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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 i-butylene addition during
formatibr_l of alcohols. Decision made on catalysts to be studied in SBCR.
M4 Completion -of slurry reaction of i-butylene addition during formation of
alcohols.
M5 Completion of catalySt screenings for study of i-butylene addition to FT

liquid products using acid catalysts. Decision made on catalysts to be
studied in SBCR.

M6 ~  Completion of slurry reaction of i-butylene addition to FT liquid products
using acid catalysts.

M7 Completion of catalyst screenings.

M8 Completion of slurry reaction of alcohol addition  during iso-olefin
synthesis.

M9 Final report issued.



" 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 i-butylene during the formation of methanol and/or higher

alcohols directly from CO and H, during slurry-phase Fischer-Tropsch.

e Addition of i-butylene 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

During the ninth quarter we completed all the catalyst characterization and
screening experiments related to the three reaction schemes outlined above. We also
have completed two runs related to the slurry-phase synthesis of MTBE from methanol

and i-butylene in a slurry bubble column reactor.




NINTH QUARTER’S TECHNICAL REPORT

1.  ETHER SYNTHESIS DURING FT REACTION

1.1  INTRODUCTION
One of proposed' schemes for the direct synthesis of MTBE from syngas involves
the incorporation of i-butylene during methanol synthesis from syngas. This incorporation
can take place in one of the following two ways: '
1. By mtercepuon of a methanol reaction mtermedlate by 1-butylene at a
methanol synthesis site. _
2 By secondary reaction of methanol produced from syngasand i-butylene on
an acid site.
Detailed data for these two schemes over various catalysts have been presented
in previous technical reports. This report summa.nzes the work done in this project to
test each of these approaches for the synthesis of MTBE and to identify suitable catalysts

for the conversion.

1.2 EXPERIMENTAL ,

The catalyst preparation, reaction system, and conditions used in this portion of
the work was described in detail in the Seventh and Eighth Technical Reports. The only
change made to the experimental setup Was the installation of an automatic sampiing
system for online GC analyéis. This has resulted in significant improvement in the

reproducibility of data collection.

1.2.1 Catalysts ,

A series of unpromoted and lithium-promoted silica-supported palladiurﬁ catalysts
were used as the bases of this portion of the work. A Pd-exchanged Y-zeolite was also
studied. The composition of these catalysts as determined by ICP spectroscopy are
summarized in Table 1. | '

The silica supported catalysts were used by themselves or in a composite with
either of two zeolites, an HY (UOP LZ210-12) ¢ - ZSM—S (Mobil).




Table 1

Metal Loadings from Elemental Analysis

Catalyst Description Pd (wt%) Li (wt%) Li/Pd
Name Atomic
Pd/S1 Pd/SiO, 4.36 - -

Li5.8/Pd/S1 Li-Pd/Si0O, " 1.66 5.85
Li4/Pd/S1 Li-Pd/Si0O, " 1.17 4.1
Pd/S2 Pd/SiO, 5.01 - -
Lil/Pd/S2 Li-Pd/SiO, ! 0.26 0.8
1i4/Pd/S2 Li-Pd/SiO, " 1.14 3.6
PdNaY 6.21 - -




1.2.2 Reaction studies _
Since the formation:of MTBE from methanol and i-butylene is thermodynamically
limited at high temperatures, the reactions were carried out in the temperature range of
175-200°C. At these low temperatures the total CO conversion was typically less than
2%, and the low concentration of products made their analysis very difﬁqult‘. Even at the

highér temperature of 200°C, total conversion never approached the equilibrium limit.

1.3 RESULTS AND DISCUSSION

1.3.1 CO hydrogenation

©1.3.2.1 Synthesis of MeOH during CO hydrogénaﬁon

Activity for CO hydrogenation was evaluated for all the Pd/SiO, and Li-promoted
Pd/SiO, catalysts described in Table 1. These catalysts were all found to be active for
methanol synthesis. Preliminary results for most these catalysts were described in the

Seventh and Eighth Quarterly Technical Reports.

1.3.2.2 °~  Addition of i-Butylene During CO Hydrogenation
The incorporation of i-butylene during CO hydrogenatioﬁ was studied over the
foliowing four catalysts systems: , |
i FTS catalysts active for MeOH synthesis;
il. Bi-functional catalysts active for MeOH' synthesis and ha\)ing acid sites;
jii.  Composite catalysts, i.e.,physical mixtures of (i) and an zeolite; and

iv.  Dual bed arrangements of (i) and an acid zeolite.

