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UNTANGLING THE WATER GAS SHIFT FROM FISCHER~TROPSCH:
A GORDIAN KNOT?
Cheryl K. Rofer-DePoorter
Geochemistry Group
Los Alamos National Laboratory
P.0O. Box 1663 MS D462
Los Alamos, NM 87545
ABSTRACT
The water gas shift reaction is an integral part of the
Fischer-Tropsch synthesis. Although it may appear conven-
ient to consider the water gas shift a geparate reaction in
some cases, a detailed examination of the mechanism indi-
cates that the water gas shift and other synthesis gas reac-
tions share several elementary reactions. Experimental sup-
port for the relevant elementary reactions for the water gas
shift on metals, metal oxides, and in homogeneous solution
is examined, from both surface ard complex chemistry. Mul-
tiple paths leading to a net water gas shift reaction may be

available; oxygen transfer and reaction through C-H-0 inter-

mediates may take place.

INTRODUCTION

The water gas shift reaction is catalyzed by numerous
metals and oxides., Thus, in any environment runtaining CO
and H,0, or CO, and H,, the water gas shift reaction,

CO + Hy0 e CO, + H,, (1)
or its reverse, the water gas reaction, may occur. The
water gas shift 1is used to regulate H, and CO concentra-
tions in synthesis gas, and it occurs as part of synthesls

ga:s  reactions such as the Fiacher-Tropach svnthasis, in



which CO and H, are starting materials, and CO, and
HZO may be products. At typical synthkesis gas reaction
temperatures, the equilibrium constant for the water gas
shift is close enough to unity and the reaction proceeds
rapidly enough that all four species can be expected to be
present. The economics of synthesis gas reactions usually
require that oxygen rejection be via H2° rather than
C02; therefore, control of the oxygen-carrying product
through the water gas shift may be desirable.

Although the water gas equilibrium is sometimes concep-
tually separated from other synthesis gas reactions, it prob-
ably shares elementary reactions with them and thus cannot
be separated eitner in a theoretical or practical way. This
is an important point; if the water gas shift itself is con-
sidered an elementary step (which it cannot be in a hetero-
geneously catalyzed system), its function in a synthesis gas
reaction such as Fischer-Tropsch cannot be underrtood. Tt
iy tautological to attribute, for example, the production of
HZO as the oxygen-carrylng product for an iron-catalyzed
Fischer-Tropsch system to iron's activity in the water gas
shift reaction. The differinces between "20' and CO,-
producing catalysta are rather within some subset of elemen-
tary reactions occurring under FFischer-Tropsch conditions to

give an effective water gas shift, TIdentification of those



elementary reactions will allow the design of improved
Fischer-Tropsch catalysts.

In the conventional phenomenological approach tn cata-
lytic kinetics, a mechanism is found that gives orders of re-
action similar to those in the empirical rate equation. The
approach I will take in this paper is complementary to the
phenomenological approach, but it is seldom used.l
Studies of elementary reactions will be emphasized in order
to provide a basis for suggesting their participation in the
water gas shift,

Increasing availability of experimental data and of com-
puter calculational capability makes this approach more use-
ful than it has been in the past. A calculational analysis
of the mechanism built up from the elementary reactions is
not possible within the scope of this paper, but wock is in
progress on estimating (or obtaining from the literature)
rate constants for elementary reactions of interest and com-
bining them to glve overall reaction rates.

The organization followed in this paper will he similar
to that in my analysis of tue Filacher-Tropsch synthesis.l
The same notation will be used. However, because the water
gas shift reaction takes place with metal, metal oxide, and
homngeneous catalysts, those subdivisions will be used.
Relevant material will be evidence for irtermediates or re-

actions on (1) the metals in the catalysts userl



industrially, and ') other metals. Direct observation of
intermediates or reactions will be preferred to inference
from kinetics, and systems in which elementary reactions are
isclated will be preferred to systems of complex reactions.
The literature has been covered from 1960 through mid-1982,

with emphasis since 1970.

