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ARSTRALCT -

This report toCwses on the weork directed towards the demonatraticr &f cne-
step, ylurry-phase coproducticon of dimsthyl-sther {(DME) and methanol.

First, process varishle scang were completed in the laboratoery on & dual-
catalyst system wilch consisted of a phygical mixture of & methancl
catalyst and a dehydration catalyst. These test were conducted ino s
slurry-phase auteclave and che results were used to aid in preparing & run
plan and setting process fargels for the AFDU demonstration, 2ameng othar
thirgs, this work demenstrated that the prefsrred dehydratlon catalyst
proportion was betwean 5 oand 2% wbk,

Moxt, madifleations to the LaPorte facllity were engineered and
irplemented. The piant was than recontigured te make it possiple to
remowve the product DME aned Inyproduct carbon diaeide from the reactor
efflucnt. HNew equipment was parchased and some ex!sting equipment was
recomissloned.

Flna_ly, this DME tachnology was demconatrated in the 2 7t dlameter, tairty
foor tall, slorry reastor At the AFDY gwer the course of a three-week
cperatirg campalgn. Three different proportions of dehvdration catalyst
were studicd to lllustzate the inpact of dehydratlon catalyst
corcentration on per-pass syngas conversion and DME gelectivity. Heacter
conditions were maintained ar 250°¢ ang 750 pslg with Co-Rich synthasis
gas a3 feed; space velocity was varded at each separate catalyst

Properl foon.

Thg tegults [rom both the laboratory and the AFDU conflxm that dehyedration
catalyst concentratisn 1s a key process variable, Per-pass ayogas
eonversion increases substanctialiy (oy at least 30% 4t commercial apage
volooities) with the additlon of & small amount of dehwdration catalyst.

€ Air Products and Chewmicals, Inc. 1882
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INTRODUCTION

Alr Products and Chemicals, Inc. is currently working under a contract
with the Department of Energy (DOE) entitled "Development of Alternative
Fuels from Coal-Derived Syngas" to develop and demonstrate technologies
which produce oxygenated fuels and additives. The schedule for this four
yeéar program, shown in Figure 1, calls for a series of plant modifications
to, and operations at, the Alternative Fuels Development Unit (AFDU).

This facility is owned by the DOE and operated by Air Products in LaPorte,
Texas.

FIGURE 1: ALTERNATIVE FUELS DEMONSTRATION PLAN
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Some chemicals of interest include MTBE and its precursors: isobutanol and
isobutylene. Dimethyl-ether (DME) is one of the key compounds in this
oxygenated fuels portfolio. DME is perceived to have value as a reaction
intermediate to fuels such as MTBE as well as an end product in its own
right. The coproduction of DME and methanol also provides and opportunity
for capital reduction when the synthesis is integrated with power
generation in a Coal Gasifier Combined Cycle (CGCC) facility.

Researchers at Air Products demonstrated the single-step synthesis of DME
from coal-derived syngas in 1986. Since that time, work has continued at
Air Products, under contract with the DOE, t¢ refine the technology and
adapt it to a liquid-phase slurry process. This work resulted in a mixed
catalyst system which was developed in the laboratory and demonstrated at
a semi-works scale in the AFDU

The historical developments in DME synthesis have been disclosed elsewhere
{(1,2) and will not be discussed here. Rather, an overview of the current
state of our slurry-phase DME efforts will be put forth, followed by a
discussion of recently completed works.
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ABREMTSTRY OF DIMPETHYL-ETHER SYNTAESIS FROM Hgp/CO SYNGAS

OME ¢cn ne prodiced from syngas via a two-step raacrcion meckhanism. In the
first stsp syngas is conwerted to mekhancl {HeDH) :

2 Hp + CO <--> MeoOH tstep 1)

In the second step metharnl is dehydrated -—o Zorm UME :

Z MeDE «<--> DME % Hs0 [slep £)

Beth theso stens are reversille and exothermic. At eruilibrium, the
me~hanal preducticn step is savored by higher pressure:; tha DME step 1%
pressure Lewsral. Each ot these steps is catalyzed by & diZrarant
rarerial: methanol is produced using & metal catalyst sccoh as copper while
DME 15 procuced using & dehydration catalyst such as alumina.

