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QUARTERLY TECHNICAL REPORT

The goals of this project are to develop a catalyst and process for the conversion of
syngas to isobutanol. The research will identify and optimize key catalyst and process
characteristics. In addition, the commercial potential of the new process will be
evaluated by an economic analysis.

The combination of the best conditions from independent process variable studies has
afforded the best performance to date with the 2% Pt on Zn/Mn/Zr oxide catalyst.
At 325°C, 300 psig, 7/1 MeOH/EtOH molar feed ratio and 1 hr* MeOH WHSV, 22.2%
selectivity to isobutanol is obtained with 55 and 97% conversions of methanol and
ethanol, respectively. The results of this run will be used as a basis for the economic
evaluation of a higher alcohols process.

The ability of the Pt on Zn/Mn/Zr oxide catalyst to produce isobutanol in the presence
of high partial pressures of H, has been investigated. Such operation could allow the
integration of a higher alcohols process with a conventional methanol synthesis plant
by placing it within the methanol synthesis recycle loop. However, higher alcohol
yields are severely suppressed by a large H, cofeed, even at pressures as low as 50
psig. Elimination of the H, co-feed did not restore the performance of the catalyst to
expected levels, suggesting that the high H, partial pressure has caused degradation
of the catalyst. No further testing of high H, conditions is planned.

The com_mercial system has been modeled using the product slate obtained from the
'hest case’ pilot plant conditions combined with the assumption of equilibrium CO,
H,0, CO, and H, makes. A stand-alone isobutano! plantParBdes8ifg 500 MT/D

ance

synthesis gas-derived methanol can yield 92 M"[{,Qumigpgy,tanole Gggml‘l}iﬁm&mﬁn
additional 20 MT/D assuming complete hydrogeflarxit?rrflpjji‘ggpﬁﬁrai@hyge;m@h
accumulates in the liquid recycle loop. The ecoﬁ%cuanq;gngﬁpit Cost s;gp%r}jﬁj}y

analyses of this system are pending. Also, the e‘,tféhfﬁfpgenrarawi‘iteinperatupe"on
product losses will be examined in more detail. |
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EXPERIMENTAL
Catalyst

The preparation of the 2% Pt on Zn/Mn/Zr (60/20/20) oxide catalyst by co-
precipitation of an aqueous solution of metal nitrates with KOH at pH 11, followed by
impregnation of the calcined support with an aqueous Pt chloride solution has been
described previously.’?

Catalytic Testing Procedure

The pilot plant testing of catalysts for the conversion of a methanol/ethanol blend to
isoalcohols was accomplished as follows. The catalyst, as 20-40 mesh granules, was
loaded into a 1/2" 1.D. stainless steel reactor. The reactor was purged N, at 250 °C,
10 psig, 0.5 scf/hr for 1 hour then pressure tested with N, at 250 °C, 500 psig for
1 hour. After restarting the N, purge, temperature and pressure were adjusted to the
desired conditions. After 2 hours, the methanol/ethanol blend (10/1 molar) was cut
into the plant at the desired rate. Product analyses were obtained using two on-line
GCs to analyze the total hydrocarbon/oxygenate product and the overhead gas.
Conversions, selectivities and productivities (including CO and CO,) are based on
moles of carbon. The H, co-feed in Run 926 was added using an independent feed
system that was manifolded with the N, and methanol/ethanol feed systems
immediately before the reactor inlet. The H, feed was established with the N, purge
for 2 hours prior to the addition of the methanol/ethanol blend. A listing of the pilot
plant runs included in this report is given in Table 1.

RESULTS AND DISCUSSION

Process Variable Studies for Methanol/Ethanol Conversion - Optimum Conditions Test

The previous report in this project described the independent effects of temperature,
pressure and methanol/ethanol molar feed ratio on the performance of the 2% Pt on
Zn/Mn/Zr oxide catalyst.? The highest selectivities to the desired iC, oxygenates were
obtained at the lowest temperature (325°C), highest pressure (300 psig) and moderate
methanol/ethanol feed ratio (7/1 molar). These resuits are summarized in Table 2.
In view of these results, an optimized run has been conducted using this combination
of conditions. In addition, methano! space velocity was decreased from 2 hr'to 1 hr’
by doubling the catalyst loading in order to obtain 50-60% meﬂﬁqgﬁllpgg%ersion at
this lower temperature. The last column of Table 2 shows the results of this test.
The methanol conversion was within the targeted rangg arrd e qspbirtdndl B EtivitV.
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(22.2%) is the highest obtained in any testing in this program. While
isobutyraldehyde is reduced (due to the high pressure), the formation of methyl
isobutyrate ester is higher than expected. Methyl acetate formation is also high,
which is consistent with the earlier testing at 325°C. This suggests that the
Cannizzaro reaction becomes more competitive as the aldol condensation step slows.
The lower temperature also reduces the formation of light hydrocarbons, CO and CO,
to the lowest levels observed to date with this catalyst.