It was determined that, in the absence of acid sites, i-butylene could not be
incorporated into the reaction products during CO hydrogenation. However, when acid
sites were included in the catalyst in the form of a zeolite, measurable production of
MTBE could be observed. Table 2 compares the rates of MTBE formati'oﬂ and MeOH
elution over the Li5.8/Pd/S1 catalyst by itself and composited, either in a physical

mixture or in a dual-bed arrangement, with the two different zeolites. Figures 1,2 and

~



Table 2

Rate of MeOH Elution and MTBE Formation During CO Hydrogenation Over
Composite Catalysts : Li5.85/Pd/S1 + Zeolite

T=175°C,P = 7atm, Hy/CO =1

Zeolite Configuration Rate, e’ Ratey.on”
1 mol/g.hr p mol/g.hr
- single cat 0 60
LZ-210-12 dual bed 0.53@ 6.5
1LZ-210-12 physical mix 0.22 3.5
ZSM-5 dual bed 0.44 5.5
ZSM-5 physical mix 1.8 8.25

1

@

Average MTBE formation rate 4-7 hrs after IB addition.
2 Average MeOH elution rate 4-5 hrs before IB addition.
2 hrs after IB addition after which rate dropped to zero.




3 shows typical rates of formation, conversions, and selectivities to various products for
a Li-Pd catalyst composited with a zeolite (Li4/Pd/S2 and ZSM-5). Prior to the addition
of i-butylene at 20 hours, the main products of the reaction were C, to C; hydrocarbons
and methanol. Upon addition of i-butylene the rate of MeOH formation dropped to near
zero and i-butylene was converted to C; to C, hydrocarbons. With time-on-stream the
selectivity for the C, i-butylene dimer increased.

Table 3 summarizes the rates of MeOH and MTBE formation over various
catalysts systems. Table 4 shows the conversion of i-butylene to other various products
for the same experiments.

This portion of the study has clearly shown the inability of Pd metal sites (and in
previous studies, Rh) to incorporate i-butylene into the reaction intermediates during
methanol synthesis. LikéWisc, they show that MTBE can be synthesized from syngas and
i-butylene over bifunctional catalysts having both methanol synthesis sites and acid sites.
Such a bifunctional catalyst may consist of a physical mixture of Li-Pd/SiO, with an acid
zeolite, such as ZSM-5. This combination will be further studied under slurry-phase

conditions for the vrnsaction.
2. SLURRY-PHASEMTBE SYNTHESIS

2.1 INTRODUCTION

The reaction of methanol with i-butylene has been demonstrated in the gas-phase
over inorganic acid catalyéts, i.e., zeolites, at temperatures as high as 175°C. These
results have been reported in the Second through Sixth Quarterly Technical Reports.
One primary objective of this project is to evaluate this reaction using methanol produced
during FT synthesis, that is, having a significant amount of hydrocarbons in the mix.

We are currently evaluating this process using a laboratory-scale slurry bubble
column reactor (SBCR) and using as the slurry medium a mixture of C,y to Cgq paraffinic

hydrocarbons.



Figure 1. Rate of hydrocarbon formation for a 10:1 composite of catalyst Li4/Pd/S2
and ZSM-5. Syngas only: 0 to 20 hours; syngas and i-butylene: after 20

hours.
200
175+
T 1504
<
T 125+
o
S 100 4+
E . A
3 75+ ‘ \\
Q \\
;{;_‘ 50+ -,12: e
25+ e e ‘*--m»...,...,,.-
) T T ”
Q-F- ::.,:.,:.,:-..-‘i,;-.,-.;.,n_-.,A o T fouenimn.n . i
Q 10 20 30 40 50 60
Tirne (hrs)
- = C4 ... L
1 CZ C3 - 05 v CG
—_— 08 ...... Cy



Rate (& mol g~ he™ 1)

