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ABSTRACT

Extensive experimental work was done to clarify the various fundamental aspects of
methanol synthesis technology. The methanol synthesis chemistlgi has been firm]
established and experimental data to support the reaction scheme has been obtained.
Novel processes have been developed and tested for the regeneration and 'gost-treatmcm of
copper based catalysts for methanol synthesis. An effective method for the co-production
of cEmcthyI ether and methanol using a new dual catalysis approach has been established.
This approach enabled outstanding hydrogenation rates to be obtained while at the same
time maintaining good selectivity and cat ytic activity. Even though all the investigations
bave been made on the liquid-phase methanol as?mthcsis rocess, the results with regard to
catalyst regeneration and post-treatment will also be valid for the vapor-phase synthesis
process.

INTRODUCTION

Enhanced research efforts in recent years have enabled significant rogress to be made in
our understanding of the science and tcchnoIoEy of the catalytic synthesis of methano! from
syngas. In particular, research focused on the liquid phase methanol synthesis process
has led to breakthroughs, not only in new process development and in the enhancement of
existing processes, but also in improving our understanding of the fundamentals of
methanol synthesis.

The LPMEOH™ process was originally developed by Chem Systems, Inc. in 1975 [1].

iS process was especially attractive because it offered better heat transfer and reactor
thermal stability characteristics as compared to earlier processes. Various aspects of this
bew process, including thermodynamics and phase equilibria [2,3], global reaction kinetics
and pore diffusional limitations [4,53.6), and external mass transfer limitations in a

mechanically agitated slurry reactor {1.8], bave been investigated to date.

The LPMEQHTM Pprocess offers distinct advantages in (a) achieving very high selectivity
for methanol, (b) enhancing the heat transfer characteristics, and (c) enabling the use of
CO-rich syngas feed.
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‘T'here are, however, 2 few arcas of coneern with the liquid phase methanol process, soch s,
poor mass transier, especially gas-to-liquid mass transter, poor methanol productivity per
wnit volume of reactor, and reduced catalyst life.

This paper focuses on the following factors that have a direct bearing on the econamics of
the overall process:

(a) enhancement of methanol productian rate by reducing the combived
mass transfer and thermodynamic equilibrium limitations,

(b} in-situ regeneration of deactivatad catalyst, and
(c) improvemeat of catalyst life by post-freatmeni of reduced catalyst.

Even though ail the experimental investigations were made o the liguid-phase mathanol
thasis process, the results with regard to catalys: repeneration and post-treatment will
also be valid for the vapor-phase synthasis process.

SYNTHESIS CHEMISTRY

In our earlier work | . the chemistry of syngas cozmversion ta methancl has been
discusted and firmly established. The conclusions were based on both materigl balances
and thermodynamic equilibrium caleulations. The ph losophy was that the chemistry must
be consistent with the direction of the reversible reactions as determined by calculations of
chanpes io Gibbs free epergy and with the experimentally obtained material balances. A
brief discussion of the methanol synthesis chemisiry has been suramarized beiow.

For convenience, three different cases may be considered.

This case covers a range of fead gas compositions typical of products from Lu’l% and
Koppers-Totzek tyge gasifiers (i.e., both Togen rich and -Tich :guga_s}, ¢ gas
normally copteins 2 to 12 mots percent Carbon dioxide. Then, the chemistry for tae
synthesis of methanol can be writien as;

COy +3Hy = CH;O0H + H;0 (1)

CQ+H2'L']=DO: + Hjp (2}

The synthesis is therefore based on the b ogenation of carbon dioxide and the forward
walet gas shift reaction, The direction o the water gas shift reaction was determined by
comparing the calewiated Gibbs free energy change with experimental measuréments of
fugacitias in the liquid phase. The water that is produced is not detrimental to the overal.
process at least from the kinetic standpoint, since the fast forward water gas shift reaction
consumes water to procuce more reactants for the main syathesis reaction.
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Case 2. CO-free Syngas

It has been reported that the methanol formation rate is quite low when there is absolutely
no carbon monoxide in the syngas feed. This experimental observation led some
investigators to suspect that metgna.nol synthesis proceeds by the bydrogenation of carbon
monoxide rather than by the hydrogenation of carbon dioxide. However, experimentally
obtained material balances as well as thermodynamic equilibrium studies indicated that the
carbon dioxide hydrogenation route is still consistent. The only difference from the
previous case was in the direction of the water gas shift reaction.

