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AESTRACT

In Apri] 19687, the United States Departmunt of frergy awarded Air Froducts and
Chemicais, Inc, the third tonsecutive contract om the duvelepment of Liguid
Phase Methanel process. Key objectives are to demonstrate process
stoplifications and obtein long term {120 days) catalyst 14fe datz on the
process development unit (POU) at LaPorte, Texzs, A paraliel research program
has been formelated to broaden the date base for the process. This paper
describes the recent activities Tn the research pregram.

Significant progress has beer accomplished since the start of the contract.
Of the eight research subtasks, four are designed to support the FOU program
ang the others enhance the understanding of the technelogy. A new catalyst
slurrying Tiguid and a new comercially avallabie tatalyst have been
Tdentified and recommended for PDU testing. The effects of CD, and Ha0 on
catalyst performance have baen studied experimentally. DEplnd%hg oh the gas
mtrix, adjosting £0+ and Hz0 contents in the feed has the poten<ial to
enhance methang] prnauctiun. Yhe removal) of process impurities in & typical
toal gas was addressed by searching adsorbents 1o remove Five prime catalyst
Poisons. A test of these adsorbents with real coa? gas will be conducted
later in the contract after a clean-up test ohit is Built.
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THTRODUCTION

The Liguid Phase Methanol (LPMEQN®} process differs from conventional
gas-phase processes by introducing an inert liquid fate the reactor system.
Powdered or palletized catalyst 4s suspended and well mirad 1n the 1iguid
where 1t is contacted with the syngas. The slurrying 1iguid absorbs the
reaction heat effectively, achieving tsothermal conditions, to allow n higher
conversioh per pass than in gas-phase processes. In addition, the LPMEOH
Process 15 particularly well sulted to coai-derived synthesis gas which 1s
Fich 1n carbon monoxide (1). Thess capabilities enable the process to be g
potentially Jower-cost conversfon route to methanol, esperially when methanp!
is topreduced 1n & coal-based Inteyrated gasifization combined cycle [IRCE)
powar plant,

Detatled histery and process description are well documented in the
iiterature. Espino and Fletze) {2) of Chem Systems Inc. conceived this
conceptl in the mid-1970s. Initial development studies started in 1975 with
most work funded by the Electric Power Research Institute (EPRI). The resylis
of this early waork are described in a serles af EPRI reports (3, 4, 5). 1In
1987, Air Products and Chemicals, Inc. (APLI) Joined efforts with Chem Systems
1o demonstrate the new techrolegy at the process development untt [POU) scale
under the sponsorship of the United States fepartment of Energy (DOE). The
first DOE contract (CE-AC22-GTPC30019} was awarded in September 1987 and the
Second contract (DE-AC22-B5PCH00UT) was awarded in July 1985. The results of
ihese contracts were documented in the respective final reports of DOE and
presented in previeys DOC annual Contractors® Meetirgs {E-10).

In the prior contracts, severa?l key process issues were addressed. The
process was Shown to be sasy-to-aperate with very high on-stream factor
(B%+). The slurry mode of operation was confirmed as g highty efficient
optich. In-sity activation of catalyst in the slurry, especially for high
sturry concentrations {e.g., 40 wil), was develepsd in the Taboratory and
suctcessfully demenstrzted in the POI at LaPorie, Teras. 1In addition, the
poisoning impact of 4rom and nicke? carbenyls was quaniified, and led to
piping changes 1n the POU to eliminate thelr formation, A subsequent 40-day
run of the LaPorte POU demonstrated a much 51ower catalyst deactivation rate
than that exparfenzed with a g2s phase operation,

The current fontract will further the development of the LPMEOH process at the
POU scaTe. The primary gozl 1s to devalop the data recuired for the detign
and operation of 3 larger scale demonstration LPMEDH plant that 15 relizhis
and easy to operate. Key emphasis of the contract §s the POU modification and
cperaticn te demonsirate process simplifications and obtaln catalyst Vife
data. A research program 1s being carried out in paraliel to mddress several
outstanding 1ssues of the process. This paper discusses the progress of the
reseirch program, Another paper by J. H, Frey et al will be presented in this
foeeting to detatl the PDU program.