WATER GAS SHIFT REACTION ON METALS

Metal catalysts are of particular interest for under-
standing the relation of the water gas shift reaction to the
Fischer-Tropsch synthesis, because of the reduced nature of
the Fischer-Tropsuh catalysts under reaction conditions.
The evidence for the relevant elementary reactions has been
reviewed.l Publications since that time have generally
supported those reactions. Deuterium adsorbs dissociatively
on Rh(lOO):2 potassium on iron surfaces increases the ad-
sorption energy of hydrogen.3 Adsorption of hydrogen is
hindered by adsorbed electronega!ive atoms, such as oxy-

4,5 ]

gen,4 carbon, and nitrogen. Several techniques

have given more detail on the adsorption of CO on nickel,6

alumina--supported cobalt,7 platinum,B copper,8 and

rhodium. ¢

The degree of disgsociation of CO on rhodium is
subject to differing 1nterpretations,9 and CO is reported
to dissociate on stepped nickel surfaces,lo but not on

kinked platinum surfaces, ] The presence of Aadsorbed



potassium on platirum strengthens the adsorption of CO,12

as do sodium, potassium, and cesium on nickel, in addition

13

to inducing CO dissociation. Conversely, an oxygen ad-

layer on Cu-Ni surface alloys weakens CO adsorption.l4

These effects on CO adsorption are generally interpreted to
mean that the alkali metals increase backbonding from the
metal to CO, and electronegative elements decrease the
backbonding.

A thermal desorption study of €O and H2° adsorbed on

Ru(001} shows that the presence of water induces a strongiy-

15

bonnd state of CO, possibly dissuciated. CO, dissoci-

atea on alumina-supported rhodium to CO and adsorbed 0O, al-

though the details of this interaction, and the effect of hy-

16

drogen on 1it, are not clear. Coadsorption of C0, and

Hz on alumina-supported rhodium gave adsorbed formate, as
observed Ly infrared spectroscopy.17

The overall kinetics of the water gas shift reaction

18 19

have been s8tudied on unsupported iron and platinun,

on alumina-supported Group 7B, 8, and 1B metals, some of

which were alzo supported on silica and carbon,20 on

21

zeolite- and alumina-supported rhodium, and on zeolite-

supported ruthenium. 22
For unsupported iron at high temperaturea, an oxygen

transafer mechanism,

C02(g) = CO(g) + O(ads) (2)



HZO(g) e E,(g) + O(ads), (3)

was deduced.18

However, this is in conflict with findings
that CO adsorbs readily on metals and H2 adsorbs dissoc-
ciatively. (See discussions in Ref. 1, and references there-
in.) For unsupported platinum, the stoichiometric number
method?3 was used to interpret overall kinetics and iso-
topic 1labeling experiments. The proposed mechanism19 is
given in Table I. The adsorbed intecmediate was not
identified.

For supported m~tals, the situation appears to be more
complex. Because the commonly-used supports, such as alu-
mina, can adsorb water significantly and the other compo-
nents of the water gas shift equilibrium to lesser degrees,
the catalyst may be bifunctional, with some processes taking
place on the metal svrfaces, some on the support surfaces,
ana some at the interface between the metal and the support.
A comparative study20 of the water gas shilt reaction on
rhenium, cobalt, iron, nickel, rhodium, ruthenium, palla-
dium, iridium, osmium, platinum, copper, and gold showed ac-
tivities ranging over three orders of magnitude for the
ri-tals supported on alumina. Platinum and rhodium were
found to be most active on alumina supports, of intermediate
activity on silica, and least active on carbon. A mechanism
was proposed for a Lifunctional catalyst. This mechanism is

given in Table 11, where M indicatwus a site on the metal,



and MO a site on the support. However, the activity of a bi-
functional catalyst should be strongly dependent on the dis-
persion of the metal, and no such dependaence was found.
Methane was a significant product in the water gas
shift reaction o"er zeolite- and alumina-supported rhodium,
and both methane and ethane were observed in small amounts

21 The activity of al-

over the alumina-supported catalyst.
umina alone for the reaction was two orders of magnitude
less than for the alumina-supported rhodium. Zeolite~
supported ruthenium also produced methane in addition to the
water gas shift reaction, but the support ssems to have less

22 The occurrence of methanation

effect than for rhodium.
greatly complicates the interpretation of these results.

A set of elementary reactions describing the water qas
shift reaction on most metals is given in Table III. This
table includes the reactions of Table X in Ref. 1, with all
adsorption-desorption steps made explicit, and nucleophilic
attack of adsorbed OH on adsorbed CO added, partly because

17,20 g partly because of evi-

of more recent studies,
dence on the homogereously catalyzed reaction, to be dis-
cugssed later in this paper. Hydroxycarbonyl is given as the
product of nucleophilic attack, rather than formate, Lecause
several reactions can ve written for formate formation and

decomposition, none of which have significant support from

surfac? studies. Although inclusion of formate at this time



would be both speculative and lengthy, it may be justified

with further study.