CO; +3Hy = CH30H + H»>O 3)
COy, + Hy = CO + H->0O C))

The low rate of methano! formation may be attributed to the following two factors: (1) the
two reactions are competing for the common reactants, and (2) the selectivity for methano!
is very low and water accumulates sufficiently to cause thermodynamic equilibrium
limitations to the methanol synthesis reaction. Even with the CO-free {rmgas feed like the
current case, CO is still produced in the reactor and is easily detected in the exit gas stream.

The rates of methanol formation have also been reported to be quite low without carbon
dioxide in the syngas feed. Based on chemical equilibrium calculations as well as material
balances and other experimental observations, the following synthesis route was found to be

consistent:

2C0 = CO; + C (5
COz +3H; = CH30H + H,0 (6)
CO + HyO = CO, + H; ' €))

The key point to be noted is that carbon dioxide is still formed (detectable in the exit gas
stream) by a precursor or pilot reaction, such as reaction (5). Since there is no other source
for carbon atoms than CO in the feed, it is very safe to assume that the carbon atoms in the
carbon dioxide must have come from the carbon monoxide. However, there are two
sources of oxygen atomns, viz, ZnO and CO. If zinc oxide is indeed the source of oxygen
atomns, then reaction (5) would be replaced by

ZnO + €O = CO, + Zn (8)
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Regardiess of whether reaction (5) or reaction {3} takes place as the precursor reaction,
damage to catalyde activity would tesalt. Declining catalytic activity was indeed
experimentally ochserved |101.

11 is obvious that seactions (6) and (7} arc self-susiaining as loog as the precursar reaction
produces small amoynts of carbon diodde during the inivini stages. It 1s evideat that the
metsanel formation rate would be low uader thess conditjons, :

SumInary

In grder to ensure and maintain 2 high methanol productivity over Cu/ZuOfAl2D; catalysts
it would be necessary to have hydrogen, carbon monoxide and carbes dioxide in the [eed
siream. Hydropen must be preseot in the feed for the hyvdropenation reaction 1o proceed.
Carbon monoade must be present in the feed to enable the forward water pas shify reacticr
(o take plaee. Carbon dioxide is mecessary in opder Dol to damage the caiayst anc 1o
provide sufficient reactans. -

CATALYST REGENERATION

It was ohbserved that the caralyst ¢rystallites {to be specific, the copper crystallites) t2nd 1o
grow in size with use under reactive condidons. A simulianeoos decline in catalytic activiry
was also noticed. If thare is indecd B cause-effept relatiorship between the two, any catalyst
regeneration process must bave the reduction of the crysmallite sizes as 2 goal. A novel
process has been developed [11] to effect such a reduction by gyclic wreatment to induce
phasz cihianges. :

The size distsibution of copper crystallites was obiained by X-ray diffraction crystallography
Eg caupled with line profile analysis. It was poticed that for the freshly reduced

-18 (Cuw/Zu0'Al;03) caralyst, the distribution is nearly uni-modal and skewed to the
ieft, After 200 howrs of use, in 3 CO-free gyngas pyvironment, the distrbution was
tri-modal, and the average size had increased sig&;‘cmﬂy over that gbserved for the freshly
reduced italyst. The same caralyst batch was subjected to the newly develaped process
and the size distribotinn was once again determined [J4). A companson of the size
distributions for the deactivated and regenerated catalysis as wel] as the original catalyst
seems 1o qualitatively support Qstwald’s theoty of erysial size growth.

The in-situ regeneration process wes successful in reducing the awerage coppar crystallite
sizes, This led to the next question: dees this reduction s crysiallite sire go Band-in-hand
with a recovery in bost cawalytic activity? Comparative activity data bave been reported [14d]
for miidly deactivated catalyst, regenerated catalyst after one cycle of treatment, and
regenerated eatalyst after two consecutive cycles of trestment, Expsriments were carried
out under nominally similar conditions using a CO-rich syngas muxture as feed gas. Toe
reactivity increased from 16.081 molkg cat-h, to 17.323 after one cycle, and then to 18405
after two c]v;:i:s {amouating 10 98% of the activity of the freshly reduced catatyst (18,793
molkg cat-hik
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The new regeneration process is especially significant because:

() it can be very effectively implemented without making design changes in the
reactor system and without opening the reactor proper,

(b) the experiments prove that the loss in catalytic activity is largely due to the
increased crystallite sizes and, if the average crystallite size is properly reduced, then the
lost activity can be restored.

It should be noted that this newly developed process would be applicable to vapof- hase
synthesis catalysts as well because the catalyst itself and the chemistry are essentia y the
same.

POST-TREATMENT OF CATALYST '

The development of a post-treatment step for the methanol synthesis catalyst was
essentially guided by the need for (a) ima?roving the mechanicalstrength of the catalyst, (b)
protecting the mineral matter of the cat yst from beinilcached out when used in the liquid
phase process, and (c) slowing down the catalyst crystallite size growth.