The capper catalyst used alsac axhibits activaty towards bhe water-cas
shift reacticn:

HpC + CO €--> COz + Hp (step 3)

anifr ls negessary to increase the hydrogsn avallability when groceasing
fo-rich synthesis gases (CO/H2 ratio greatér Than ona)j.

Muitistep processes, which use separate reac-ors for aach atep, cannot
exploit the petential synergy of the three reactiocns, Ir these three
reastians are conductad simultarecuasly, nethanol syntheais drives the
furward shift reacticn, and DME syntheais drlwes both the mothanal and
enlft reacticns. Conastuently, & One-shep process iz more flexible and
can operate undsr a wider range of conditions than a multilstap process.
Tn eddition, multclstep proceidas recuire separate reactcrs, [Tt R
exchancers, and asswelated scgquipment.

CEARRCPMERTISTIOS OF SLORRY-FHAZSE DME SYRTHESIS

The work to-date nas foousei con slurry-mede operarlon using powderad
catalyats, allowing reseacchera taQ draw signifiecanrly on the resalts Ixom
the successful _PMECH program {3).

commercial operating conditiong includle a pressure rangs af 1.5 MPa co L4
MFa, a Lemperature range of 200 to i59°C, and space velecities in the
rapge of 1000 to 10,000 standard liters of synthesis gas per kilogram of
catalysc per Loar {sL/kg-hry. Thers i3 an opportunity te operite
efficlently at lower pressures. The formatien of DME will driwve the
srquilibrium positicn of the methanal synthesis reactlon well past lL.he
paint achieved in a methanol-alene system, reducing the necessity for
porsnusized Cperatinn.

Eerause af the ligquid-phase’s aollity ta accommaodabe lazgs axotherms
resalting fram high cooversion levcls, the process is thought to be
particalacrly useful for avnthesls gases whieh gontain large quantities af
raChonl monoxida and hydrogen, even where the cancentrakbion of Z0 in the
synthesis fgas exceeds 50 wol *.
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Catalyst loadings can vary from S wt % of the slurry to 60 wt. The
catalyst is suspended in an inert hydrocarbon 0il. Other types of liquids
are known to work for liquid-phase processes, for example, oxygenated
species such as alcohols, ethers, and polyethers. These oxygenated
liquids should be inert and have a boiling point for single component
liquids or beiling range for blended liquids of between 150 to 450°C.

LABORATORY RESEARCH

Commercially available catalysts have been used primarily, although some
novel catalytic materials have also been examined. All catalysts were
activated according te the procedure recommended by their manufacturers.
They were slurried in either degassed WITCC 70 or degassed DRAKEOL 10,
food grade mineral oils which are primarily Cpg-Cs3q paraffins. Slurry
concentrations varied from 15 to 30 wt % catalyst (based on the total
weight of the slurry).

Initial screening studies were carried-out on a number of catalyst pairs
to identify the system with the greatest activity and mutual compatibility
(2) . The prototypical catalyst pair discussed here uses powdered BASF S3-
86 to activate the methanol and shift steps and Catapal y-alumina for the
dehydration step.

A varjety of process variable scans were conducted to characterize
performance. Independent variables included: temperature, pressure, space
velocity, feed gas composition, and catalyst proportions. The dependent
variables include: productivity and selectivity. A summary of the range
of process variables is included in Tables 1 and 2.

Table 1: Feed Gas Types Studied

TYPE COMPOSITION (MOLE %)
Hj co Np Co,

DOW 41 41 2 16
SHELL 30 66 pl 3
TEXACO 35 51 1 13
H2-RICH 74 15 4 7
BALANCED 50 50 0 0

Table 2: Range of Process Variables

VARIABLE RANGE

Temperature 250 - 280 °C

Pressure 5 - 10 MPa

Space Velocity 1500 - 10000 sL/kg-hr

Catalyst Proportion 0 - 50 (wt% alumina)

The characteristic behavior of Liquid-Phase DME (LPDME) is contrasted with
Liquid-Phase Methanol (LPMEOH) in Figure 2 which presents the CO
conversion as a function of space velocity. The CO conversion in LPDME is
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wp to twice as high as that in LEMECH and much kigher than the equilibrium
conweErsien achiewable from the mechanol reactiorn alone. Interestingly,
tho gap Detween DME eguilibrium and the DME pe-formAnce curve indicates
that thers is ztlll sunstantial room for catalyst improvement.

