[ 3nd

CHAPTER ONE

INTRODUCTION

1.1 CATALYST DEACTIVATION

—  The nature of catalyst deactivation differs for individual —
processes, but it is true to say that most heterogeneous
catalysts show an initial fast decline in activity, after
which the activity stabilizes and declines more steadily
with time (see Figure 1.1). Activity and the rate of

deactivation between operating times t, and t., is of

significant importance because the behaviour in this region
can indicate whether or not the catalyst is suitable for

industrial purposes.
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Fi e 1.1 catalyst deactivation profile (2)

Loss of catalytic activity makes it necessary to change
catalyst reactor loads from time to time. As financial
losses incurred during plant shut down are usually very
high, it is highly desirable to develop catalysts with
long, economically viable lifetimes. Lywood (1) described
optimum catalyst 1lifetime as a function of catalyst




performance, catalyst manufacturi

ny Cos alys
reduction coste and catalyst wessel cost. & scheme has
been sugaecsted (Figure 1.2) by which the inter-related

causes of catalyst deactivation mey be linked (2].

[EA1ALTET DIEACTIV ATHIN]

1
l?mn‘"r:uﬁf{é‘l [FHYSICAl CIIANGES]
|
[ —
o

1
POISOSMG STATE
ZalT F [y
—— 1 CTHM

o= =1 L=y

% TE RHAL] [SELF] CHEMITAL] £OKE]
& TLHA

DISABLEMENT GF ACTRE SITES| ﬁi o [F

¢
[5G N LaTe[ 9T _._!.!:Tl'.-aT_'r_';l—!

Figure 1.2 A propoged s=cheme for the ceuses of
deactivation (2]

From Filgure 1.2 it is evident that deactivation normaily
peours elther from peisening, fouling, sintering, sclid

atate transformationg and mechanical defacts or variouse

combinations of the above, which leads to either a less of
surface area, blocking of active sites or braakup of the
matalyst. Many attempts have hean made to explaln the

phonomenon of catalyst deactivation. Faor instanca, Spancer
(1] has mentioned the usefulness of distinguishing betwsen
temporary and permanent loss of perfeormance, and identified
three different causes of catalyst decay: physical causes,

poisoning by impurities, and poisoning by reactants or
praducts.  Trimm (3] deacribed the fundamental causes for
the decline of catalytic activity as the polsaning, coking
and sintering of the catalyst, whilst Forzatti et al. (4)

divided the causes for deactivation inteo four groups,
hamgly: polamning, fouling, s$intering and solid state

roactions.

Since poisoning, sintering and  feuling are normally
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considersed the main caunses of deactivation, they are

discussed Iln more detail below.

1.1.1 Deactivation by poisoning

Poisoning msay bDe defined s8s the irrevarsible [or

reversaible) chemisorption of an ippurity on a catalyst
surface which eliminates ¢r altars the active sites uzed
for product synthesi= to such an extent that the activity

or product selectivity of the catalytic species is
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well as Hegedos and MoCebe (B) distinguished between two
main typee of polsoning by  impurities; compatitive
reversible adsorptien of the Impurity [(alsoc known as
inhikition)y, and irreversible pdserpticon of the impurity,
leading to permenent poisoning of a catalyst,

Irreversikle poisoning may be explained by two different
affacts {(7):-

e
o

Tha ective sites are blocked on a ohe-to-one baals by
the poisoping substance. The catalytic activity

decreatses linearly as a Tunction of the concentration

of the impurity on the surface.

ii) Elactronic or ligand effects:
In this case the reactivity of the catalytically
active sites located at wvarying distances from the
site covered by the poison may be 1nfluenced
nagatively to a Jgreater or lesser extent through

electronic or ligand effects.

Hegedus and Mocabe (8§ have suggested that the poisoning

vhencnenon can be decomnposed inte: (1) the pature of the

[ P P a i o - oo L wku b - o umdn e 1 ara -+ -
ANTeracilon of The pOXISon WiAtn ThHE Cavalysc Silriacd 4aiha

(it} tha ePffact of the poison on the catalytic reaction.
In thair analysis four main categerles of catalyst

poiscning were mentioned: poison adsorption, poison
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induction, surface reconstruction and compound formation
between the prison and the gatalyst.

Work by Maxted (9] zand B

Work by Maxt tt [(10) =howed that the metals
which are most susceptible to poisoning, are predominantly

the Group 8 - 11 matrala. Thass matala includa 1rom

no— = - - B SN riroe win om— - e m W - r

cobalt, nickel, copper, palladium, silver and gold. Thras
groupe of polscns have bheen identified for these metals,
namely molecules containing Group 15 (N, P, As and Sh) and
i6 {Q, 5, Sc and Te) alements, compounds which consist of
toxle metals such as lead and mercury, and metallle ilons
and malecules with multiple bonds. Tha ability of the
Group 15 or 16 elemants to poison catalysts is related to
their walenca statos. No toxicity is found for the
elements which are coordinately saturated, but those havipg
unshared electron pairs or empty valance corbitals can act

2 . _ \ . ] I ] ; ri .
possible batween the elaments with unshared electrons and

a specific catelyst, thls element wmay act as & poison

preventing the catalyst from performing normally.

Uncortainty =till oxists wilth regard to a guantitative
understanding of the intrinsic rates and npechanism of

catalyst poisoning (11). Temperature, pregsure and contact

time betwean the active catalyst surface end peison are
known te significantly 1lnfluance the rate with which =

Fo = Kol(l-pe) - {1.1)

vhare: B = ‘poisoning coefficient’
Kc and Ko = reaction velocity constents in thae
prosence and absence of a polson

raspectively
¢ = the concentration of poiscn
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The first characteristic factor, p, describes the
‘susceptibility’ of a defined quantity of catalyst to a
poison. Kc, defines the absolute amount of poison needed
to totally deactivate the catalyst and is a measure of the
extent to which a poison acts. The factor, c, demonstrates
the tendency with which a poison is retained on the

catalyst surface and is also called the retention factor.