WATER GAS SHIFT REACTION Ci! OXIDES

The water gas shift catalysts used industrially have
been iron and chromium oxides (high-temperature catalyst)
and copper, zinc¢c, chromium, and aluminum orides (low-
temperature catalyst), Limited informaticn is available on
the adsorption of H2, H,0, CO, and CO, on these
oxides. However, many of the elementary steps of the water
gas shift are adsorption-related: adsorption and dissocia-

tion, or their reverse, association and desorption.

ﬂz Adsorption

At least three, and as miny as seven types of hydrogen

have been identified as adsorbed species on zinc ox-

ide.24-32 Infrared spectroscopy has identified three spe-

cies: a heterolytically dissociated species, Zn-H 2nd OH on

ad jacent site., that appears to be active in hydrogena-
tionw;“"27 a low-temperature molecularly adsorbed species

24,29 and a spe-

that participates in H2-02 exchange;
cies inactive for hydrogenation that appears to be bridged,
Zn-H-Zn or O-H-O.26 Temperature-programmed desorptiorn
{(TPD) stuvdies and conductivity studies seem to indicate .he

presence of greater numbers of hydrogen species,30'32 but



these have not all been identified with infrared species.
At least two TPD peaks appear to represent different reac-
tion paths to desorption for the species identified in the
infrared studies.33

Although zinc oxide is considered the hydrogen activa-
tion component in methanol and water gas shift catalysts,
other components of the catalysts can also adsorb hydrogen.
TPD results>4 show five different types of hydrogen ad-
socrbed on gamma-alumina between -196 and 450 C. Chromia and
chromia-silica adsorb hydrogen, alihough to a lesser extent
than zinc oxide. A very low-temperature form of uydrogen ad-
sorbed on chromia appears to be molecular, analogous to the

low-temperature form on =zinc oxide.35

A heterolytic dis-
societive adsorption of hydrogen is reported at intermediate
temperatures, and transtormation of the Cr3t bonded to H
to Cr?* and OH is reported to take place at higher
temperatures.36

The reactions producing th- various forms of hydrogen

adsorbed on oxides are likely to be

Hy + MO MO-HZ(physisorbed) (4)
MO-H,(physisorbed}) e« H-MO-H (5)
H-MO-H + 2 MO e= OM-H-MO-H-OM. (6)

Other routms are possible, and diffusion on the surface may
be important, as indicated by the TPD results. Reactions 4-

6 account in a simp.e way for relationships among the thiee
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species observed by infrared spectroscopy, but the reactions

themselves have not heen observed directly.

H,0 Adsorption

The adsorption of water onto metal oxides gives hy-
droxyl groups, intermediates also formed by the adsorption
of hydrogen. 1In the case of water, dissociation is to a hy-
drogen that adds to an oxide oxygen and a hydroxyl that adds
to a metal ion. Hydrogen bonding with the oxide oxygens and

hydroxyl groups also causes molecular adsorption of water.

On iron oxide, adsorption isotherm537, dielectric re-

28 39

la:r ation, infrared spectroscopy, and ultraviolet

photoemissioan spectroscopy40 have shown both molecularly
adsorbed and dissociated water. Water is physisorbed onto
surface hydroxyls. Physisorbed water was observed by infra-

red spectroscopy on an iron-chromium catalyst; dissociative

chemisorption was also deduced. !

Water adsorption on zinc oxide has been studied by ad-

42

sorption isotherms and a combination of thermogravimetry

43

and infrared spectroscopy; again, molecular adsorption

and dissocjation were both observed. Water adsorbs dissocia-

44

tively onto oxygen-treated copper and zinc, although it

adsorbs poorly onto clean copper and zinc surfaces. For a
low-temperature shift catalyst, both hydroxyls and undissoci-

ated water have been observed by infrared spectrosc0py.45
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Dissociation increases with the degree of reduction of the
catalyst. Molecularly adsorbed water appears to be present
on both catalyst and support.

On alumina, as determined by microcalorimetry and infra-

46

red spectroscopy, water is physisorbed, then molecularly

chemisorbed and dissociated, Silical’ and chromia4® bpe-
have similarly. The processes of water adsorption on silica-
alumina appear to be similar to those on silica and alu-
mina, but the combination has a greater capacity for water
adsorption than what would be extrapolated by a linear com-
bination of the two.%?