In view of the superior selectivities, compared with other conditions, the results of
this run will be used as a basis for the economic evaluation of a higher alcohols
process using this catalyst. This work is being done as a part of Task 5 of the
program.

Methanol/Ethanol Conversion with High H, Co-feed

One process concept for the integration of a high alcohols process with a conventional
methanol synthesis plant is to place the process immediately after the methanol
synthesis reactor using imported ethanol. One advantage of this configuration is that
any CO and CO, formed in the higher alcohol synthesis reactor can be easily recycled
to the methano! synthesis reactor for conversion to additional methanol using the
existing recycle loop. In addition, unconverted methanol can be recovered and used
for the production of MTBE from the isobutanol in a separate step.

In order for this configuration to be feasible the higher alcohol condensation catalyst
must be able to operate in the presence of high H, concentrations. The effluent from
the methanol synthesis reactor typically contains about 70-80 mole% H, as well as
some N,, CO and CO,. It is also desirable that this process operate at the high
pressure of the methanol synthesis reactor (1000-1500 psig) so that the efficiency
of the H,/CO/CO, separation on the recycle loop is not reduced. Previous results have
indicated that co-feeding H, at a low level (2/1 H,/MeOH molar feed ratio) has very
little effect on the performance of the Pt on Zn/Mn/Zr oxide catalyst. Methanol
conversion is slightly increased and selectivity shifts from isobutyraldehyde to
isobutanol with H, giving an overall slightly higher productivity for isobutanol.
Therefore, a pilot plant test has been conducted to determine the performance of the
2% Pt on Zn/Mn/Zr oxide catalyst at conditions comparable to those inside the
methanol synthesis recycle loop. .

Table 3 summarizes the results of the pilot plant test of the 2% Pt on Zn/Mn/Zr oxide
catalyst at high H, partial pressures. At the initial conditions (1200 psig total, 15/1
H,/MeOH) both methanol and ethanol conversion were very low with only small
amount of isobutanol formed. Surprisingly, isobutyraldehyde selectivity was high
which is inconsistent with the expected level of product hydrogerratict?that should be
occurring at these conditions. Decreasing pressure to 300 psia andxthearSthsm'ixg[Sp
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with a decrease in space velocity) increased conversion and isobutanol selectivity, but
it remained far below levels observed previously at lower H, levels. . Again the
isobutyraldehyde selectivity responded in an opposite manner from that expected,
decreasing as H, content decreased. Elimination of the H, co-feed did not restore the
performance of the catalyst to expected levels either at 50 psig or 300 psig. This
suggests that the high H, partial pressure has caused degradation of the catalyst. In
view of the poor results obtained in this test, no further testing of high H, conditions
will be done.

Modeling of a Commercial Isobutano!l Synthesis Plant for Economic Analysis

Since experiments using the high H, partial pressures typically encountered in the
methanol synthesis recycle gas loop showed little promise, a stand-alone isobutanol
production plant is being considered for economic evaluation. Under the best-case
conditions (300 psig, 320°C, 1 hr' WHSV) tested in the pilot plant, methanol and
ethanol conversions were 55% and 97%, respectively, with 22% selectivity to
isobutanol. These performance criteria, along with the product slate obtained, are
being used to model the commercial system.

it was assumed that methanol alone contributes to the formation of all single-carbon
species (CO, CO,), all C,-Cg hydrocarbons, and the methyl groups of dimethyl ether,
methyl formate, methyl acetate, methyl butyl ether, and methyl isobutyrate.
Furthermore, one carbon of the side products isopropanol and isopentanol was
considered to originate from methanol. The smaller amounts of ethanol (12.5 mol-%
of the liquid feed) charged were assumed to participate in producing all 2- and 4-
carbon groups in the same ratios as shown in the yield data generated from pilot plant
run 325. The remaining carbon needed to generate the product slate (after conversion
of 97% of the ethanol) was presumed to stem from the feed methanol. Generation
of water and hydrogen was observed experimentally, and yields of these products
were in accordance with 100% elemental O and H balances. The water gas shift
reaction was also modeled and assumed to achieve equilibrium at reaction
temperature. A comparison of actual measured and theoretical gas yields, as well as
a summary of the conditions and reaction coefficients used in modeling, is provided
in Table 4.

A feed rate of 500 MT/day (4000 bbl/day) methanol, supplied from a methanol
synthesis plant, was the basis for the commercial simulation. Hyprotech Hysim v2.50
process simulation software was used with the NRTL activity property package
{(recommended for non-ideal components) to model the system. The flow scheme is
depicted in Figure 1. Methanol and the ethanol co-feed are mixed and combined with
recycle gas (CO, CO,, and H,) and then recycle liquid before being heated to the

reactor inlet temperature. Although three reactors are illustratéd=td fiodel methanel

ed In vand!

conversion, ethanol conversion and the water gas shift_reagtios, ronlyiBhe. reastor
f
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would be used commercially. The reaction product is cooled to 100°F and phase-
separated. A significant portion of the separator gas is vented to prevent > 25 psia
hydrogen partial pressure in the combined reactor feed, since this condition gave
poorer selectivity experimentally.