* A trademzrk of Chem Systems Inc.
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RESEARCH PROGRAM

The Focus of the research effort 4s clearly ir support of the LaPorte PCY)
tests and future process scale-up. Figure 1 1ists the eight sublasks unger
the research program. The Alternative Liquid (Subtask 3.1} and the
Alternative Catalyst (Subtask 3.6 L X.7) program are strategicz1ly important
16 that they signify the LEMEOH process 15 not limited to one catalyst and gne
Tiquid. The Effect of £0, (Subtask 3.2), In-situ Reduction Optimization
{Subtash 3.3}, and Fundamentat Modeliing (Subtask 3.5} enhance the
understanding of the process and are the basis for potential {mprovements.
CataTyst Poisons Studies (Subtask 3.4) ang Catalyst Poisons Field Test
(Subtazk 3.8) are rritical to the commers falization of the process,

ALTERNATIVE LIQUID MEDIA:

The identification of an 2lternatiye slurrying wedia, preferably From
alternate suppliers, 4s strategically impartant to the LFMEQR pratess. In the
edrly stages of the process development, either Witco 40 or Freezens 100 was
vted as the Viquid. Both were products of Witco Corporation. Freszene 100
was concluded to be a mere stable o4l for the process. All of the LaForte POU
runs prior to Y986 ysed Freezeme 100. 1In mid-T§85, Witeo announced the
discontinuation of Freezene 100 because of feedstock undvatlabllity. A
research effort wiz initiated in the second DDE contract to search for an
2lternate liguid medium. After evatuating six additional ofls From four
different suppiters, Witeo 70 and LP-150 were identifisd as satisfactory
atternatey Tiquids. “Again, beth are productz of Witco Corporation. The need
to brozden the soyrces of the Process 011 5147171 existed, especially when we
discovered in mid-1987 that Witco has been planning to change one of its key
broductiion procecdures from acid treatment to catalytic hydrogenatian.

Following the methodology established in the previous contract (10Y, nine
potential commercial liquid products were screened for their physica?
properties, Five candidate Mquids frem four different suppliers werg then
selected for further Tab evaluations, Table 1 compares relevant Eroperties of
these candidates with those of Witcs ofils. These five oils ware then
Individually tested for their compatibility with B standard methanol catalyst
16 2 laboratory autoclave. The futoclave, manufactured by Autoriaye
Engineers, is made of 316 stainless steg] and eguipped with ¢ Kagnadrive II
stirrer, & detailed description of the autoclave swt-up can be found tn
Technical Progress Report Mo, 4 gn the First contract. [In-situ activation was
performed on a 35 wiX slurry of & chosen candidate and the standard catalyst.
This was follawed lmpediately by acttivity tasts in the autociave with a
CO-rich gas (51X €O, 35% Mz. 13% (0, and 1% Nz) simutating a clean coal

§4s from a Texaco gasifier, Figure 2 depicts the test results. Except for
Mob13 SHF &1, a1l other o1 s$lurries exhibited acceptable activity 1n
sutociave.

Based on price, svailability, reliability, and plant experignce, Drakesl 10
from Penreco was thosen for 2 40-day autoclave life test. The ofl was thown
to be very compatible with the methang] tatalyst, as the catalyet slurry
exhibited stable performance ovar the 40-day experimsnt. A sample of the
Spent ot) was anaiyzed by ASTM D2B8E7-73 simulated distiT1ation method.
Figure 3 shows a comparison of the dist{)lation curye of the spent o] with
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that of a fresh oil. Only slight loss of the Tight ends was noted, suggesting
Orakeol 10 is acceptably stable under the process conditions. Drakeol 10 was
then recommended for the LaPorte PDU.

EFFECTS OF COp IN CO-RICH GAS:

The role of CO2 on methanol synthesis over copper/zinc oxide has attracted
many interesting studies (11-13). wWhether methano] is predominantly
synthesized by CO or €0, hydrogenation has brought some disagreement among
the researchers. However, they seem to agree that both CO and CO2 have to
coexist to show reasonable catalyst productivity for commercial interest.