The reactions of water adsorption on oxides can be

summarized:
H,0 + MO e H,0-MO(physisorbed) (7)
Hy0-MO(physisorbed) w= H,0-MO (8)
H,0-MO(physisorbed) e= MO-HOH (9)
H,0-MO = HO-MO-H (10)
MO-~HOH = HO-MO-H. (11)

There appear to be two kinds of water chemisorbed molec-
ularly: one in which the oxygen is bonded to the metal ion
(reaction 8), and one in which the water is hydrogen bonded

to the oxygen or hydroxyl groups of the oxide (reaction 9).
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CO Adsorption

CO adsorption on oxides has been less studied and there-
fore is not as well understood as CO adsorption on metals,
Infrared spectroscopy l'es been the method of choice for exam-
ining Co adsorption nn metal oxides; few other methods have
been used. 1In general, a low-frequency group of bands (1100
to 1800 cm'l) is attributed tc carbonaie, bicarbonate, for-
mate, and carboxyl or hydroxycarbunyl, and a higher-
frequency group of bands (2000 to 2250 cm~l) is attributed
to a weakly adsorbed species, in which the carbon is sigma-
bonded to the metal ion with nu backbonding or the inter-
action is primarily electrostatic. Carbonyl bands (1900 to
2000 cm_l) are solmetimes observed. Interpretation of some
of the bands is ne: unambiguous. Harrison and Thornton>?
have concluded that the wecakly bonded O is adsorbed, carbon
down, perpendicular to the surface, as in carbonyls, but the
bonding is primarily electrostatic. Copper is an exception
to this, in that significant pi bonding appears t. he pres-
ent, and this model is not completely consistent with other
data, suggesting the possibility of some pi bonding for
other metals. Infrared absorption frequencies for CO ad-
sorbed on transition-metal ions on sgilica’! appear to be
congistent with this model, and a simple corrclation between
heat of adsorption and CO frequencier for several oxides 2

alsu argues for a simple bonding mndel. 'The C-0 bond for
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this type of CO adsorption is strengthened relative to its
gas-phase value,

Conductivity Cata suggest a partly cationic (O adsorbed
on the Fe2+ ions of Fe203,53 although the charge of
the CO changes from partially positive to partially negative
with increasing reduction of the oxide.’% coO was adsorbed
onto a reduced iron-chromium catalyst with apparent forma-
tion of carbonates and carbonyls;41 however, one of the
bands attributed to a carbonyl (2095 cm—l) is in the range
usually considered to belong to a weakly-bound species. On
FeD, CO eppecars to be adsorbed at a metal ion, although the
ultraviolet photoelectron spectrum cannot be fully interpre-
ted.?" With potassium on Fe0, the CO is adsorbed more
strongly, probably as a carbonyl.55

Adscrption on copper oxide gives a weakly bound spe-~

26,57 carbonyls,ss'62 and carbonates, bicarbonates,

56,58,59

cies,
and formates; in addition, if another component,
such as alumina, silica, or other metal oxide, is present,
bicarbonate and formate concentrations will be increused. A
large range of frequencies is observed for carbonyls (2000-
2200 cm'l); apparently differonces in the preparation of
the catalyst affect the relative amounts of copper in the
Lhree oxidation states. It has not bern possible to relate

frequencles unamhiguously to oxidation states because of the

lack of appropriate model compounds. Copper carbonyls that
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may simulate surface compounds have been synthesized only

recently.63

Zinc oxide shows bands in the weakly bound re-

gion61/64-66 .14 the carbonate region®4766, byt none

that have been identified as carbonyls., Other surface diag-
rostics tend to confirm these identifications.$’ Angle-
resolved photoelectron spectroscopy shows the CO to be ad-
sorbed, carbon end down, on the zinc .oms.68

Both pure and 3upported chromia show bands indicating a

48,69-73

weakly adsorbed species, a ca'.'bonyl,71 and car-

69,72,73

bonates. Transient response techniques have given

74

results consistent with these interpretations. However,

for a copper chromite catalyst, it was concluded that car-

bonyls formed only oa copper.56

oneb9/75 76

Alumina is reported to form or two

weakly adsorbed soecies and carbonates. Kinetic data sup-
port the presence of two types of adsorption, but these can-
not be correlated readily with those idgntified by infrared
spectroscopy.77 A potassium promoter on alumina results
in carboxylate and carbonate upon adsorption of CO and
C02_78

Adsorption of CO on silica is not obaerved at tempera-
tures above 75 ¢.>8

Magnesia forms a weakly adsorbed species and carbon-

atnn,’9'79 and  tkare is  some evidence for a species
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containing an unpaired electron. This species has been
identified as a carbonyl radica180 or a polymeric radical
anion.81 These species participate in the disproportiona-

tion of CO, forming carbonates and carbon. A similar spe-
cies is formed on calcium and strontium oxides.82
The probable reactions representing CO adsorption on

metal oxides, are then

CO + MO = OM-CO(physisorbed) (12)
OM-CO(physisorbed) e= OM-CO (13)

Distinctions will not be made here between unidentate and bi-
dentate species. The formation of bicarbonates and formates
from CO must involve interactions with hydrogen or hyiroxide
and will be discussed later. The stoichiometries and struc-
tures of the polymeric radical anions formed on alkaline
eartn oxides are not known, so reactions cannot be written
for their formation and eventual disproportionation to car-
bonates and carbon. Therefore, these reactions will be ne-
glectad at this time, but they should be considered for cata-

lysts containing the alkaline earth metals.

