®

One Source. One Search. One Solution.

SYNTHESIS OF OCTANE ENHANCERS DURING
SLURRY-PHASE FISCHER-TROPSCH. QUARTERLY
TECHNICAL PROGRESS REPORT NO. 5, OCTOBER
1, 1991--DECEMBER 31, 1991 |

ALTAMIRA INSTRUMENTS, INC.
PITTSBURGH, PA

10 JUN 1992

: U.S. Department of Commerce
National Technical Information Service




One Source. One Search. One Solution.

Providing Permanent, Easy Access
to U.S. Government Information

National Technical Information Service is the nation’s
largest repository and disseminator of government-
initiated scientific, technical, engineering, and related
business information. The NTIS collection includes

almost 3,000,000 information products in a variety of
formats: electronic download, online access, CD-
ROM, magnetic tape, diskette, multimedia, microfiche

and paper.

Search the NTIS Database from 1990 forward
NTIS has upgraded its bibliographic database system and has made all entries since
1990 searchable on www.ntis.gov. You now have access to information on more than
600,000 government research information products from this web site.

Link to Full Text Documents at Government Web Sites -
Because many Government agencies have their most recent reports available on their
own web site, we have added links directly to these reports. When available, you will
see a link on the right side of the bibliographic screen.

Download Publications (1997 - Present)
NTIS can now provides the full text of reports as downloadable PDF files. This means
that when an agency stops maintaining a report on the web, NTIS will offer a
downloadable version. There is a nominal fee for each download for most publications.

For more information visit our website;

www.ntis.gov

f \ U.S. DEPARTMENT OF COMMERCE

« v % Technology Administration

K j National Technical Information Service
Mg Springfield, VA 22161




Doglpe(q 004--TH

DCE/PC/90047--T4
DE92 018872

QUARTERLY TECHNICAL PROGRESS REPORT No. 5

Covering the Period October 1, 1991 to December 31, 1991

SYNTHESIS OF OCTANE ENHANCERE DURING
SLURRY~PHASE FIBCHER-TROPSCH

Prepared for the U.S. Department of Energy Under
’ Contract No. DE-AC22-90PC90047

gzebEWQfQ{;-(}g;?}

AUB 0 6 1gg,

Prepared by: George Marcelin, President - ——
_iltamira‘Instrumgnts, Iinc.
2090 William Pitt Way
Pittsburgh, PA 15238

Y

NE

MASTER

DISTRIBUTION OF THIS DOCUMENT I8 UNLIMITED

2;'-2:
&
]

=



Planned Task and Milestone Schedule
Objectives . . . . .
Work Accomplished This Quarter .
Fifth Quarter's Technical Report . .

1.
2.

3.

TABLE OF CONTENTS

[y - e, = . - . Y
L [ - 3 s s @ . = - - . - . .

. . . . - . - ) .

Construction of SBCR « + « « « « = &+ & + =
Gas-Phase Synthesis of MTBE . . « + « + .
Introduction . .« « ¢« ¢« ¢ ¢« ¢« s ¢ ¢ ¢ .
Experimental . . . ¢ ¢ « ¢« & & 4 4 e . o
Results and Discussion . . . « . « + . .
Conclusions . . . . + ¢ ¢« &« « o & & « « &
References . . . . « ¢ ¢ ¢ ¢ ¢ ¢« =+ « o« &
Work Planned for Next Quarter . . . . . .

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any 8gency thereof, nor any of their
employees, makes any warranty, cXpress or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, oF
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein 10 any specific commercial producl, process, or service by trade name, tradcmark,
manufacturer, or otherwise docs not necessarily constituie or imply its endorsement, recom-
mendation, or favoring by the Unitcd States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.

PUN {

. -
. -
. -
- L]
. .
» .
. -
. .
- .
. .
L] .

=)

Ll
[N

S OW W W W W NN R

o S T )
O Y N




---------- Year 1---— - Year 2=—===——==-
Task 1234567891011 12 12345678910 11 12
Ve ____. _,3'
L A
2 Y sV K|
3 Y t A
3 —_————
A 3
4 A
5 Ve §

M = denotes milestone

List of Milestones

Number Description
M1 Finalize design of slurry bubble column reactor
(SBCR) .
M2 Finalize construction and testing of SBCR.

Topical report prepared.

M3 Completion of catalyst screenings  for study of
isobutylene addition during formation of
alcohols, Deciéion made on catalysts to be
studied in SBCR.

M4 Completion of slurry reaction of isobutylene
addition during formation of alcohols.