In this subtask, lab experiments were designed to address the effects of
varying €0, in a coal gas, usually rich in CO. Coal gas from a Texaco
gasifier has a typical gas composition of 51% CO, 35% Wz, 13% COz, and 1%
inerts (N & CHg). Table 2 lists the gas mixtures studied. Gas A is the
standard CO-rich gas, and Gases B-E and Gas £ simulate COz addition or
withdrawal from Gas A with Hy and CO varying in a fixed ratio to compensate
for the change of CO; content. Gas F which simulates the clean gas from a
Shell gasifier provides some diversity to the program. Figure 4 depicts the
data on the (0, effect. In general agreement with literature, the result
indicates that CO, benefits methanel productivity when COp content in the
feed is relatively low. Figure 3 shows that methanol productivity reaches an
optimum when the CO, content in the CO-rich gas feed lies around 8%, which
suggests that CO, removal from the CO-rich gas (13X COy) can result in a
10-15% productiv%ty improvement. '

To complete the study, the effects of water on catalyst performance were also
investigated. Water and COZ are exchangeable to a large degree in a

methanol reactor through the water gas shift reaction. The effect of water,
however, has not been as extensively studied as the effect of CO,.
Employing isotopes in methano) synthesis, Vedage et al (14) conc%uded that
water was a primary reactant. The methanol synthesis rate over a Cu/Zn0
catalyst was greatly enhanced by adding small amount of water to the H,/C0
fee? gas. However, at higher concentrations, water retarded the methanol
yield.

In this study, water was added to Gases A-D and Gas F of Table 2. Catalyst
activity was measured in an autoclave. With Gas A (CD-rich gas), Figure 5
shows the effect of water on the standard methanol catalyst at two
gas-hourly-space velocities (GHSV). At lower GHSV (5000 s1/kg-hr), the
results showed an optimum in methano? productivity with approximately 2% water
in the feed. However, at higher GHSY (10,000 s1/kg~hr), methano! productivity
decreases with increasing water content. With Gas D (CO, free), water
addition enhanced methanoil productivity dramatically as depicted in Figure 6.
Specifically, with 1 mol¥X water added, the methanol rate increased from 12.6
to 24.1 gmol/kg-hr at 10,000 GHSV. The productivity increased further to

30.6 gmol/kg-hr when 5 mol% water was added. The beneficial effect of water
was less pronounced at 5,000 GHSV. With gases of intermediate €0, contents,
Gases B and C, Figure 7 summarizes the results. As expected, the effect of
water on catalyst performance depends on the CO; content of the feed.
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tow CO- and high CO/Ms. Codl gas from a Shell gasifiar 1s one such
example. Gas F of Table @ simulate the Shell coal ga5- The results of water
additien are shown in Figure B,

Water can enhante methane! productivity when the Faed PQas contains relatively .

Water and CO; effects were Blso selectively studied at 225°C. A1P these
data wil? be incorporated 1n the sarlier data bace obtained 1n the prier
contracts to estabfish a comprehensive model for better understanding and
sCaie-up of the LPNEDH process. This sadelling effart will be conducted in
Subtatk 3.5, Fundaments! Modetting.

CATALYST POISONS STUDIES:

Furification of coal-derived syngas 45 one outitanding issue not only for the
LPHEDF process but alse for other methanol processes LEing copper based
catalyst. Anticipated procest Smpurities and their respective levels in 2
toal gas were best estimated by AFCI a5 shown in Table 3. Also inpluded in
Table 3 are the tatalyst design specifications for these jipurities,

The objective of the Catalyst Polsons Studies is to recommgnd the mpst
efficient adsorbents for the removal of Five prime catelyst poisons 1n the
brocess gas. These catatyst poisons are 1ron and nickel carbenyls, hydrogen
sulfide, carbony) suifide, and hydroger chleride. A corellary obiettive i35 to
develop fatt and reliable anaiytical methods for the quantifications of these
impurities at the parts-per-millian (ppm} and parts=per-billicn (pph) level.
Yet, another ohjective of this task %5 to invesiigate whather or not COS s a
catalyst potsen. The incorporation of the last gblective was precipitated by
the studies of Woad et a1 {15) who repurted that COS did mot poison Cu/Znd
methanol catalysts at a concentration range of 0.6-9 ppmv.

1. Analytical Method Development:

Ir the first DOE contract, a gas chromatography {G6C) meihod wat daveloped for
detecting iron and nickel carbonyls at the ppoV Tevels. This GF method uses a
sfualane ¢olumr and an electron capture detector (ECD). MOetails of this
BC/ECE method and §ts deveTopment can be found 4n the final report {16).

Additiona) analytical methods are needed far fast and relsable amalyses of
COS, Ma%, and HC1. After a comprehensive Titerature search, the analytical
themists at APC] recommenced another BL method for the gquantificatton of LOS
and Hz5. This method uses 2 4' Hayesep Q column heated to 50°C using He
carrier gas with 2 flow rate of 20 m1/min. The eluted gases are detected with
3 photoionization detector equipped with mn 131.7 ev tamp, A typical
chromatogram 18 shown in Figure 9, The method 1s fine-tuned for the getection
of both COS and Hs5 tn the Tow ppbV ranges.

Attempis fo develop a G0 method for HC1 analysis were not successfol. Far the
anatytical requirement on HC1 adsorbent screening, an on-tine FI-1R instrament
was used. This IR anzlyzer was a Nicolet 100X instrument with a sensitivity
range of T to 10 ppmy. ’

In addition to the instrumental methods of analyses, comlementary wet
chemical methods were 3lso developed for (0S5 and KC! quantifications in

-
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synthesis gas. The emphasis was to develop methods that can consistently
quantify these impurities in the sub-ppm concentration range. These wet
chemical methods have been developed and will be documented in the fina)
report.

2. Autoclave Test of COS Poisoning on Methano) Catalyst:

Carbonyl sulfide was tested in the APL] laboratory to see 1f 4t would
deactivate a Cu/Zn0/A) 03 methanol catalyst. A slurry of a commercial
methanol catalyst and srakeol 10 011 was prepared and loaded into the
autoclave. After {in-situ activation, the catalyst was exposed to the LO-rich
gas at 250°C and 750 psig to establish a baseline before the introduction of
COS. The inlet concentration of COS was measured by the 6C/£CD method to be
around 5 ppmy. )

The test results are summarized in Figure 10. The catalyst deactivation was
observed almost immediately with the introduction of C0S. After 70 hours on
5 ppm COS, the catalyst lost over 50X of it original activity as the methano)
productivity dropped from 32 to 15 gmol/kg-hr. The GHSY was 10,000 s1/kg-hr.
COS is concluded to be detrimental to a methano! catalyst.

During the C0OS experiment, the exit stream was constantly monitored for COS
breakthrough. No COS was detected by the 6C for the entire duration. The
spent catalyst was washed with cyclohexane and submitted for sulfur anatysis.
Elemental analysis by Inductively Coupled Plasma (ICP) revealed 0.58 wtX S on
the spent catalyst, which agreed well with the 0.55 wt% number calculated
assuming that all the S put in the reactor stayed on the catalyst. The spent

catalyst was 21so analyzed by XR0. Although no sulfur tompound was detected,

the crystallite sizes for Cu (156 A) and Zn0 (>1000 A) were much larger than
expected for normal liquid phase operation. S

3. Adsorbents Screening for Poisons Removal:

A recirculating adsorption apparatus was used to screen adsorbents for the
removal of the five key process impurities. Equilibrium and kinetic
adsorption characteristics of various adsorbents can be obtained using this
unit. A schematic of this apparatus is shown in Figure 11. The adsorption
vessel is made of 1/2° stainless tubing and can house up to 10 m} of
adsorbent. A Teflon diaphragm pump s used to circulate the gas inside the
apparatus.

The recirculating apparatus is capabile of screening adsorbents efficiently. A
fixed volume of gas containing a known initial concentration of catalyst
poison is continuously circulated through the adsorbent bed of known weight
until a final equilibrium concentration is reached. The amount adsorbed at
equilibrium conditions is a data point for an adsorption isotherm. The
approach to equilibrium with respect to time yields kinetic data. With the
adsorption isotherm and the kinetic data, an adsorber design can be
accomplished. .

Many adsorbents were screened in the adsorption unit for the individual

removal of Fe(CO)5, N1(CO)4, COS, H2S, and HC1. The concentration
targets of these process impurities are shown in Table 3. In addition to the
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equilibrium capacities of these adsorbents, their regenerabi Vity was 2lsp
testad, A sumary of the best adsorbents resylting from this study 45
presented in Tahle 4.

The resuits of this study will be incorporated into the design of a £lean-up
test rig for further evaluations with a real coal gas. The fssue of
tnteraction af multicomponent adsorption/desorption will be addressed. Thi
Catalyst Pafsont Fleld Test will be conducted Tater under the current DOE
contract.

TESTING ALTERNATIVE CATALYSTS:

The objective -of this task is to identify alternative commercial low
tenperature methanel catalysts for the LPMEDH process. Repressnizt!ve _
tatalyst samples, before pelletizing, were requested From vendors and tested
ir APC] laboratories. The criteria far an acceptahle nlternate catalyst is
not anly the fntrinsic catalyst activity but also its ability to be
effectively used 1n a slurry reactor. For example, the catalyst should have
lower porgsity to allow higher catatyst loading in a given reattor so that the
reactor volume productivity can be intreased, and the catalyst should exhikit
- Tow fouling tendency in the slurry so that haat exchanger tubes and raactar
internals will not be coated with stagnant catalyst, Slurry rtheology, which
affects reactor hydrodynanics, at4o influences reactor productivity. In the
second contract, the rheology of catalyst slurries was studied (YE)Y. The
slurries exhibited ylald stress and shear-thinning tehavior. Both increasmd
exponentially with volume fraction of solids.

Three commercially available methanc) catalyst samples were evaluated. A1}
three catalysts showed high methano? sctivity 1n autoclave tests as exhibited
1n Figurs 11. Physical properties of these sanpies are compared with those of
the standard catalyst in Table 5. Catalyst F2L/DETS-43. which has the lowest
slurry viscosity and the Jowest packeg velume §n oi1 should have the best
Sturry properties for the protess. The catalyst was, therefore, recommender
for a Tife test in the autoclave before being tested 4n the PO at LaPorte.

AUTOCLAVE LIFE TEST = ALTERNATE CATALYST:

Catalyst F21/70075-43 was subjected to 2 40-day 11fe test in the avtoclave with
3 15 wtk slurry of this catalyst in Orakeel 10 oi1. Test conditions were
230°C and 750 psig. The CO-rich gas was fed at a GHSY of 5400 s1/kgehr.
Figure 11 summirizes the yvesults of both the methane} productivity and exit
methanal concentration plottad against time on syngas. Due to serious &C
problems, eart{er activity data are misstng. Howsver, consistent and frequent
date were obtained after 575 hours on stream. 4 total run time of Y050 hours
was achieved,

From this figure, the decline of methanel preductivity [and reactor exit
methanal concentration) seems to be leveling off with time on stream. Using
the data abtataed after 600 hours on stream, 2 ttnedr deactivation rate of
0.0016 productivity units per hour can be estimated. This rate of decline
tampares fevorahly against the standard catalyst. The eguivaTent rate of
decline was about 0.0024 productivity units par hour Fram the data reported 1n
the Final Report of the prior D0E contract {17).

g2
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The spent catalyst was analyzed for Cu and Ing crystallite sizes. Moderate
growth was noted on both Cu and Zn0, as indicated +n Table 6.

The catalyst 1s concluded to be acceptable for the LPMEOM process and
recommended for further testing in the PDU at LaPorte, Texas.