Carbon dioxide initially physisorbs on mrtal oxide sur-
faces and then chemisorbs in three ways: with the carbon

bonded to metal to give a carboxyl group, with an nygen
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bonded to metal, or with the carbon bonded to oxygen to give
a carbonate, Relatively 1little evidence exists, however,
for the M-0OCO species.

Fe203 adsorbs Co, to give a weakly adsorbed spe-

cies and possible carbonates, bicarbonates, and car-

83,84

boxyls. Chromia and chromia-silica give species simi-

lar to those on Fe203.69’85

58

Copper oxide adsorbs CO2 weakly, with possible

formation of carbonates and carboxyls.86 Zinc oxide forms
carbonates and a carboxyl upon CO2 adsnrption.64'83’n7
The carboxyl group probably does not carry a full negative

charge.67

Two weakly adsorbed species have been identified on sil-

88

ica by infrared spectroscopy, but this observation is in

contradiction to the observation of carboxyl groups on sil-

ica exposed to CO2 by electron spin resonance89 and
adsorption-desorption techniques.90

On alumina, carbonates and bicarbonateg®?:91-96 and
one,91 two,92 or three93 weakly bonded species have
been observed. No carboxyls have been rrjorted. An ad-

sorption isotherm study generally supports the carbonate

97

identifications. The species and their relative concen-

tiations are strongly influenced by heat treatment and the

crystal structure of the alumina,.?d
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On magnesia, carbonates are formed,79b.92b.95

and a
weakly-bournd species has been observed.79b

Soluble 002 complexes of cobalt und alkali metal cat-
ions have been characterized.?® The carbon 1is bonded to
the cobalt, and the oxyr,2ns to the alkali metal cations. The
infrared C-0 frequencies are in the range of those observed
for carboxyls on surfaces.

The reactions for adsorption of 002 on metal oxides

can be summarized:

C02 + MO e MO-CO,(physisorbed) (15)
MO-CO,(physisorbed) = OM-CO, {l6)
MO-CO, (physisorbed) e MO-CO, (17)
MO"COZ(phyL:,isorbed) - OM-0CO. (18)

Interactions_Among Adsorbed Species

The major interactions appear to take place among .d-
sorbed species, rather than between adsorbed and gas-phase
species. However, .information aboit these steps 1is {ncom-
plete ».J scmetimes contradictory.

The presence of hydroxyl groups on the surface of sgev~
eral of these oxides appears to promote CO2 adsorpt ‘on, al-
though this effect has not been studied in detall. water in-
teracts with adsorbed CO, on magnesia to produce blcar-
bonate.??  This could come about by nucleophilic attack on

the carbon by hydroxyl,
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OM-0CO + OM=-OH & OM-0C(O)OH + MO, (19)
hydregen transfer,

MO-CO, + OM-OH = MO-C(O)OH + OM-O, (20)
or oxygen insertion,

OM-CO, + OM-QH e OM=-OC(O)OH + MO. (21)
In a relevant solution reaction, Cu2+ has been found to
catalyze the nucleophilic attack of water at a carbonvl
100

carbon,.

CO and HZO' and CO, and H,, have been coadsorbed

on zinc and magaesium oxides and the surface intermediates

observed by infiared spectroscopy.lol Formate lons were
the predominant species obsarved. F‘ormate,loz'lo3 acetyl
and acetate,102 and carbonate and bicarbonate103 inter-

mediates have been trapped durinj CO-H, and COy-H, re-
actions on copper-zinc catalysts. Water and CO adsorbed on
an iron-chromium catalyst interact to produce fwrmatn.4l
A possible reaction producing formate is

OM--(C") + OM-OH = OM-0C{(H)O. (22)
This is an oxygen insertion into the M- bhond (or carbon ni-

gration to oxyyen) with hydrogen transfer, Tt may be broken

down into

OM=CO 4 OM=-0ll e+ OM-C(O)OH + MO (23)
OM--C{O)IN e OM=-0CON (24)
OM=UCOH = OM=-OC (IO, {25)

Hydvrogen addition to adsorbod (W)? wil! also give rformate:



