cross-flow filter system. The slurry concentration in the reactor will be about 26 wt%. The
inlet gas velocity will be about 0.14 ft/sec, which is the minimum velocity required for
adequate mixing. Run No. 1 will be continued for 10 days to check for stabilization of the
catalyst performance. The conditions of Run No. 1 will be repeated for 4 days after Run
No. 3 to check for any catalyst deactivation.

Bun No,2

Following Run No. 1, the space velocity will be doubled to 5000 n/hr-kg Fe at 200 psig and
265°C to study the effect of space velocity. The inlet gas velocity will be about 0.27 ft/sec.
These conditions will be maintained for 3 days.

Bun No.3

The reactor pressure will then be doubled to 400 psig at 5000 nl/hr-kg Fe and 265°C to
study the effect of reactor pressure. The inlet gas velocity will be back to about 0.14 ft/sec.
Run at these conditions will be continued for 3 days.

Catalyst Loading
The catalyst loading in the above plan is based on the use of high alpha catalyst, requiring
significant catalyst-wax separation. The initial loading may be reduced if our efforts to

prepare a low alpha catalyst are successful. Lower wax production will mean lower catalyst
inventory outside the reactor. The reactor siurry concentration will remain the same.



Table 1
Drakeol-10 Physical Properties

Average Molecular Weight 366
Distillation (ASTM D1160), °C

1BP 283

10% 353

50% 407

90% 481
Specific Gravity, g/ml

25°C 0.849
Hydrocarbon Type (PONA)
% Paraffinic/Naphthenic 65/35
Surface Tension, DYNE/CM ‘

25°C 30
Viscosity, CP

25°C 31.2
Pour Point, °C -7
Flash Point, °C 185



] o o ® ® P P
¥6 98¢ S¢l S8°0
e 612 ive 060
¥6 G2l 6FE S60 6S - 600 ¥io ¢ 1] 59¢ oov- 000S €
1L eve S9 S80
Ll g6t 1L} 060
1L ocl  SS¢ S60 Ly 610 120 9¢ e S9¢ 002 000S [
Ly 6%l SS S8°0
Ly JAY 1R 060
Ly v ¥9i S6°0 8s 60°0 ¥i'0 gz - ¥+0l S92 002 - 00S2 |
€c0 st | 08¢ 0si 0002 NOILVALLOY
ap GO b 3 03/14°UN0)  OFB/14 (W XLM ‘ONOD NvalsS-No 00X ond :....w:wu_.uwﬁz ON N'H

H3LYM OHON XYM

VIV 39 .u0n00 BASYD NI EASYD N ISAWIVO SAVO J0 ON ‘AL XM Bk

(XYW) 14 02 = LH AHHNTS Q30NYdX3
N %1 TR ‘00/'H L0 = 'dNOD SYONAS

SIgAHINAS 14 HO4 NV id N

T diav_L




' 08 ey [eus}s su (Y
‘ PNB LOZ8VISOIV O (SUe s SUfINS SO YHE " L80LVIS0IV t ] 14018 S0443

015 IWVIIIL is LML
n
6o
"en
e
He'se
—
-
o
o mu
— orgt
—
(=]
v, : 499°26 = _.__2 MICE WHid
© 4 106°CE6 = _.._2 9417100 WHIJ %4148
& 20260 99°249 8
o o920 2 %0°cSe €0
2%60°850 € #9¢°9¢0 "
= 08" 118 H : 061°228 !
o sce' 028 Y, 189°608 o
© 268°510 Y 202796 9
o 265°188 9 €09 28t ]
- Y] 1] e 2L s
+ 110°98¢2 3 100°0%2 "
o 296°82L 13 097662 b4
— 606°9%¢ v £9i 08¢ "
b 026°£5¢ " IR st
» 002762 se nwunﬂ m“
" ! 059 002 o .
- Sty wea £or° 1€ Y] 51y €05 60¢ 7
o 26oul 1] 5059 st
o 6Ly 60 ¢! 906 249 ._
‘o 112689 1 V22 6hY
o 126°c29 < 4 097008 .:._2 MITN0E WILIKI
poo 4 981°429 =14104 IMITCS WILINI
~— .
5 e e " (NI0d MINN0E 48 X
E (IHI0d MIN0A 40 X
“ I 91 ) \:B
] .
$1-26£6 NN 681 XIINOS
-~ 101 %M
)
o
3 _
= (biI-LLEL 1 UNY)
w, ‘
s a. QY.
Juadg ‘01 |oNVN] £ NLV 543" 01 joavd
wgul "QQ. -,Q

—-——ene o

n - o



FIGURE 2. - Calibration Curve
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