PIGURE 2:

Comparisen of LPOME and LPMEOM
{Taraco Gos, 250 €. 5.2F MFa)

AD.0 .
A NWF TOUILIBR LW
B
LA “"\
5 ] .,
- ]
E 404
K i
g i
(¥ 1 LFUME
f) E —a
o~ ]
anl MelH ESWLIBRILM
] —_—
] LPMECH
4¢ i e |
[u] 2D aoca & H1 AN ik H

Spoce Velogity [sL/kq br}

As cne would expect, ralsing the reactor temperature lncreases the
activicy of both oatalysts. However tha rate of dahydration 1= more
strongly affected by temperatare, swen that owverall, DHME selectivity
increases. This effect 1s illustrated in Filgure 3.

Pressure hasd a pronounced impact on owerall preductivity. Ry Ilncreasing
the pressure, the rirsc of the twe sequentlal sweps can be drlven forwazd
at a greater rata. The result iz increased proauctivity for both
components {see Figure 4. The response of selectivity to increasing
pressure is dependent on the space welocity. AL lower space velooity,
seiectivity to DME increamses with increasing pressure: at highor space
valoclry, the reverse 1s 5o




FIGURE 3:

Effect of Temperature on DME Synthesis

(Texaco Gas, 5.27 MPa, B100 sL/kg—hr, 18.7% AI203)
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FIGURE 4:

Effect of Pressure on DME Synthesis

(Shell Gas, 250 C, 9500 sL/kg—hr, 18.7% AI203)
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The relative proporbizn of S3-8€ and alumina has a profound impact on the
process performance (dZee Figure 5).  As would be expected, increasing the
percentage of denydration gatalyst increases selectivity zo DME. In
sddition, at wery lew preoportions of alumina, Increaslng its relative
agount ‘ncreazes overall, por-pass egquivalent MeCH producrivivy
sigrificantly {equivalent productiviky is defined as prodactivity of MaOH
plus twice the productivity of DME), If one continues to ingreasa the
pPIcpoIticn of dehydratlon catalyat the incremental increase in
preducsogiry declines until a maximum is reached. Beyond this poink,
contifued increases in the alunina proporticn rasults in a reduction in
produczivity. The conpesition which coarresponds bo Lhe maximum
productivity is a function of pressure, temporarture, catalyeT Lypes snd
syngas composition., Comuercielly, oné @UsST consider both selectivity and
produenivity before declding on the approprilate catalyst propartion,

FIGURE 5:

Effact of Catalyst Properticn an Productivity & Selectivily
{Texoco Gos, 250 £, 5.27 WPa, 5800 sL/kg—hr)
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SLURRY-PHASE DME SCALE-UP

The laboratory screening and process variable studies successfully
identified the attractive operating envelope for DME synthesis. The next
logical step is to address the commercial Scale-up issues. A major
question which cannot be resolved in mechanically stirred autoclaves is
how homogenized the dual-catalyst system will remain when agitated within
a bubble column reactor. Improper mixing and/or stratification of the two
catalysts will introduce mass transfer resistances and reduce
productivity. Other issues which are appropriate to this technology
include: catalyst preparation and handling, startup, and shutdown.
Finally, hydrodynamic data such as vapor hold-up and catalyst
agglomeration are important.

Under a previous contract with the DOE, Air Products has operated a semi-
works scale high pressure bubble column reactor which is capable of
processing a syngas of virtually any composition. This facility, the
AFDU, has been used to demonstrate the LPMEOH techneleogy at a maximum
production rate of 12 tons/day of methanol.

As part of the current contract with the DOE, modifications have been made
to the plant to facilitate the demonstration of DME in the slurry phase.
Most notably, unit operations were added to allow the product DME and co-
product carbon dioxide to be removed from the reactor effluent - a
refrigerated, partial condensation process was used.

A schematic of the AFDU flowsheet is shown in Figure 6. 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 then introduced to the bottom of the slurry reactor.

The syngas flows upward through the slurry (catalyst-mix plus mineral oil)
and is partially converted to products and by-products. The heat of
reaction is absorbed by the oil and then rejected to an internal heat
exchanger. The gross reactor effluent is passed through a cyclone to
remove catalyst fines, then cooled to condense traces of slurry oil. The
resultant vapor is considered to be the net reactor effluent and contains
MeOH, DME, CO2, H20, and unreacted reactor feed. This stream is
subsequently chililed against cooling water, and introduced to a Separator
where the bulk of the methanol and any water is recovered as a liquid.

The remaining vapor portion is cooled in a series of heat recovery and
refrigerant exchangers then directed to a second separator where DME and a
portion of CO2 is removed as liquid. The vapor from this separator is
rewarmed, compressed, and recycled to the front-end. The DME-bearing
liquid is flashed to a lowered pressure and vaporized to reject C02 and
partially concentrate the DME,

Flows and composition are measured at various strategic points in the
process. The two key points are: reactor feed and reactor effluent. The
additional process points are measured to provide information which can be
used to resolve the material balance. :
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FIGURE E:

SOHEMATIC OF AFDU = COWFIGURED FOR OME./MedH
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The bubble column reactor, Shown schematically in Pigere 7, 18 B.7T mebers
top to bottom and .6 neters inside giameter. The maximum slucry level 1s
approximately 6.1 meters: the remaindar iz vapor disengacemant zpace. Toe
reactor 1s fitted with an internal hear exchanger whicnh cengiste of 10, L™
Lubes. These tupes occupy _ess than 5% of the reactor crogs-saction.

rhe reactnr is fitted with a numnber of cthermoeosples, located a4t varisus
slavations, R nuclear density gauge is mounted on 4o external track and
spang the spaca cccupisml by the internal axchanger. The "Huke" is uzed Ea
decermince gas holdup, Tne relief presgura for this reactor 1s 7.1 MFa:; at
this preasure the maximum temperatiTe 13 315°C,  Maximom TemNperatura odn
be increasad by deraring the rellaf preassure. Tvpically, tho reactor car
bzld up to 410 kg of catalyst. The maxirum ssperficial inlet veloosity is
29 em/fsec. This limitation is set by the capaciky of the corpressidan
capaclicy.




FIGURE 7:
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MAXIMUM PRESSURE 7.13 WMPa
MAXIMUM TEMPERATURE 315 C
TYPICAL CATALYST LOAD 410 g

o)
MAXIMUM INLET VELOCITY 23 em/sac
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AFDU DEMONSTRATION RESULTS
The modified AFDU was recommissioned in April 91; this was followed by a

period of operations in May. The objective of the demonstration was to
operate at conditions similar to those of the lab and compare performance.
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Empracis was placed on understanding the variaztion in productiwvity and
salactivity with catalvst profortion.

The demorgttation consisted of three major operaticns:
- paseline MeOH production with L20% BAZSF §3-85 {run AF=R1}

- mixed DME/MeOH prodaction with %3.%% BREF 23-B¢ and &.4%
Catapsl yalamina {run AF-RZ)

- mized DME/Mo0H production with B1.2% BASF 53-86¢ and 1&.8%
Catapal y—alumlna (rom AF-R3)

The reactor feed used nere was UD-Hich {35% HZ, 51% CO aond 11-13% <0Z,
balance N2/CHA/MeOH/DME) . Since this gas was produced Dy combining
recycle with the fresh fead, small amourts af MEOH and LME were
present .

hgactor pressure and remperature were meintaingd at 5.27 MPa and
2500, respectively, during a_l three prodection runs. The catalyst
chazge was maintained atc 220 kg (oxide basia).

L total of B process conditions waze lnvestigated during this
damonstrration. Trese conditigns are summarized in Table 3.

mable 3: Identiflcatlon of Run Condltions

RUH # [ Inlat Slurry
Alumfina Velocity Leval
Catalyat (cIn/ sed) E
AF-pR1.1 a.n 4.9 75
AF-R1 .2 0.0 7.3 100
AP-RZ.1 6.4 4.2 100
AE-BZ 2 6.4 7.3 ig0
AF-RE .3 6.4 &, 5 75
AF-RT.1 18.68 1.9 150
AF-R3.2 l14.8 T.3 100
AF-R3.3 1.8 4.9 7%

Twe same S3I-BE catolyst wag used for all three runs. This was done to
avoid having to actlvate new lots of methapol catalyst which, in tuzn,
wonld have adoed uncertainty when comparing system productivities.
additlonally, the mass of total catalyst within the reactor {on an as-
charged basi=} was the same for sach of tha prooeds canditions.
Therefare, at equivalent space velocity, all thres campaigns ¢ould be
carried-out at the same inlet valocity and roughly the same slurry
concanErarion. Thiz would minimize the introduction of additicnal
‘ndependent varlables which couid potentially elocd the results. As o
cansequence, it was necessary to withdraw catalyst-sionrzy from —he
raactor followlpg esch major run before £resh alumina ¢atalyst could
e addad.

& scnematic of the run chrenclogy 13 poesented in Fogurs ¥, Tha bar
chart dapicts equivalent MeOH preduction rate (in kg mole/hr).
Tabulated within the figure iz the superficial inlet welocity, Jg, the
galectivoty, DME/MeCHd, and the slarry level.
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FIGURE 8:

RUN CHRONOLOGY
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DME /MeOH 0.7 0.4 0.5 2.6 1.1 1.8
Level (%) 100 75 100 100 75 100 100 75

The first campaign (AF-Rl) was used to establish the base-line
productivity of the methanol catalyst. Prior to this run, the S$3-86
was activated within the reactor using procedures established during
the LPMECH program. Production rates for this run were much as
expected. Following this cperation, a fraction of the slurry was
withdrawn to allow the addition of dehydration catalyst.

The second campaign (AF-R2) demonstrated the concept of enhanced
syngas conversion which results by adding a relatively small quantity
of pre-dried dehydration catalyst. The results of tests showed that
at equivalent inlet wvelocity, production increased by 32% (lower inlet
velocity) and 18% (higher inlet wvelocity) when compared to AF-R1.

The final campaign (AF-R3) was to demonstrate a higher level ¢of DME
selectivity, The plant came up at the low velocity point, 100% level.
The equivalent production rate increased, as did the selectivity.
However, rates were somewhat below expectations (indicated by the dashed
line). As time-into-run continued, the disparity between the data and
expectations continued.

Post-run inspection of the reactor revealed that approximately 9% of the
catalyst charge had sunk into the bottom head (below the gas sparger), and
become lodged. Furthermore, elemental analysis of this catalyst showed it
to be of a composition commensurate with 18 wt% alumina.

This information indicates two things. First, the settling was
irreversible, otherwise it would simply have drained from the reactor
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toilowing shutdown. Seccnd, such set:tling 444 net ozour in the firsk two
runis, otherwize elemerial spalysiz would have revealed a lower alumina
content.,

It was found that cerrecs.ng for the "lost" catalyat .5 sufficierns to
cring the results in-iline with expectations.

B run summary ls contained in Tahle 4.

TABLE 4:

CHEM&OH DEMONSTRATION - LAPORTE AFDU, SPRENG 91

PRELIMMNARY AUN SUMMARY
Fun Mo, A1.1 A-1.2 B-21 R-2.2 R-1.3 A-3.1 R-3.2 A-33
Time frorm SLart (hea) i1 118 Fr 193 23 260 31z 47 ars
Spuce Val. {SUh1, kg-cat) 11 asa1 LA H | B840 LEL 5015 gz 5058
Cat Proportion (wis AL o r & 64 LA ) 18.8 188 168
inkak Gas Valochy {omfimc) 45 r-] a% 74 40 4.9 75 4.8
Resalor Level [m] 46 &0 6.0 8.0 45 6.0 B0 44
Syngan CoORVErEOn (%) a2 75 3448 na ara 3.3 276 304
Eq. Prod. igmolhe. kg-calk {2} Far K+ 270 k) 287 <01 el B 2B
Guoas MeOH Maio (kgrday 3429 507 1507 36T2 17 T2 1544 =]
Groas DMWE Make (kg/asy) o ] 1807 1725 1725 215 2o oy
Fusl Production {kw) 13) TEA 11/ 1081 140G 1065 1085 {1em 10
Standard Ramcier Condilbons: Sundard Haactor Feed Composhion {male’):
Temograhme {C) 250 Hpdriagen 5
Pressura {MPa) 527 cavbon monakde 51
carban diozike 13
athvar 1

HOTES:
1 Thie & the tna 5noa e catalyst was Fel actvalad and talocts the average ko 1he run penod.
Aun petiod durations averaged 25 hours.

¥ Eq. Prod. « Smes methanal peodUetivly = MaDH productndty + 2°0ME productivity

3 Ful Producion Fale evalicrted Ul wer heabng value mor ¥quad at 25°C

The data obtailned from the AFDU ara compared to expectations 4in
Flgarcs 9 (lower inlet weloosity) and 10 (higher inlat wvelocltyr. The
srpectALions wars conpeiad Zrom kinecic and mizing models.  1oe
kinetlc model was dewvsloped to coarrelate the lakoratory DME datar the
redoror maxing model was developed during the prevlous LEMEDH crogram.

The pomputed space velogities in Flgures 9 and 10 reflact the ren AF-R3
sorrestizn for settled catalyst. Therefore, at emuivalens inlel
vaeloolit as, the space welooity ol AF-R3I iz necessarily 10% Jreater than
those trom AF-RI1 ang AF-FZ2 — henoe the discontinuity in the prodictod
crodustivity curvas.
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FIGURE 9:

MeOH and DME Productivities in AFDU Reactor
(S¥=5500-6000, prediction based on 2 CSTR mixing model}
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FIGURE 10:

MeOH and DME Productivities in AFDU Reactor
(SV=B600-9300, prediction based on 2 CSTR mixing modesl)
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The trends observad werse as axpected. Increasing the ralative amcunt
pf dehydratisar catalysT initially locreases the overall productivity
by removing methancl fzom the system and thoroeby gliminating tre
aguilibrium constraint of the syngas-to-methunol reacticm step.
Howaver, the productlvity galrn diminishes if the concantration of
dehydration catalyst is increased bovcnd @ osrtalr level. Syerall, 4
predictable link botwsen the labaratery autoslawves and APDU ublble
colurn feactor has Deen zonfirmed.

SUMMARY

The principle of enhanced syngas conversidan was Bucesacfully demanstralesl.
The plent reachesd the target 32% increase in equivalent produstivity at
£.1% aiumina - this being accomplished &t a & TPD scile of oparation.

Yariaticn in performance with ¢atalyst proportion as previously
demerstrirad ir the autoelaves was confirmed. Within the ceglans of
operation, bath selectivity and procuctivity increased with dehydration
gatalyst propertion.

No stgnificant catalyst maldistributlon was digcernanle, confirming that
the hydredynanic cerfoermance of Lhe bubble column reactaor 15 generally
satisfagtory for this satalyst blend. Hewawer, an apparent rarzahliity in
s urry properties with alumina leading has been igentified. This
conclusisn ecmes from tha sbhiervation of wat.alyst “settllng™ in the third
rpun. it has been postulated that the gas distributer bad not indueoed
saufFicient velocity o swoep &lurry rom the Dottom nhead. This was
unexpacted since the reactor previcusly operated at such low gas
valamities ir the pask {(on methancl catalyst alene). Indeed, the flrst
~wo runs did not appear to saffer Zrom low flow., IT is lmport.ant to Jobe
—har such subtle slurriability warlaticns are aot easily identified in
mechanically stirred sutoclaves. Before fubure runs, a supplemental
Hiz=rituror will be installed to bettar handle low-flow operation.

FUTUPE WORK

Witn the sugcessfully demeonstrated scale-up of Ligquid-phase DME
synthesis, the first tuilding block technology to an ether product
{MTSE) has been secured. <Chemistries which will cenvert DME o Lhe
Trecursor ta MTBE {i=cbutanel and/or lsocbhitylanse) are currently under
investigation in the lab and is hoped to De ready ILor damonstration o
1%473/94, In parallel, the liguid-phase synthesis of higher ifis]

sicchols directly from ayngas 1s alse unders development. An
antiripated demenstration of selective iscbutancl synthaszis 1s
scheduled Lor 19934,
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