Bartholomew et al. (11) considered that both thermodynamic
i.e. bulk characteristics) and surface interactions (i.
teric effects) may be involved in the mechanism by wh

ica y ER YR AT A

metal catalysts are poisoned by sulphur.

From the list of free energies of formation of selected
bulk metal sulphides at 300 and 600k presented in Table
1.1, it can be seen that metals more commonly used as
catalysts, such as Co, Cu and Fe have lower free energies

of formation of their bulk sulphides than the metals Cr, Mn
) hict 9 o ] 11 ide f

as catalyst supports. This observation suggests that the

sulphur poisoning of one metal may be reduced by combining

it with another metal having a higher free energy of

formation of the bulk sulphide. This forms the basis of

the so called protection mechanism described by Bartholomew

et al. (11).

Observations supporting this hypothesis have been reported.
For example, Oudar (15) showed that the enthalpy of
adsorption of sulphur containing compounds onto most
catalytically active metals, (i.e. Ni, Cu, Fe, Cr and Pt)
was directly related to the enthalpy of bulk sulphide
formation. It was observed that for a 50% adsorption
layer, the enthalpy of formation of a surface sulphide

— species was between 20 and 40% higher than the enthalpy of —
formation of the most stable bulk sulphide. It was thus
demonstrated that sulphur
characteristics of a catalyst, but also the surface

wmar - Ty mad
may not d

structure.
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rable 1,1 Free energies aof formation of vyarious aetal
sulphildes”
— - ]
AGy (kIjsolj}
Element | Metal Sulphlde
300K sS00 K
Co Cos =54 .0 -47 .7
Cl':':lﬂa_-, _Eg -..3 -
cu.ﬂ.s:w’-ﬂ -39-3 -jB-E
CDgSn —-65 -3 _5513
Or TrE —-1140 - 108 |
Cu (AT =55.4 -52,3
Cus, -44.,4 =50, 7
CuLS =-48.5 ~F2.7
Fas. -7R,B -
HMn Mns -1B85 120
oS, =135 -3 35
Zn ns =-t68 =E52

* Date computed from réference 11 and l4 and based on
the fallowing stoichiometry:
(x/¥} M + HoS = (1/y} M5, + H,

ij.1.2 Deactivation by sinterling

The aggloveration of the cryskallitss of the active phaie,

- a2 AT

- e _ a3 R o . . . J—
leading o the 1o=s oL active surfacs and cgunchgnt

dectease in activity is called sintering {16). Sintering
pesurs in order to degrease the free energy of the systam
f4). This process is therefore influeenced by the
interfacial fres energies involved., Since the values of
the frea energics are affected by the ph¥=ical and chemical
interacticns hetween orystallites, substrate, and
atmosphare, these factors play 2 dominant role in the free

T LI -l f 10 [
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umbar af fattors which affect

M
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the rate and extent of sintering, including the metal
concerned, the metal content, tne initial erystallite size
and size distripuwtion, the digpersion of the metal acro

1]
]



Vs
the support, the nature of the support material and the
operating conditions. As the activation energy of
sintering is generally high, an increase in temperature can
result in an increase in sintering rate. Thus, a metal
with a low melting point may sinter more rapidly than one
with a higher melting point (16). Often, catalyst aging
may be described by the sintering process which increases

with time. In most catalytic processes the temperature and
size of the metal crystallites are such that extensive
sintering would occur in seconds without the presence of a
structural support. A major function of the support, then,
is to act as a spacer, (7) preventing or minimizing the

revmeydln + N O e S 12 =0 Tt oy o b
YiUweil i [ 89

-
o1, ana movemenc Ly, ne

clusters.

Two basic mechanisms for sintering have been suggested
(17):

(i) migration of crystallites and their coalescence (18);

ii) enission of single atoms by the small crystallites and
capture of single atoms by larger ones -~ Ostwald

i) Crystallite migration and coalescence:

It has been hypothesized that the primary mechanism of
sintering is the migration of metal particles on the
support and the coalescence of the particles when they
come into contact (23) with each other, thus
minimizing the free energy of the system.

Two limiting situations have been considered by
——Ruckenstein (24):  In one, the interactions are

assumed to be so strong that two particles in contact

form a single unit within a time which is short
compared to the time of migration. The rate of

sintering is then diffusion controlled. In the
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Burfate e the satalyse physicall¥ blocking ine Gt jye

= SEE T =Eion es plafe,

Woeet Cahalyblt proceSSes Lhatl ume atgani¢ Teaciants form

daposits® on cabtllysts (L1, These ara vewglly

Yosoriiay & Tprars". fAyan bhough the earbon pay Soptain
hydrogen. Other gypes nf fouling are knownh. For Sisppia,
methAnol gynihesis catalyets are carefully fovmalated (28)
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to avoid the pessibility of an iron impurity {(e.g. iron
carbenyls) which gcould pramote Fischer-Tropsch reactions.

1.1.4 Conclusicn

Catalyast deactivaticen 15 a2 compplexX phancmenon and 1te
diagnosis and cure is aften difficult. Salid =state
raactions (2} and wmechanical failure (27) mavy also

contribute t5 deagtivation. Selid state reactions occur
when & change in the chemigal nature of the compounds
within the catalyst matrix teake place (2], which may result
in a losg of total and active metal surface aresa, with a

conseduent loss pf activity. Mechanical failure results

from the loss of structural stakility of a catalyst pallet.
This has been regarded as a mnajar reason for the

eteriaration of catalyst perfornance . 9, . atalyst
pallats are known to gradually loose their wmechanical

strength (&), crumkle and break up, subseguently increasing

the prezsure drop over tha catelyst bed (27). Mora

fundamentally it can lead to overheating of the catalyet,
loss of activity and a reduction of throughput {2B). These

ef facts may also be ceused by roking.

1.2 THE WATER-GAS SHIFT RENCTION

] =1 ARa -~ LR =" —
SuULimoLar Ju.x.nu-uu.-; L

supplement coal gas {(used as a gasecus fuel). Water-gas

iz formed when steam is passed throogh incandescent coka at
tamperatures above 1000 C, according to Bguation 1.z.

- PP o, e, =p a . m Em T -3 =1 o o
ST T LL!""J‘:: [+ = LlLI3Ll.&fd i - {1+2]

With the advent of the Haber process for ammonia synthasis

n 1419 cang thoe need for supnlamentary technoloday.

in 1913, camge the need 8 amentar chnol oy

Hydrogen needed to be preoduced onh a large scale from coal,
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and the process of removing excess carbon monexide {an
ammonia synthasis catalyst peoison) by liguefsction and
scrukbbing with hot caustie selution was unsuitable for use
noa alae {25, 30). Befiore the turn of the century,
it was known that if carbon monoxide and steam werse passed

.

P —_ e L3 —_ — P R -_—— —_ e o = do L]
over catalytic materidals such as red hot refractories,

hydrogen and carbon dioxide were chtained (31, 32). Thus
a catalyvtic process was developed which converted carbon
monoxide to carbon dioxide by reaction with steam according
to Egquetion 1.3.

gl +HO0(g) ~ H (gl +00,(g) AF-—43. kF.mol™t — (1.3)

[WEGER] or the CO shift reaction., The WGSE 13 moderately
exothermic (13, controlled by a thermodynamic eguilibrium,
tha kinetics of which can be accelerated by B catalyst.

1.2.1 Applicatione of fhe water—gas shift reaction

The most important usa of the WGSE is in the gproduction of

ammonia. However, there are othsr areas where the reaction

iz utilised and these are desceriped belaw:=

commercial production o YO OO
was cffected by reactling waste gases rich in methane with

e s e B 1 [

team over nicKel based catalysts according to Eguation
4

Cff, + (L0 = 80+ 34, ' - (1.4}

The WESRE was then used to "shift" the upwanted carbon

gas rich in hydroge
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pressure. Typically gas containing about 80% methane and
17% ethane could be transformed into a mixture of about 78%
hydrogen, 20% carbon dioxide (before removal) and only 2%
unconverted methane and carbon monoxide.

(ii) Synthesis gas derived from most coal gasification
processes or steam reforming of hydrocarbons yields an

= approximately equimolar ratio of hydrogen to carbon
monoxide. Fischer~Tropsch and methanol synthesis require
par

.

a feed gas containing about two parts hydrogen and one

carbon monoxide, thus the WGSR is used to lower the CO
content, producing more hydrogen, until the required H.:CO

]
1
H'

ratio is achieved.

(iii) The WGSR has also been used in automotive emission
control (34) to lower CO levels.

(iv) Newsome (35) has reported that some speculation and
research has been aimed at employing the CO-shift reaction
I}

for hydrogenation reactions by using water as the

hydrogenation agent instead of hydrogen. It is believed
that under certain conditions this reaction proceeds more
readily than when hydrogen is used alone. The
hydrogenation of coal by the CO shift reaction could bring
about a new means of hydrocarbon production (36).

(v) Recently Ogawa (37) has described a process utilising
the WGSR to remove impurities and adjust the ratio of high
temperature reducing gases. The clean gas product is
useful as the fuel for a gas turbine in power generation.

With the demand for hydrogen becoming greater as new
methods of its purification are perfected, the WGSR is

certain to continue as an important industrial process.

I.2.2 Towards an industri OCess

In 1912 Bosch and Wild (38) discovered that a catalyst
consisting of iron oxide and chromium oxide could be used

to oxidise carbon monoxide to approximately 98% CO. at
400 - 500°C. This finding led to the incorporation of the
catalytic WGSR into the coal-based ammonia process in 1915.
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was the added advantage that the yield of hydrogen, from
the given amount of coke, was significantly increased.

The WGSR has now been found to be catalysed heterogeneously
by many metals and metal oxides. Grenoble and Estadt (39)

found the activity of alumina supported metal catalysts (at
300°C) to decrease in the following order:

Cu > Re > Co > Ni >Pt >0s >Au > Fe > Pd > Rh > Ir

Since the late 1960’s only two classes of catalysts have
been used on an industrial scale, namely the iron based
"high temperature" shift catalysts, and the copper based
"low temperature" shift catalysts. During the last few

years there has been some effort to develop homogeneous

catalyst systemns.

The extent of the forward WGSR depends on the proportion of
CO, CO. and steam in the feed gas, as well as the
temperature, the catalyst and the gas velocity through the
catalyst bed (30).

Figure 1.3 shows that the equilibrium constant, Kp,

decreases as temperature increases. Thus, for 1increased

hydrogen production and reduced carbon monoxide content, it
is desirable to conduct the reaction at low temperatures.

7

<UU \

150

4

Ky

\\
AN

0 ' . ) f\-c\l
0 100 200 330 400 500
TIMFERATURE ( %)
Figure 1.3 Variation of equilibrium constant (Kp) for
the water-gas shift reaction with

temperature (1)
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Strelzoff (30} has reported that as the eguilibrium degrae
of C0 conversion approaches i00%, 0 the hest steam economy
ia reached at low reaction temperatures. Howevar, Hewsome
f35) has pointed out that it is often necassary te run the
reaction at higher temperatures in order *to achieve the
necespary reaction rates. Thus a compromise hetween

thermodynamics and kinetics is necessary. The amount of

steam reguired for a single-stage reactor is large and
unaconomical (30). Steam consumption in a two-stage O
convarsion process i lowar whan the stages are operated
with an equal changs of heat content, than whan operated
with an o ree af conversion. Consegquantly, the WGSE
is often carried out in two or more stages (30). The use
of a high temporature snift followad by a low temperature
ghift has improved the cconomice of ammenia production by
raducing the amount of residual carbon oxide. With two

stage =systems, intermediate acid gas rTemeoval and

dasulphurisation tend to eliminate poisons to the second-
stage oatalysts (35). Industrial shift reactors are
ganarally adiabatic with temperature increasing along the
catalyst ped, since the reaction ts slightly exothermie
(351. If high purity hydrogen is not needed, only a single
stage rTeactor is often reguired. An erxample f AD

adiabatic shift converter iz given in Flgure 1.4 below,
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1.5 shows a typical commercial two-stage HGS

Figur

operation.

T T | fomsen PEEE
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¥

Fiqure 1.5 Typical OO conversion in two stages (49)

Fmacticn presgure does not have any effect on the
agquilibrium of tha WGSRE since the number of moles doas not

change during the course of the reaction.

1.3 HIGH TENPERATITRE WATER—GAS SHIFT CATALYSTS

Ever =ince BASF claimed the use of an jiron based WGS

catalyst for the first commercial procecs in 1315, cata

T the ¥ ] 1 1vat
T ow LS r -

formulation Lnprovemsnts Dave been made (497 Thooo
inprovaments were necassary to provide the stability neaded

for mare severe aperating conditions of high pressu:
temperaturas encountersed in modern plants, These catalysts
were found te contain about 70 - 74% Fa,0, and B - 10%
Cra0., and other compounds (40) in their precuersor stage.
& typlcal axampla of the composition of a high temperature

W3S catalyst ie: 79.2% Fe 0,, 10.0% Cr_0,, 0.2% Mg,

halance compounds (40]. However, Markina et al. {41) later
showed that the optimem chromium content appeared to be
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Daspite the stabllizing influence of Cro0,, some dacline in
catalytic activity with time 1ig woheerved. Almad et =a].
(471 for example claimed that the deactivarion was due to
tenperature and time—-on~stream factors. Lloyd (1) reportad
that magnetite crystals ara not completely stabilized by

e D = | .

— e e J . I - = o a - .
the chromium oxide. During the 1life of the catalyst,

activity is thus lost as the surface area decreases due to
thermal sintering, which iz particularly gepparent at
temperaturas ln excess of 400°C. Recently Keiskl and Salmi
(47a) linked the decay of catalyst activity to a decrease
of the surface aree and teo an lnecresase of the mean porae
size of the catalyst. Chinchen et 2l. {42) described two
forms of catalyst desay - the inltial) fast decay to the

¥, and the subseguant slow degay

of that stable activity. They attributed tha fast initial
.'.

. )
the rapid sintering of the

unstabilizad Fe,0, crystallites formed in the reduction
reaction which are in centact, or in near contact to the
Cr_0, crystallites. This process continues until all the
Fe,0. is separated by Cr.0,, after which slow decay may
take place +via "the appropriata transport of Fe_ O, or
nodification of the Cr.0. crystallites™.

. Gonzale? at 31, (43) discoussed the influence nf thermal

pretreatment and rcduction conditions on the activity of

ferrochrome high temperature WGS catalyets. They concluded

— that provess gas (a mixture consisting mainly of hydeogen,
nitrogen, carbeon monoxide, and carbon dioxide) and hydrogen
gas are the best reducing agents o obtain a highly active
WG5S catalyst. Ovar-raduction was avoided as long as tha
temnperatures Were Kept below 500°C. Their results showed
that the presence af water vapour influenced the reduction
af Fe,0, to Fe,0,. When water wvapour wasz added during

hydragen reducticon, a less active catalyst resulted since

a decrease of the specific surface aresa resulted from an

increased pore size distribution. "The eguilibrium between
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stating that steam must always be present during the
redaction, and presented data te establish a thermodynamle
pimlmon steam/hydrogen ratie necessary to prevent tho

= A -

raduction of TFe.D. to PeD, and Fel ©o wetallic Fe, at
{4

various temperastures. Bohlbro a8t al, ) recommended a

reducticon temperature in the range of 250 to 400°C, and

claimed That higher fenperatures resulted in decremsed
catalytic activity due to sintering of the active phase.

Incentive exists however, ©o develop a catalytic matayial
more active than iron, yet with similar advantages to the

irocn based catalysts.

et al. (%4) have recently reported that cobalt, megified
with eitper manganese oxide or chremitm oxida gives a
catalyst with significantly improved activity when compared
with current industrial formulations.

1.3.2 Poisoning and deactivation

 1ron oxide based shift catalysts are not very susceptible

to sulphur peisoning, thus, making them idenl choices for
commarcial plants operating on oil-based or ceal-based
eedsto - i

pulphur levels higher than 1O
approximately in propertien to the sguare reot of the
sulphur eoncentration. As the total amount of sulphur in
a coal basad plant may be significant (56), the high-
tenwparature shift <catalyst may sulphide aclording o
BEquatiapn 1.5,

T

Fe O, +3H,5+H, = 3FaS+4H,0 AH = -

n
-]
n
o

T

-1

x|

¥
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The sulphided catalyst 1s reported ([(36) to have Kas
activity, although its activity is much lower than that of
r catalyst containing iron as magnetite (Fe,0. ).

It has also been found that chlorine, in excess of lppm is

L ey S S = =l= +

an irreversible poison, whilst phosphorus and silicon

compounds will ceuse deactivation by fouling {48). Arsenic
compounds  in swmall ceoncentrations ere also potential
poisans ().

1.4 LOW TEMFERATURE WATER-GAS SHIFT CATALYSTS

Copper based materials have bean known to catalyse various

L -1 Tk et o] =] Al T - - L. pr e | g [ o F IR
A il L WFdd 3 ek ke ik b L L an A LLLERL L= L oL bl LE . N L=t-1~}
processes include carbon monoxide oxidation (57), methanol
synthesis (58, 59) snd nitrous oxide decomposition (50)

Farthear, tha abllity of copper to catalyse the WGSR har
long been known [(L).

Catalysts prepared from mixed oxides of copper and zingc
wers tegted commarcially for the WGSRE, in the late 1320's,
but the problem of producing a catalyst with sufficiently
long life to becoms an ecenemical proposition was not
~  reselved, due to the high lavel of pojschs in the process

streams at that tima {1}, The development of the

"rectisol" procass for synthesie gas purification and the
afdvent of steam reforming in the ninotoen sixties, meant
that a wmucrh purer synthesis gas bacame availakble.

Immediately, a renewed interest in low temperature copper
bhased catalysts was stimulated. A standard copper gxide-
zinc oxide (1:2 molar ratio) hydrogenation catalyst was
used for the first low temperature shift process in the USA
during 1963, It was soon reallized that there weres a large
nunkber of shart-falls ascociated wilith the copper based
catalyst. Hon-opt imum Farmulaticn, manutacturing

procedures, sensitivity of the catalyst to operating

8% reasons leading to an operating life ss short az =ix

monthe 1%
TV T e — 'LJ-r L

-
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.1 AcCtiviry¥ and stablliry

ncertainty still exists with regard to both the active

.- e mem s e TAM T e A

cOpp&eYr pPnaba ot the low teomp PELALUTE Moo Lran..L_-,-:‘:"‘E. NG the
mature of the stabilizing role of additional catalyst

, _ .. . L - — =t = eaad =T PR g . ] Y S—
components Such as zinc OXIQe, SLURIDS, &anG/ ol COromis.

This section presents the findings of pertinent researeh

erudies aimed at rasalving these gquasticns.

In an attompt o stablilize mobivity, chromia (CT.0,0 Wag
added to the copper oxide-zinc oxide fermulation ({3%7.
However, it was found teo ke a poor support for the Cu
catalysts and there was no significact improvement in

el timd e mdmm 14 Fa tontimuad ressarch has ehoawn that
L.E;ILEI-*I‘.'_&!. AL LIl Akdird Al L L BJLE = e e e e il AN lAsD bbb o] RN
slumina (Af,0,) together with zinc oxide (Ind] could
atabiliza the mopper crystallites against thermal sintering
{61}.

The nature of active sites on the surface of binary (Cu-in)
and ternary (Cu-Zn-Af}) systams used §n low-temperature
shift resctiene is still a subject of discussion in the
literature (€2). Even today controversy still existe a= to
whathar the reaction occurs primarily on metallic copper
oy on isplated Oull} cetions dizselved in the Zn0 lattice.
Petrinl af al. (63) used XPS to study the Cu-Zn and Cu-EZn-
a¢ svetems. In the unraduced copper-zinc system they found

——  avidence for tha existence of a non-egquilibriem selid
sglution of Cu(IlIl) in EnD. The formatien of a =solid

4 =T L -—

Sﬂlut.lt}n of En{ ILL} in Cul was
petrini et &21. (63) showed that if the copper=-zinc system
waz not reduced prior to use, frea Cu(l) ions are the

=

sddrarr e oA icA PO

active phase under reaction oconditieong. Thea rale of
aluminium (66) has been described as that of an anti-
eintering agent with the Ability teo promote the dissolution
of tu(Ilt in Zn0o [in ce-precipitated catalvsts]. tn an
investigation on methanal synthesis by Cu-2n-afl catglysts,

- s 3 1 i)
- d

a solid solutien of cu(f) in Znd. This solid selution was
ga tn ha actlve Ffar the methancl
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synthesie reaction.

Satterfield (£8) had pointad out that it iz difficolt to
establish the actuwal site on which the reaction cccurs and
that the existenca of different cxidation states of copper

I L ST o] o4
Lgut: Ry =) 5 a1, LAT

results ware pravicously reaported by Uchida and co-workers

Fe9y who uvead ¥XEO £o ehow Fhat watrallis commoar and Tem wora
AW S SRR motEAR Saur Wl S LAl L AT L a e skt WA lAArL willha OSAT WL T
the major phases prepent after use of a CuD-ZIn0 catalyst.

Stefanov el ai. [(62]

|
cencluded that on the sorface of ealetined catalvsts, ar

i ionally in @ Zn attice. iz cheervation is in

agresment with 8 number of invest] gat]' ons on j:ﬂtnar¥ Ch=-An—-

At mixed oxides (63, 70, 717. In the ogse of a reducad

catalyst, their findings =support the conclusion thaet
metallic copper 1s the active s£ite, since caetalytic
activity was found to be proportichal te the concentration
of metallic caopper on the suxface. Campbell et al. (72)
supportaed this theory by suggesting that the active phass
oonsists of highly dispersed Cu metal supported on Zno and

alumina.

Ry use of an Iin site XRD cell, Clausen et al. (73] were
able to follow the phazse transfarmaticons coccurring in & co-
precipitated ternary Cu-Zn-Ae WGE catalyst undexy
activation and reactlen conditions, Results showead that in
the active catalysts, Co metal is the only crystaliine ¢u
phagse obcarved, and the formation of this phase was sesen to
bo closely ralated to the disappearance of Cud ipn the
talcined catalyst. Many auwthers (1, 74, 75, 76) have shown
that the copper surface area available for reactieon is
dirsctly correlaked te WGS activity. An example of this
ralationship was presentad by Campbell (75) and is shawn in
Figure 1.6,
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Figque 1.6 Relaticnship ketwesn copper area and water—

gas zhift activity (756}

From the curve it is apparent that support formulations do
not directly influence catalytic activity. Thus, in order
to achieve a high activity, it is neacessary to have a high
surface araeaz of copper (7&6). Ray &t 2l. (77} also found
that for all catralyets tasted, the copper surface ares was
lingarly ralatad to the catalyst activity. Thay also
obgerved that by Ilncreaging the copper oxide percentage up
to 46%, the copper metal area, as well as the low

aAccordingly 4
coppar metal area is due te the variation of Znd areca. Ae
the EnD area increcasad, so too did the disporsion of
copper, which in turn led to a "generally proporticonalt

increase in agtivity. Recently Chinchen at al. {7B)] have

T e — L 7T 4TI 1 £ 3 L — e _a = -
nurinl &L 4dd. | A% ) EJUIL L e Ydriliauion e

reported that tha activity of Cu-Znd-Af_0, WGS catalysts
are ctrongly dependent on catalyst parameters such as
catalyst composition, size  distribotion of metal
- arystallites, nature of @atalyst suppert, preparation
parameters, impurities in the catalyst or reactants, but

arasn. In contrast to thig result the

- —F Ll T

relative activity in mathancl synthesis has heen shown to
ke a function of copper metal surface area. Wchida &f al.

(69) showed that an optimised copper oxide-zinc oxide
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catalyst for the WGSE, had & Cu-Zn ratic of about 0.4. The
avthors found a proportionality between copper surface area
and catalytic activity by ascriblng incraased activity at

'I,__ in
iuw L.-lul Lurey 1y L&F

crystals. At high Cu loadings, the surface concentration

.

- £} e S o T
e LR L WY LW i kY E 1L

wera observed, leading to a decline in specific activity.

The oxides of Cu, 2Zn, A and Cr by thamsalwves are not
particularly stable, nor active catalysts for the WGSR, but
mixtures of these oxides have been fouhd to have axcellent
activity ({35). Congeguently, mach rassarch has been
conductaed +to elucidate the effacts of formulation and
mathad of preparation on catalytic activity [&6B). TO
demcnstrate this point, Canphbell (75) has shown (Flgure

-

1.7) the inatabkility of a poorly formulsterd Cu-Zn0-Af_ 0O

----------- —= L3 LI MidlJrl L1 Ll -

catalyst as Ccompared with the commercial ICTI 6Z-1 CatalystL,

both with identical bplk chemical enalyses,

el 11ECLAR)

& Srascied 3741 (Cun Irln iy
dh CinIe, 12
B Fepl ormudged Ty, LoDy ALCY Larre
’ S aL 37-1

Figure 1.7 Thermal stability of different water-gas
shift catalyst formulaticns (75)

The wmethod of catalyst preparation and formulation
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influences propertiass such as surface area and pore volume,
which in turn affects the actiwvity.

ichida et al. (6%) prepared a large number of catalysts
using a wariety of methods. These included kneading 2Zno

powder with copper bydroxide, and impregnatien and

coprecipitation to form CuD-Zn0 ¢atalysts. Only thea
kneaded catalysts were seen to be active. Lloyd et a&l.
{79} established that the properties of particles
precipitated under acild conditions were gquite different
with respect to bath particle size and composition, from
thase formed whem the solution was basic. Thus pH was
shown to be a critical factor in the precipitetion

& ars to be sensitive o

calcinatien temperature. PBoth Petrini (65) and Shechibrya
{80) raport that in certain preparations, high calcination
tenperatures cause a decrease in copper surface area.
Raduction conditions are alsc crucial in establishing
actlve and stable WSS catalysts (1). The hydrogen
reductian reaction is highly exothermic (Egquation 1.6)
making it necessary to control the reaction carefully to

prevent high catalyst surface temperatures.

Cud+H, - O+ H0 AN - -BO . BRT sl ! - [1.6]

satterfleld (68} has observed that raducticn procedures are
similar for a large variety of both laboratory and
commercial scale catalysts. Reduction is performed in low
concentrations of npydragen. S3team may alsc be used bhut
cince it causes sintering of the copper crystalilites, i=

usually avolded. The catalyst bed 1z heated at g

controlled rate to prevent a temperature runaway, which

———will damage the catalyst. —ven Harwiinen and de Jong {81)

ohserved tha Foarmation of a-brass in a Cu=-Znd WGS catalyst
under reducing cenditions. ‘fhey nored that even low levels



of a-brass caused =slgnificant decreases in catalytic

activity.

l.4.2 PFromotors

*In hetercgemocus ecaltalysis by sepported metals it has
often bkeen cbserved that the activity and the selectivity
of the caralyst can be ilmproved by the addition of a tracae
of another element called a promoter', (82).