CONCLUSIONS

Significant progress has been achieved toward the research objectives of this
tontract. Both Orakeo! 10 oi) and F21/0£75-43 catalyst have been successfully
tested in the LaPorte PDU. The PDU results will be presented by J. Frey. The
data obtained from the C0; and Hy0 studies will be incorporated in the
Fundamental Modelling task to better understand and control the reaction
system. The results from the Catalyst Poisons Studies will be the basis for
further work on a test rig, currently under construction, to treat a real coa)
gas for the LPMEOH process. 1In addition, a simple method of storing activated
catalyst slurry 1s recommended to LaPorte for later catalyst addition and
withdrawal practice. Furthermore, more simplistic catalyst activation schemes
are being investigated to improve the existing in-situ activation procedure.

At the completion of this contract, we shall have 2 solid design basis to
confidently engineer a LPMEOH process at a demonstration or commercial scale.
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F.gure G. G METMOD FOR PPM K75 AND COC ANALYSIS

METHODD
o COLUMN: L' HAYSEP @

s DETECTOR: PHOTO 1ONIZATION DETECTOR (PID}
s CARRIER: HE 3 30 CC/RMINM

s OvEN TEYFERATLRE:  50°0

CHROMATCOCRAM
GAS SAMPLE
5THP
MYDROGEN . 29, 7%
NiTROGEN 19.8% « RUN & 1%B oCT 23, 1987 16:37:8%
CARBIN MONOXIDE 9,72% §TaRT . J
HYDROGEN SULFEDE 2 FFM
CARBONYL SULFIDE 5 PPM
CARBON DIOXIDE BALANCE
F =915 ByS
£
LN
SToP
UMD 150 OCY 21. 1982 16:37:49
AREAY
RT AREA TYPE WIOTH AREAZ
1.913 ] gy BE =5 28,587 23
1.52% |ESPIC BB 275 7l i
TOTAL AREA= FR21M]
Xl FACTORs !, BRERE+OE
0025N
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TABLE 3
MAJOR TRACE CONTAMINANTS IN LPMEOH SYNGAS FEED
=== ‘Rox: LUV APINANIS AW LPRLOH SYNGAS FEED

Design Concentration, ppmv _

Adsorber Catalyst
Trace Component Feed Limit Design Limit
Sulfur Compounds* '
HzS 5
cos 10
Total Sulfur 15 0.06
Halides
"Chloride ' 20
Fluoride 5
Total Halides 0.0
Hydrocarbons
Ethylene, Benzene and .
Other Unsatyrates 4 . 300
Acetylene ‘ ! 5.0
Nitrogen Compounds .
NH4 1 10.0
NOy 0.001 0.7
HCN 6 0.01
Selexol (polyethylene)
glycol dimethyl ether) 0.02*
Iron, as Fe(C0)sg 5 0.07
Nickel, as Ni{CO0)q4 1 . 0.0

* Much higher levels have been reported. Limit set based on apparent
economic operating range of guard bed materials.

** Based on a vapor pressure of 0.0007 mm Hg at 77°F, and assuming no
entrainment of liquid.

0455N
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LOI, wtX
BET, m2/gm

Viscosity,
mPas, #

Stlg Rate
cc/min, M

Packed Volx
€20 wtX in
Freezene

Pore volx
cc/gm

Skeletal (He)
Density, g/cc

# Apparent viscosity of 35 wt% sturry @ 25°C

# Initial setting rate of 20 wt% slurry in Freezene at

TABLE 5

PHYSICAL PROPERVIES OF ALTERNATE CATALYSTS

F21/0E75
* 44 * 43
1.5 14.5
84.6 87.4
136 64
2.07 2.27
38 29
0.785 0.588
4.7 -
4.2) 4.55

103

F51/0£75

* 38 * 40
13.9 20.5
103.3 70.1
212 173
0.53 0.53
46 4

1.17 0.988
4.99 4.31
4.47 3.81

and 100/sec shear rate.

room temperature.
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