The separator liquid, containing isobutanol, unconverted methano! and ethanol, as well
as a number of byproducts, is charged to a distillation column. Excess of 99% of the
isobutanol is recoverable in the bottoms product with negligible losses of methanol
and ethanol. The byproduct isobutyraldehyde is recovered in the overhead product.
The extent of buildup of this species in the liquid recycle loop is difficult to estimate
from experimental data, since hydrogenation of this material to isobutanol would
eventually occur, improving the alcohol yield. Nevertheless, a liquid purge is required
to reject primarily alkane and ester side products, with some corresponding loss of
methanol and ethanol.

With liquid recycle, the overall carbon conversion is 98% with 22% selectivity to
isobutanol. The expected production of isobutanol is 92 MT/day from 500 MT/day
of methanol feed. Results of the simulation. including mass and elemental balances
as well as product yields, are given in Table 5. Currently a cost estimate of this
process is being performed to examine its economic viability. The improved scenario
in which isobutyraldehyde is completely converted to isobutanol will also be
considered in the study. Also, the effect of separator temperature on product losses
will be examined in more detail.

CONCLUSIONS

The combination of the best conditions from independent process varaible studies has
afforded the best performance to date with the 2% Pt on Zn/Mn/Zr oxide catalyst.
At 325°C, 300 psig, 7/1 MeOH/EtOH molar feed ratio and 1 hr! MeOH WHSV, 22.2%
slectivity to isobutanol is obtained with 55 and 97% conversions of methanol and
ethanol, respectively. Selectivity to total iC, oxygenates is 36.1%. In view of the
superior selectivities at this condition, the results of this run will be used as a basis
for the economic evaluation of a higher alcohols process.

The ability of the Pt on Zn/Mn/Zr oxide catalyst to produce isobutanol from methanol
and ethanol in the presence of high partial pressures of H, has been investigated.
Such operation could allow the integration of a high alcohols process with a
conventional methanol synthesis plant by placing it within the emthnaol synthesis
recycel loop. However, higher alcohol yeilds are severely suppressed by a large H,
cofeed, even at pressures as low as 50 psig. Elimination %Litrﬁ%‘gz co-feed did not
restore the performance of the catalyst to expected levels. This SQE .%??Ei:ﬁbeat the

high H, partial pressure has caused degradation oftheceatdiyst’ (i Miew-otsthe poor
!
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results obtained in this test, no further testing of high H, conditions will be done.

Because of the unfavorable pilot plant results at high H, partlal.pressure.?, Ithi
economic and cost sensitivity analyses will be basedona stand-alone 1sobutanoHp an
processing 500 MT/D of synthesis gas-derived methanol. Currently,.Hyprotech yhs-mr'u‘
v2.5 software has been used to model the proposed commercial system vs; ur:\d
includes recycle of some hydrogen by-product as wel! as unf:orfverted methano auld
ethanol. Most likely, the buildup of isobutyraldehyde in the Ilgmd recycle loop \leo
lead to its eventual conversion to desired isobutanol. The yields of' lsoputano rlo;n
500 MT/D methanol feed would be 92 MT/D or 1‘12 MT/D considering comp gte
hydrogenation of isobutyraldehyde. The economic and product. cost ser\:fsn'a;noy:c
analyses of this process are pending, as well as'a study to examine the effec
separator temperature on product losses.
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DISCLAIMER

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

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Table 4. Reaction Coefficients for Process Modeling -

Temperature, °C
Prassure, peig
MeOH LHSV, hre1

[T e 4

Slethenol Corw, %
Ethand Conv, %

25
300
1

7
0.5

(CO, CO2, DWE, MeFormate,
LCAOH, G5+ OH, +C4 Aidetyce,

8518
8885

(3]
x

[Ny

OOMMOOUNOAOMO&AU-‘J
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o

Assumpbons.
1. CS+ Akohois sre treatsd 36 CS'S

2 wwmmnm-as

3. *Other Exters are trested ss CO's

4. menwum

Wmmmmmmmwmmw
“Oither” Aksehyses and Katones, “Othec” Hydrooarbons)

100% Corv % Etrancl

100.00 400 00

o]

- A
g

NWIRRIN A o o b cd A b AR S
'i

10

MeAztate, C1.CS HCBN'S, n-C30H, MeEEther, e
Other” AXelycses and Ketonss, “Oxher

<100

21.91
31.68
0.7

3
0.24
0.7%

0.70
0.07

071
0.54

055
0.12

25
198
400.00

100.00
100.00

Hoxtrysts,
Hyrooartons)

397
0.41
19
8.70

0.17
374
28
8.82

4Tt

100.00

Rescton Cosficerts for HYSIM Samulston:

«100

N7
3:8.32

100.02
100.00
400.00
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