Catalyst post-treatment is based on the formation of ZnCO3 by:
Zo0 + CO, = ZnCO3 ®

Zinc oxide is a major component of Cw/ZnO/AlyO3 catalysts. Our earlier studies {12]
indicated that ZnO is vulnerable to attack by water présent in the bulk phase. On the other
hand alumina is vulnerable to attack by microscopic contact with water. The equilibrium
constant for reaction (9) is:

Ka = 20152512at25Cand 1 bar . (10)
= 0.01367 at 237 C and 1 bar '
This means that the formation of zinc carbonate is thermodynamically favored at normal
conditions, and at process temperature, it will be favored when the partial pressure of
carbon dioxide is higher than 1/0.01367 atm.
Extensive studies have been made to develcg:» a process [13] that can be used to effectively

post-treat the reduced catalyst. It was found that the post-treated catalyst is better able to
retain its activity under nominally identical reactive conditions.
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CO-FRODUCTION OF DIMNETHYL ETHER AND METHANOL

Tt was found in our earlier work [13), that thermodynamic equilibrium bmitztions oo the
cverel] reaction rate become quite seriows when the reaction is influenced by mass transisr
resistapces, This situation is caused by the sccumulation of methanol in the reactor whick
drives the system closer 1o the chemical equilibrium composition. This reduces the idastic
driving forces. Therefore, it was sugeested that the methano! that is produced be removed
or be ceoverted imle some other chemical species, in order to reduce the metbanc!
concentrations in the reactar,

Cos method would be to gromute the co-production of dimethy] ether {DME). This would
consume some of the methanol that is produced tr the reactor thereby reducing the biardsn
of reaction tgui]ibriu'm_. The chances of success are very good as long as ene ¢ant achieve
DME co-production with the synthesis of methanol using & sufiable second catalys: of high
activity. A aovel process has bean gdeveloped based on this philosophy, in whick heth
methanol and dimethyl ether are co-produced in the liquid phase io a singls siage reseun
through dual catalysis. Dual catalysis has teldom been used before, paually beciuse of
incompatbilily of the two eatalysts andior products. Therefore, the significance of tne cew
process may be sphstantial not pnly from the commercia) standpoint, ut also from the
scientific standpoint,

Activity datd for fhe co-production of dimethy] ether and meihanol were expenmentally
abtgined [[4] from z single-stage, mechanically stirred slumy reactor, It was aviden from
the resuits thar the overall reacrion raies were stropply limited thermodynamic
equillbria. The rates of DME production were wvety promising Under the same
experimental conditions, it was found that the hvdrogenatian rates were 57% higher with
the co-produetion zpproach thap when the single methaani synthesis catalyst was used
alons. This cormparison is based on & mole balance for CH3- production

The co-production of dimethyl ether and methanol may be reprasented as foliows:

€0, + 3Hx = CH;0H + HD (i
20 + HyO = & + H (12}
2 CH30H = CHiOCHy + HyO {13)

It would appedr that water, which is a bypraduct of both reactions (11) and (13), would
accumulate in the reactor and have a detrimental effect on the pverall process. However,
thix it not :hi:‘caslt, as long as a normal syngas feed (mtaimng hydrogen, carbon monoxdide,
and carbon dioxide) is used. This is because reaction (12) proceeds faster than the other
two ang awaits the supply of in-sita produced HoO. This is one of the strongest adqa.pta%zs
of the liquid-phase meithans] synthesis process and is the r&¢ason [or high selectivity for
methanci. The co-production process is alsp very sclective with respect to the
bydrogenztion and very litrle water is produced io net amount.




CONCLUSIONS
The results of our work may be summarized as follows.

(1) The global chemistry by which methanol is synthesized from syngas on
Cw/ZnO/Al»O3 catalysts has been g.rm.] y established. Experimental data under various
conditions have been found to be consistent with the proposed scheme.

(2) A novel process for the regeneration of catalysts has been developed and found
to be effective in reducing the crystallite sizes almost back to normal.’ It was also found that
a strong correlation exists between increase in crystallite sizes and drop in catalytic activity
under normal operating conditions.

(3) A new pfoccss for the post-treatment of methanol syﬁthesis catalysts has been
developed. The process was effective in maintainirg not only the catalytic activity but also
the mechanical and chemical strength of the catalyst.

(4) A novel process has also been developed for the ¢o-production of dimethyl
ether and methanol. This process was found to be very efficient for the hydrogenation of
syngas. The reactivity was ourstandjéﬁ and good selectivity was obtained using only a single
stage reactor. It was also a scientifically successful use of dual catalysis.
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