M5 Completion of cataiyst screenings for study of
isobutylene addition to FT ligquid products using

acid catalysts. Decision made on catalysts to be
studied in SBCR. T

M6 Completion of slurry reaction of isobutylene
addition to FT 1ligquid products wusing acid’
catalysts. ' ' ,
M7 Completion of catalyst screenings.
M8 Completion of slurry reaction of alcohol addition.
’ during iso-olefin synthesis.
MO Final report issued.
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OBJECTIVES

The objective of this project is.to investigate three
possible routes to the formation of ethers, in particular methyl
tert-butyl ether (MTBE), during slurry phase Fischer-Tropsch

reaction. The three reaction schemes to be investigated are:

* Addition of isobutylene during the formation of
methanol and/or higher alcohols directly from CO and H,

during slurry-phase Fischer-Tropsch.

* Addition of isobutylene to FT liquid products including
alcohols in a slurry-phase reactor containing an MTBE
or other acid catalyst.

Addition of methanol to slurry phase FT synthesis
making iso-olefins.

WORK ACCOMPLISHED THIS QUARTER

Work during the fifth guarter continued to concentrate in
the completion of the SBCR construction and in the screening of
acid catalysts for the conversion of syngas—produced alcohols and
isobutylene to MTBE (scheme 2). Both of these tasks are nearly
complete. other tasks have been delayed due to eguipment
problem. We expect to be testing the SBCR during the first month
of the next guarter.

. Tasks 3, 4, and 5 are awaiting implementation of the SBCR:
system.



FIFTH QUARTER'S TECHNICAL REPORT

1. Construction of Slurry Bubbie-Column Reactoxr

The construction of the slurry bubble-column reactor has
made significant progress during this quarter. The system, which
had been previously fully pressure tested, developed a small leak
in one of the gaskets. This required a partial disassembly and
consumed a significant amount of time to resolve. ‘ All electrical
components are now in place except for some heat—-trace lines.

We expect completion of the BCSR in the first month of next
guarter. Shake-down runs will follow shortly thereafter.

2. Gas-Phase Synthesis of MTBE Using Acid Catalysts
INTRODUCTION

In the fourth quarkter's technical report, the kinetic
results for the gas phas:a MTBE synthesis reaction on various
catalysts were presented, along with some preliminary conclusions
about the effect of their acid properties and a study of the
effect of certain system parameters; i.e., space velocity, on the
results obtained.

This report continues these experiments and includes a
presentation of results of replicate runs on some of the same
catalysts as well as a ZSM~5 zeolite catalyst. Some of these
experiments were repeated because they had been performed under
slightly different conditions and were thus not allowing a direct
comparison with our other results. With the addition of these
new experiments a more detailed and complete studyb of the effect

of the catalysts' acid properties on the reaction is presented.

EXPERIMENTAL _

A Na-2ZSM-5 catalyst with a Si/Al ratio of 15 was obtained
from Air Products. It was ion-exchanged to the ammonium form by
slurrying about 0.5 g of the zeolite into 60 mL of a 3.5 M

solution of ammonium acetate. The mixture was heated to 100°C



and stixrred for two hours. The s0lid was then filtered, washed,
and dried in air at 50°C overnight.

The experimental set-up for the gas phase MTBE synthesis
reaction and the procedure were presented in the previous report.
Some small changes were made to the experimental system during
this quarter in order to improve its performance and reliability.
The recurring problem of unstable flow of isobutylene was
successfully solved by placing a needle valve for flow control
immediately after the line pressure regulator and by minimizing
the line length before the main reaction stream line. A new type
of reactor was designed having a constriction, in place of a
glass frit, for holding the catalyst bed. This resulted in a
significant reduction in the pressure drop across the bed. &
number of problems were encountered with the operation of the gas
chromatograph but these have been solved.

Temperature programmed desorption (TPD) of pyridine was used
to characterize the acid strength of the catalysts. The
'catalysts were ramped in helium from ambient temperature to 150°C
at 3°C/minute and held at the upper temperature for two hours.
Pyridine was adsorbed at 100°C for two hours followed by a helium
flush at the same temperature. The TPD spectrum of pyridine was
recorded between 100 and 600°C at 10°C/minute using a TCD
detector. The signal was integrated against a standard
volumetric pulse in order to obtain the total amount of pyridine
adsorbed. The acid site density of the catalysts was determined

by assuming that one pyridine molecule will occupy one acid site.