Figure 2. Rate of MTBE (O)and methanol (a) formation for a 10:1 composite of

catalyst Li4/Pd/S2 and ZSM-5. Syngas only: O to 20 hours; syngas and i-
butylene: after 20 hours.
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Figure 3. Conversion of i-butylene and selectivities to major products during co-

feeding of syngas and i-butylene over a 10:1 composite of catalyst
Li4/Pd/S2 and ZSM-5.
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Table 3

Rates of MeOH Elution and MTBE Formation During CO Hydrogenation

—

Catalysts Exp. Ratey.on Rateyyrpe.  pmol/g h
No. 7
mol/g.h
12hrs. | 22 hrs.! | 42 hrs.2 | 22 hrs.! | 42 hrs,?
Pd/S2 23 275 200 * 0 0
Lil/Pd/S2 17 550 * 325 0 0
Lil/pd/S2 18 330 1047 * 0.87 *
+ ZSM-5@
Lid/Pd/S2 26 49 40.8 | 265 0 0
Li4/Pd/S2 24 2.8 7.0 0 3.6 3.8
+ ZSM-5@ -
Lid4/Pd/S2 27 11.5 12.3 2.1 4.2 0
+1.7210-12@
PdNaY 25 375.8 330 34.2 3.6 3.8
PdNaY 28 288.1 199.7° 1.2 2.4 1.3
+ ZSM-5@ '

2 hrs. after the addition of IB started.
22 hrs. after the addition of IB started.
Data not available.

Reaction time 38 hrs.

Physical mixture

11
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2.2  EXPERIMENTAL ‘

The SBCR has been fully described in the Sixth Quarterly Technical Report. The
dispersing medium consisted of Chevron Synfluid PAO 4, a hydrogenated poly-a-olefin
having a molecular weight of ca. 600.

The start-up procedure was as follows: .

1) The reactor was brought to operating temperature overnight. The SBCR

and transfer lines were maintainéd at 100°C and 150°C, respectively. A
flow of nitrogen was sfarted_ to flush the reactor column (aboui 2 hours).

2) Meanwhile, the Synfluid was heated 'to operating temperature in a separate

in-line vessel prior to introduction into the SBCR. It was introduced into
the reactor using nitrogen pressure. |

3) After the temperatures stabilized (about 2.5hours) the catalyst was loaded

and the methanol and i-butylene feeds were started.'

The catalyst used was an H-Y zeolite. (UQP LZ210-12) which had been crushed
and sieved to 30-100 pm. A 20% catalyst ioading (weight of catalyst/weight of liquid)
was used. The following feed flow rates were used: ' .

Nitrogen: 1.13 SL/min
5% i-butylene in He: 90 Scc/min

methanpl: 0.11 mL/min

This corresponded to a me_thanol/i—butylene=6.0 and a linear gas velocity of 2.1 cm/sec.

The effluent was analyzed periodically during the run by on-line gas chromatography.

2.3 RESULTS AND DISCUSSION

" Two similar runs were conducted. Results from Run #2 are summarized in’
Figures 4 through 7 in which various parameters are summarized as a function of time.
Figures 4, 5 and 6 are each divided into four time periods. Period I represents analyses
taken prior to the introductio.n of the catalyst. Period II represents analyses taken after
introduction of the cata]yst.' In Period III th-c.a' i-butylene was cut-off, The i-butylene was
" restored in Period IV.

13



Relative Molar Conc.

Figure 4. Relative molar concentrations of methanol and i-butylene feeds in SBCR.
Experimental conditions and meaning of regions I, II, III, and IV is
explained in fext.
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Isobutene Conversion, %

Figure 5. Iso-butylene conversion during reaction of methanol and i-butylene in
SBCR. Experimental conditions and meaning of regions I, II, III, and IV
is explained in text.

10 l i T

| I i
| O :
8+ : } )
; l ! I\Y
| ' i
l
6 T : i |OQ .
! QD
! !
4+ : ! 1 \
] : I A\
I . . |
: | t \
2 ‘T | | l O\
| | { \
| : * N\
1 ] \
0 WO OHo——— -y
0 120 24.0 360 480 600

Time, minutes

15



Selectivity, %

Figure 6. Selectivities to major products during reaction of methano! and i-butylene
in SBCR. Experimental conditions and meaning of regions I, II, III, and
1V is explained in text. ' '
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Figure 4 shows the stability of the feed as a function of time. After approximately
one hour, the methanol/i-butylene ratio stabilized and remained fairly constant at 6
except for Period III when the i-butylene was shut-off. Figure 5 shows the i-butylene
conversion as a function of time. An induction period of over one hour was noted before
measurable conversion was obtained. It can also be noted that the reaction rate
decreased rapidly, reaching negligible conversion after only 7 hours on-stream. The main
products observed in the reaction were MTBE, the i-butylene dimer, and a broad GC
peak at long elution times which corresponds to i-butylene oligomers, possibly a C;,
hydrocarbon. We have observed these heavies during gas-phase reaction at low
methanol/i-butylene ratios.

Figure 7 summarizes the carbon selectivities observed towards the main products.
During Period IV, the main products observed were the heavy hydrocarbons, with
selectivity for MTBE being less than 3-5%. The only time that high MTBE selectivity
was noted was during period III, when the i-butylene feed was shut-off.

The large amounts of heavy products and the low selectivity to MTBE were
surprising in view of our previous experiments in the gas phase and the high methanol-to-
i-butylene ratio used in these runs. In the gas-phase and with methanol/i-butylene = 0.5,
over 95% selectivity to MTBE was observed with this catalyst at this temperature. The
higher level of methanol used here would be expected to further improve the MTBE
selectivity. '

Perhaps one reason for the poor MTBE selectivity relates to the relative
solubjlities of the reactants in the Synfluid changing the effective methanol/i-butylene
ratio. Figure 8 shows the relative molar concentration of i-butylene during Period III.
At 180 ‘minutes, the gas supply of that reactant was shut-off, yet thé analyses show that
i-butylene continued to elute from the reactor for at least an additional 2 hours. It seems
reasonable that the i-butylene is highly soluble in the Synfluid since they are both non-
polar hydrocarbons. Likewise, one would expect the methanol to not be quite as soluble
and thus the methanol/i—butylene ratio in the liquid medium may be ver); low, favoring
the oligomerizat_ion of i-butylene. Indeed, the only time that MTBE selectivity was high

was after the i-butylene supply was shut-off. We intend to quantify these solubilities in
future experiments.

17




Relative Molar Cone.

Figure 7. Relative concentration of i-butylene in SBCR effluent after feed shut-off
during reaction.
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3. WORK PLANNED FOR NEXT QUARTER

Next quarter will concentrate in the SBCR runs. We expect to complete all

experimental runs in the next quarter.

19




SATISFACTION GUARANTEED

¢

03

20
50

T 5

»

n O

Qg ™
- E

o

59-.'
H
(4] -
856
[ ]

5y 3
m;'rgs
s3¢
a@E
—=q.
-
> el

2';5
0 |
3w o
- &

oo0cC
BES
> 8 o
200
oot
30 o
o=
0% a
S b=
2w Q0
Suns
A S uw
el

205
'y ©

oE Q
2905
=00
mgg
Dol
=29
20 .2

is.gov

1-888-584-8332 or (703)605-6050

info@nt

p E-ma
P Phone

Reproduced by N

National Technical Information Service
Springfield, VA 22161

This report was printed specifically for your order
from nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its

~ vast collection of technical reports. Rather, most documents are

custom reproduced for each order. Documents that are notin
electronic format are reproduced from master archival copies
and are the best possible reproductions available.
Occasionally, older master materials may reproduce portions of
documents that are not fully legible. If you have questions
concerning this document or any order you have placed with
NTIS, please call our Customer Service Department at (703)
605-6050. '

About NTIS

NTIS collects scientific, technical, engineering, and related.
business information — then organizes, maintains, and
disseminates that information in a variety of formats — including
electronic download, online access, CD-ROM, magnetic tape,
diskette, multimedia, microfiche and paper.

The NTIS collection of nearly 3 miliion titles-includes reports
describing research conducted or sponsored by federal
agencies and their contractors; statistical and business
information; U.S. military publications; multimedia training
products; computer software and electronic databases
developed by federal agencies; and technical reports prepared
by research organizations worldwide.

For more information about NTIS, visit our Web site at

http://www.ntis.gov.

Ensuring Permanent, Easy Access to
U.S. Government Information Assets




U.S. DEPARTMENT OF COMMERCE
Technology Administration
National Technical Information Service
Spiingfield, VA 22161  (703) 605-6000