Eerly efforts were made by Putanov et al. (82} to enhanca
the activity of a Cu-Zn-Cr catalyst by mechanically adding

= el T

Mg, Ag, Cu, Ti, ang Hg plus Af saparately, and Mg, AE, Tu

end Tl tegether. No benefircial effects to elther activity

TR ATILEM e I ra F. TV s = -

2d,. Amenomiya and Pleizer

{B4) 1investigated the WGSR on alkali-promoted alumina
catalysts preparsd by wmixing alumina with variocus slkali
matal salta. Results showed that the activity increased
with the concentration of promoter until the surface was
almost saturated by alkall metal ions. At the =ama
concentration of metal ions, the efficiency of promotion
was in the order:

8 = K > da > L1

i - 3| a oping & surface of a binary

tu=-Znh catalyst with Ce, increased the forward WGS rate by
2.0 o 2.5 tiwmes when O.i to OJ0.8mol% s ware added.
Furthermora, it was predicted that alumina, chromia, and
iron oxide based Cu=-Zn0 WG5 catalysts may he expected to be
promoted by alkali metals in the following descending order

af efficiency:

C5 > Rb » K > Na > Li = undoped catalyst

In 2 recent patent {BS] Klier has claimed that cegium,
15 ' 4

rubidium and potassium have a promotieonal affect on the

activity of Cu-Zn-Cr, Cu-Zn-if and Cu-Zm eatalysts for the

“F hea g
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1.4.3 Catalyst deactivation

Tha popper based low temperature shift catalyste are

high temperaturs shift catalysts. This erises fI0n the low
Hilttlg temperatura (&68) for Cu (+ 325°C) which reflocts its
relatively low melting point of 1063°C. Typical eperating
cemperatures range from about 110 to 240°C  (BTY, B
cperating temperature of higher than 280°c should be
avoided in order +to prevent catalyst deactivation by
gintering (88). The tendency of a catalyst to sinter is

Yyoung and Clark [(&1)

Er.ﬂ-:..'l 1r el -
g2y o L) ) s hallly Nl aga@l o i

reported that catalyst sintering results from high

|._I

the authors showed that the loss of activity by sintering,
is the result of a peoorly formulated catalyst. In erxder to
make a2 useful low temperature shift catalyst, the copper
crystals must ke both =mall, well dispersed and stable
[&7). Copper nay be stabilized by koth ZnD 2nd alumina
(61). The addition ef a =second component into the
formulaticn such as gnf, aselsts in the process of
~ gtabilizatien of copper crystals by acting as a spacer ===
material. alumina must be incorporated in the form of
small crystals (+ 404), ctherwise it will have a limited

gtabtilizing offect:

1
Tl T TRT
S LF iy p

copper <atalysts are very suUscep
espacially by sulphur and chlorine (87, B9, H5a). Newsome
reported that copper-based catalysts are irreversibly
poisoned by sulphur levels greater than O.lppm (35). The

copper sulphiding reaction (1) cccurs as follows:-

20U+ H,S » Cu,5+ 8, AM - -59.4kT.mol? - {1.7)

Young e al, [s61} reported that thae formation of cuprous
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sulphide, at 230°C, requires an H,S concentration of around
3ppm, and as this value is usually much higher t
found in a commercial plant, poisoning by sulphur is
probably due to a surface effect. Hawker (88) described a
technique to minimize sulphur poisoning. As zinc sulphide
can form from reaction of ZnO with H.S in concentration of

only 5x10~2ppm, incorporation of a high surface area of

unbound 2ZnO into the catalyst, would preferentially react
with sulphur, according to Eguation 1.8.

Zno+H,S - ZnS+H,0 AH - -76 .6 kd.mol™ - (1.8)

Chlorine is regarded as the most serious poison for 1low
temperature shift catalysts  because it acts in

- } .

concentrations as low as O.1ppm (44). It deactivates the

catalyst by promoting the sintering process of both copper
and zinc oxide crystallites causing a loss of surface area
and hence activity (1). Thermodynamically, the reaction
of chlorine with zZnO is more favourable than with Cu.

Cu+HCt - Cull+'2H, AH - -43.5kJ.mol™ - (1.9)

Zno+2HC) » ZnCl,+H,0 AH = -125.0kJ.mol™ _ (3 10)

7zinc chloride is known to melt under normal operating
conditions. This has the effect of promoting sintering
which leads to a decrease in copper surface area. Also,
the sulphur tolerance of the catalyst is reduced as sulphur

reacts preferentially with zinc (68).

Most modern plants make use of guard beds as a means of

removing catalyst poison from the process gas stream.
Extensive research (1) has shown that the use of a separate
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cuard vessael containing low-temperature shift catalyst i=
the best mathod of preventing all known poisons antering
the main catalyst bed in high concentrations, Ag a result,
geverai plante equipped with guard vessels have Deen able

to operate the same catalyst load for a nunber of years,

1.5 SULFHYR 1OLERANT WATER~GAS SHIFYT CATALYSTS

Catalysts based on alumina supported co—Mo and Ni-Mo are
widely used as hydregenation or hydrodesulphurisation
catalysts (90). For these processas it is generally
claimed that a mixture of Co.S, and MoS, supported on

¥-A£.,0, are the ective phaszes of the Co-Mo-A2_0, catalvst.

H
Tapape ot al. (91} ugsed iIin situ MHissbauar emnission
spectroscopy to provide evidence for the existence of a to-
Mo=-3 phaszs in catalysts with similar Co-Mo ratias,. They

proposed a possible reaction mechanism involving cobalt in
the Ce-Mé-3 phase. Ni-Mo-5 1s believed to be an active
phase of the Ni-Mo-AE€_ 0, formulation (50). However, due
ta the complexity of the sulphided catalyst, controversy
=t;ill surrcunds the preclise structural features.

Formulations similar in  compositlon te  the  hydro-

oy

=

the WGSE. Unigquely, these catalysts are only active in a

sulphided forr, which must be maintained by a continnous

— presence of ideally 10ppmto 3% H.5 in the feed stream (1.
TYpleal unsulphided compositions way be 3.5% Cof and 12.5%
Mo, {%2) or 3.5% NiO and 10% Mod, (90}, both supported on
AL 0., Activation 1is genarally carried out by
pretreating the caleined precuraor material with a gas

mixture of H_ S and H, at an elevated temperature [93).

Tt has boen shown that the addition of alkalli to

molybdenmum-based catalysts prometes the WGSR.  Potassium
was found to be ane of the best premoters giviey the most

— - + oF
-3 " [ = A

{90) also showed that

4 potassium promoted Ni-Mo-af¢,0,
catalyst gave enhanced activity for the WGSRE.
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Newsome {35) has used data to show that et 4064'C and aven

at 300'C a €3 promoted Co=-Mo=-Af.0, catalyst is superior in
activity t¢ beth the Fe-based and the Cu-based catalyst

than tha
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In regent vears, the applicaticn of 2eollte materials as
supports for molybdenum has attracted much attention
pecause of the unigque and well defined parameters of the
zaplitaes (24, 9%). However, despite fthe scarcity of
studies concernipng molybdenum-loaded zeoclites in  the
gulphided state, Laniecki et ai. (95) have shown that
Mo(CO) . loaded Y-zeglites which are suabseguently sulphided
display high activity in the WGESRE. Although promising,
thageo formuiations show a8 tendency towards slow
gacti ion wi =arn—~ . “Mo=AE,0,
catalysts have in some cages shown no loss of activity ox
major deterioration of physical properties during l1ife
times of up to ten years (1).
Caspite the potential vwversatility of Co=-Ni-Mo=-h£.0.
gystans, drawhacks such as the rfact that ths lewvel of
zulphur compounds necessary to maintain catalytic activiey
are often higher than normally found 1n process gas, and
the presence of sulphor baing potentizlly harmful to other
Lyt s I ) . 1 ¢ | mdustrial

applicertions.

1.6 HOMOGENEQUS WATER-GAS SHIFT CATALYSTS

"Impetus for the coptinuing exploration of homogensous
water-gas shift catalysts comes from the krowledge that
homogeneous systems Are In general, more active and HRora

selective than thelr heferogeneoids oountarparts.® [(96).

Homogeneous cetalysts have been considered as potential

solutions to the high temparature necessary for iron basad
catalysts, and the sensitivity to poisoning of ¢opper

a7

catalysts The ability to sinplify the tech

lcal process
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from a strongly exothermic to a slightly endothermic
repction (973, has alsec added motivation to resesrch in

this area.

were the first researchers to

B)
wesatini Tl AF nesdney Podomh oo oo
r‘-“-"—'ﬁ‘"‘aﬂﬂ"—: Tt By ‘-'l‘-.“fl‘j "1."'4-"‘}5 o L

honogeneocus WGS catalyst. Interest 1n the homogeneocus
catalyzed WGSRE was renewed in 1977 with the discovery of
new catalyst systems. Cheng et al. (99) showaed that a
catalyst derived from [Eh{CO) CE]., HCE and Nal in glacial
acetic acid was an active homogeneoud HGS catalyst, at a
temperature as low ag B0'C., Laine af al. {(100) reported
that agwesus alcoholic solutions of ruthenium carbeonyl gave
active catalysts. Kang at al. [(101' damonstrated the
activity of a number of Group 8 metals when dissolved in
aguecus THF and made basic with trimethylamine. Since

1977, a nunber of reports have described the reactivity of
a broad range of orgenometellic and co-ordination ¢ompounds
for the WGSR. Chepng and Eilsenberqg {10Z) ware the first to
report a system based on platinum chleoride~tin chleridae.
The use of numerous other catalysts based on matals such as
platinum {(103) and nicke)l (104} were soon reportad. in
general, metal carbonyl ceomnplexes have been found to

exhibilit WGS activity, and studie=s involving these conplexes

heve subsequently dominated the literature. Laine and

Wilson (96} have given 2 good review of the composition and

A
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that iron pentacarbonyl and other simple transition matal
carbonyls were active within the temparature range 130 -
180°C, whilst Laine and Wilsen (%96} reported that an amine-
promoted Ru,{C0),. complex in an alkaline solvent showad
putstanding WGS activity at a temperature of only 1007°C.

As low temperature Cu-based WG5S catalysts are not cperated

balaw 200°C, it is possible for homegansous systems to take
F

advantage of the favourable tharmodynamic seguilibrium
convarsinn parameters at the lower teamparatures.
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Unfortunately, most homogehesus systems are susceptible to
sulphur peisoning, and high costs of active transition

metal componante such as Ru and RN, render tlhese catalysts

[

Rasearch on &lleys as potential catelysts received
interezt in the nineteen thirties after they were used to
identify the role of the order-disorder phenomena (107).
Ir the pinetesr fifties alloys wera widely used to
detarmine the influance of the eclectronic structure on
s0lids used for catalysis (107), Thig was a perlod of very

rapid devglopment in r'ata']\.fq'lq (107Y, apd manYy idmas fram

- LS - n = Y At praiaee - i F A Ao N P4k SEeE2Ld =g

theoretlcal and experimental physics were introduced into

thae fileld of catalysis in the form of "The Electronic
Theory of Catalysis"™.  Thit recsarch was initigted oy
bowden [108) and, measured by the response in  the

literature, has been ranked amongst the wmore important

articles written on catalysis {102). At & direct

consedguence oOf these ideas, expearimental studies on

catalys=ia increagsed substantially. However, a= more

information became available, the basiec principles on which
 %“The Electronic Thegry «<of Catalysie" was built, were

disproved. These negative findings, coupled with the

fragquent use of inadeguate techpiguas for alloy proeparation

until the earl nita
facters (108) signalied the beginning of & new pericd of
very intensive wark in this field:

f1y tcConsiderable prograss was achieved in the guantum
theory pf alloys and 1n the theory cof predicting the

gurface composition of alleys. This helped to rationelise

catalytic data and minimlge inconsistent and contradictory

rasulta {1049).

dramatic c¢hanges in the selectivity of meta]l

be achieved, and very importantly:

alloving,
cAtalyat:s
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