RESULTS AND DISCUSSION

Two of the previously reported catalysts were evaluated
again, namely the Amberlyst-15 resin and .zeolite ¥82. The
previous experimenE with the Amberlyst haci‘ veen performed using
an isobutylene-to-methanol ratio (R) of one, while all other
experiments used R = 1.8. The repeated resin experiment not only
allowed direct comparison with the results from the other
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catalysts, but also allowed some preliminary conclusions about
the effect of reactant ratio on the results.

The steady-state kinetic results for MTBE synthesis over
‘Amberlyst-15 resin for both ratios of R = 1.8 and R = 1.0 are
presented in Table 1. The time-on-stream behavior for the two
cases is shown in Figure 1. A comparison of the results shows
that both MeOH conversiqn and MTBE selectivity are larger for R
= 1.8 than for R = 1.0. Conversely, the selectivity for dimethyl
ether (DME) is lower at the higher R.. The lower DME formatibn
noted at the higher R is likely due to the decrease in MeCOH
concentration. The increase in MTBE formation with R must be due
to the increase in isobutylene concentration and resulted in the
overall net increase in MeOH conversion.

Interestingly, the hydrocarbon selectivity, mainly to the
isobutylene dimer, did not increase as it would be expected. This
might be due to the large isobutylene concentratibn which could
lead to a zeroth prder kinetics of dimer formation. Tt should be
noted, however, that no literature data under these cqnaitions
were found in order to supporé this assumptibn. ‘

A replicate fhn of the Y82 zeolite experiment was carried
out because previous results showed a significant deviation from
all othér ones. Additionally, we were suspicious of the results
due to the much greater pressure drop that was noted across the
catalyét bed. The steady-state kinetic results for MTBE
synthesis over zeolite Y82 at 100, 175, 230 énd again 100°C are
shown in Table 2. The MeOH conversion and MTBE yield as
functions of the reaction time for the four parts of the
experiment are presented in Figure 2.

The 100°C data show an increase of about 30% in MeOH
conversion and MTBE yield compared to the previous experiment.

At higher temperatures, the MeOH conversion is high but the MTBE



Table 1. MTBE Synthesis over AMBERLYST-15 Resin.

Effect of reactant ratio.

T = 100 °C. p = 1 atm.
WHSV : 15 (gr/gr cat. *h)

IB / MeOH Ratio 1.8

MeOH conv.% 10.7

MTBE prod.% of MeOH 75.5
MTBE yi=ald% 8.1

Equil. MTBE yield % 38.9

Product Analysis (ﬁol%)
Hydrocarbons :

Cl 0]
c2 0
C3 0
C5 0
cé 0
Cc7 0
c8 2
DIB 36

Oxyaenates :

DME 8
t~-BuoH 0
MTBE 51.
2-Pentanol 0

w




Figure 1.

" MTBE Synthesis over AMBERLYST 15 Resin
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Table 2. MTBE Synthesis over Zeolite Y82.

m=40 mg. p = 1 atm. T = 100,175,230,100 *C.

He Flow Rate : 6 cc/min.

IB Flow Rate : 3 cc/min.

IB : MeOH Ratio : 1.8

WHSV : 15 (gr/gr cat. *h)

Temp. (°C) 100 175 230 100

MeOH conv.% 11.9 5.0 6.0 0.4

MTBE prod.% of MeOH 99.2 14.5 1.3 100.0

MTBE yield} 11.8 0.7 0.1 0.4

Equil. MTBE yield % 38.9 2.15 0.36 38.9

Product Analysis (mol%) :

Hydrocarbons @
CL 0. 0. 0.6 0.
Cc2 0. 0.2 0.6 0.
C3 0. 0.2 0.6 0.
(613 0.1 0.2 0. 0.
C6 0. 0. 0. 0.
c7 0. o. 0. 0.
c8 0. 2.3 3.3 0.
DIB 1.8 36.6 41.3 2.9

Oxygenates :
DME 0. 39.1 45.5 0.
n-ProH 0. 1.5 6.2 0.
t~-BuOH 0.8 0.3 0. o.
MTEE 97.3 19.86 1.9 7.1
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yield is approximately the same as previously reported. ?he
constancy in MTBE yield is not unexpected since thermodynaﬁic
limitations largely control the reaction at high temperatures.
Accordingly, the MTBE selectivity is lower than previously
reported. This in turn results in a significant increase in the
selectivity to both DME and n-propanol.

It is possible that the difference between the two
experiments may be due to the difference in pressure drops across
the catalyst beds. In the earlier experiment a high pressure
drop was noted. This would result in an increase in the
reactor's inlet pressure and thus a decrease in the methanol
concentration (recall that we are controlling the partial
pressure of the methanol via a constant temperature saturator).
Such a decrease will affect the reaction mixture entering the
catalyst bed.

A summary of the reéults for the gas-phase synthesis of MTBE
over ZSM~5 at the various temperatures is presented in Table 3.
The time-on-stream behavior is shown in Figure 3.

Table 4 summarizes the structural and acid properties of the
catalysts studied. Temperature programmed desorption (TPD) of
pyridine wés carried out in all the H-Y zeolite catalysts and the
silica—alumina in order to give another estimate of acid site
density. It was not possible to conduct TPD experiments in the
Amberlyst resin due to its high temperature instability. Similar
TPD experiments for the ZSM-5 catalyst will be forthcoming.

Because of its large size, the pyridine molecule can only
access the acid sites found within the supercage structure of the
zeolites. Thus, the TPD data give an underestimate of the site
density, i.e., the acid site density calculated from these data
is lower than that determined based on lattice aluminum site

density. The underestimation is in the order of about 50%. In
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Table 3.
MTBE Synthesis over Zeolite ZSM-5

m=40mg.p=lamT= 100175,230100"0

He Flow Rate : 7.5 cc/min.
IB Flow Rate : 3.2 cc/min.
1B : MeOH Ratio : 1.8

WHSV : 16 k!
Temp. (°C) * 100 175 230 - 100
MeOH conv.% 8.2 3.5 43 5.1
MeOH selectivity
to MTBE (%) 99.5 172 22 99.3
MTBE yield% 81 0.6 0.1 5.0
. Equil. MTBE yield % 389 22 0.4 38.9
Product Analysis (mol%) :
Hydrgcarbons :
Ci 0 0.5 0.1 0.
. Q2 0 0. 0.1 0.
C3 0 0. - 0.9 0.
C4 0 0.6 9.5 6.
Cs 0 0. T 14 0.
Cé 0 0. 0.3 0.
7 0 0. 0. 0.
c8 0. 57 8.0 0. .
DIB 0.6 45.8 47.8 0.6
Oxygenates :
DME 0 312 222 0.
n-PrOH 0 26 8.4 0.
t-BuOH 05 0. 0. 0.7
MTBE 98.9 13.6 13 98.7

—Accuracy for ma]or components {(>2%): . 12%
Accuracy for minor components (<2%) : = 20%
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Figure 3.
- MTBE Synthesis over Zeolite ZSM~5
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¥ Table 4.
Summary of Structural and Acid Properties of Catalysts.

Bronsted Relative Pyridine
Catalyst Source Si/Al  Site Density  Acid TPD .
' Ratio  (10%/g) Strength®  (umol/g)
Y62 ' Commercial 2.5° 27 1.0 2200
" (Linde) _
Y82 . Commercial 5.1° 16° ' 58 1850
(Linde)
L7210-12 " Commercial 6.0° 15 4.0 - 1700
(Linde)
S(LZ12)8 Steam Dealum. 83* 10°* 8.8 1200
. 17210-12
ZSM-5 Commercial 15 6.3 6.0 _
(Air Products) '
Si-Al-O Commercial 1.5 10-40° <<1° 1650
(Am.Cyanamid)
Amberlyst-15 ~ Commercial _ 30° >>1° _
, (Rohm & Haas) ‘

From #®Si NMR., |

. Based on pyridine TPD - Aluminum Content.

M. Iborra, J. Te]ero, J. F. Izquiedro, F. Cunill, Br. Pol. J., 23 (1990).

. Defined as ratio of TOF’s over TOF for Y62 for n-pentane cracking at 400°C.
. Estimate.

PR B~
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the case of Si-al~0, it was not possible to unambiguously
determine the acid site density. Thus, a working range was used
having the lower limit calculated from the pyridine molecules
.adsorbed per gram of catalyst and the ‘upper limit from the
aluminum site density.

A detai;ed comparison of the activity and selectivities, at
100°c, of all the zeolites tested for MTBE synthesis is presented
in Table 5. These tables include some data presented in a
previous repért but is shown again for the sake of completeness.
This Table reveals some interesting differences between the
various catalysts. It can be seen that the zeolites are in
general superior to the resin in terms of MTBE selectivity (about
50% for the resin, about 95% for all others). The resin favors
formation of DME (about 8%) and of the iso-butylene dimer (about
40%). This reduced MTBE and greatly enhanced dimer selectivity
may be due to the very strong acid character of the resin which
favors many secondary reactions. Shape selectivity can also be
important. The resin structure is quite open, having an average
pore radius of about 160 A (Marcelin et al.). In contrast, the
small zeolite pores can inhibit isobutylene diffusion and thus
dimer formation, resulting in enhanced MTBE selectivity.
| The effect of acid strength on the reaction can be seen in
Figure 4, where the turnover fregquency, TOF, for MTBE production
is plotted as a function of relative acid strength. It can be
seen that the initial intrinsic rates lie in an approximate
straight line, while steady-state rates are lower due to
deactivation. For the family of H-Y zeolites, it can be noted
that the difference between initial rate and steady-state rate
appears to be an increasing function of acid strength. These

correlations do not carry exactly for the 2ZSM-5 zeolite.
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Table 5.

MTBE Synthesis Over Acid Catalysts at 160°C.
Comparison of Ion Exchange Resin and Zeolites at Steady-State.

Amberlyst Y62 Y82 1721012 S(LZ12)8 ZSM-5 Si-Al-O°

Cat.Weight (g) 005 005 0.04 0.05 0.04 0.04 005
i-Butylene/MeOH .18 1.8 18 1.8 1.8 1.8 1.8
WHSV (hr) 15 17 15 15 15 16 18
MeOH conv. (%) 10.7 124 116 13.0 10.6 &1 5.6
MeOH selectivity
to MTBE (%) 75.5 99.0 99.2 98.6 99.9 99.5 99.5
TOF*10% (sec™) 49 75 135 14.5 16.5 24.0 45
ANALYSIS MOL%
TOC3rbons: .
C1-C7 09 00 01 0.0 0.0 0.0 0.0
C8 _ 39.0 37 18 2.5 33 0.7 0.9
Oxygenates:
DME 82 00 0.0 00 00 0.0 0.0
+-BuOH 02 . 09 08 14 0.2 04 04

MTBE 517 954 973 96.1 96.5 98.9 98.7

15
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Figure 4. | - )
Reﬂutlonshlp between TOF for MTBE Synthesis
and Acid Strength at 100°C
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A summary of the high température (175 and 230°C) results is
given in Table 6. These data indicate that the behavior of all
catalysts is strongly restricted by thermodynamic limitations at
high temperatures. Also presefxted in 1_:his table is a measure of
the deactivation experienced by the various catalysts in terms of
a "deactivation coefficient" which is defined as the difference
in steady-state conversion at initial and final reaction at 100°C
divided by the steady-state conversion at the initial 100°C. The
deactivation coefficient appears to. be somewhat related to the
acid strength of the zeolites, with strongly acidic zeolifes,
such as Y¥-82 deactivating more that the weaker LZ210-12. The
lowest deactivations were noted for the ZSM-5 and the LZ210-12.
In the case of the LZ210-12 it is speculated that the a}bsence of
extralattice aluminum and the intermediate acid strength are
optimized in such a way as to reduce coking in the initial stages
of the reaction. PFor the ZSM-5 zeolite, it is believed that its
small pores restricts the formation of intermediates 71eading to

coke deposits, thus limiting the rate of deactivation.

CONCT.USIONS

From the data presented it appears that the catalytic
behavior for MTBE synthesis is strongly dependent on acid
strength. Low acid strength is appafently not adequate for
sufficient MTBE formation. In contrast, high acid strength
favors the formation of MTBE but ‘it also leads to rapid
deactivation. Consequently, there seeins to be an optimum acid
strength which results in an optimum .catalytic pehavior for MTBE
synthesis. Of the catalysts studied two catalysts appear to
present good activity ) ;and low deactivation characteristics.
These are the zeolite LZ210-12 and the 2SM-5. We propose to use

these two materials in further studies in the BCSR.
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Table 6.

Summary of High Temperature (175,230°C) Reaction
at Steady State and Overall Deactivation.

Y62 Y82 1Z210-12 S(LZ12)8 ZSM-=S  Si-AlO
175°C

MeOH conv. % 2.0 5.0 43 31 35 1.8

MTBE yield % 0.7 0.7 1.0 0.65 0.6 0.65
230°C

MeOH conv. % 23 6.0 25 6.1 4.2 13.4

MTBE vield % 0.15 0.1 0.1 01 0.1 0.1

Deact. Coeff.” 0.93 0.95 0.66 0.88 0.38 0.72

WHSV = 15-18 lr? ; i-butylene/methanol = 1.8

* Deactivation coefficient : Steady-state conversion difference between initial and final
reaction at 100°C, divided by the initial 100°C value.
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3. Work Planned for Next Quarter

During the sixth quarter of this work we plan to evaluate
some additional -acid catalysts and start the bubbkle column
studies of the catalysts'selected.
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