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ABSTRACT

This study has investigated the effect of alkali promotion on the
reactivity of ZnO in relation to higher alcohol decomposition and
synthesis. The techniques of temperature programmed desorption and
decomposition (TPD) have been used to characterise the products and
surface intermediates involved. @A well characterised low surface area
ZnO was used as a catalyst and K,CO3 as promoter.

The investigation of higher alcohol synthesis was of interest in
view of the predicted increase in the use of oxygenates as gasoline
octane boosters. Although alkali promotion of methanol synthesis
catalysts is an establishled method for increasing higher alcohol
yields, relatively little is understood regarding the quantitative
aspects of alkali promotion and of the mechanism of higher alcohol
synthesis on ZnO containing catalysts. Of particular interest in this
thesis were the adsorption characteristics of the reactants and
products of the higher alcohol synthesis.

The adsorption and TPD of CO,, H, and water were investigated for
ZnO and promoted ZnO. The Zn (0001) polar surface of unpromoted ZnO
was found to strongly adsorb hydroxyl species with a heat of adsorp-
tion of 151+10 kJ/mol. Consequently, dehydroxylation was very impor-
tant in determining the behaviour of the catalyst, and temperatures. of
up to 750 K were required. Potassium promotion was found to preferen-
tially suppress hydroxyl adsorption on this surface. Promotion also
suppressed the formation of surface formate after coadsorption of CO,
and H,.

The decomposition of l—propanbol, 2-propanol and acetone was

investigated in detail. The alcohol desorption products from



unpromoted ZnO corresponded to reversible desorption of the parent
alcohol at low temperature (400 K), and to dehydrogenation, dehy-
dration and o>‘<idation surface decomposition reactions at progressively
higher temperatures. 2-Propanol decomposition was selective toward
dehydration while l-propanol was selective to oxidation via a surface
carboxylate species. A mechanism has been proposed based on these
results.

Selective site poisoning, through coadsorption of water with the
alcohol, and by chlorine ‘treatment of ZnO, was used to establish the
crystal face dependency of the alcohol decompositioh reactions. In
particular, a site equivalence was established between the 2-propanol
dehydration and hydfoxyl adsorption sites proposed to be associated
with the Zn (000!) polar surface.

Potassium promotion was found to suppress reaction on both polar
surfaces and, to a significant extent, dehydration and oxidation on
the non-polar (1010) surface. The dehydrogenation yield was enhanced
by alkali promotion. Promotion effects of potassium with respect to

higher alcohol synthesis are also considered.
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CHAPTER 1
INTRODUCT ION
(1.1) The Use of Oxygenates in Relation to Transport Fuels

Until recently, developments in the fuel alcohol industry were
largely concerned with the utilisation of alcohols as blending stocks
or substitutes for petroleum .derived transportation fuels(1:2,3),
Alcohols were seen as attractive alternatives to the petroleum based
fuels in the face of rising crude oil prices and the prospect of
diminishing oil supplies(B). In particular, the use ‘of>C2-C6 higher
alcohol/methanol or ethanol blends offered a number of advantages over
straight-run methanoi or ethanol as gasoline blending stock that
included improved volatility and driveability, improved hydrocarbon
solubility, improved water tolerance and higher volumetric heat of
combustion(2), However, these goals have largely been put aside in
view of the current world surplus and falling price of crude oil.
Recent developments, such as the introduction of regulations phasing
out- the use of lead compounds as octane boosters in gasoline, are
likely to have significant effects on the use production of oxygenates
in the near future.

Certain lead compounds, such as tetraethyl!l lead and tetramethyl
lead, are employed for raisirig the octane number of gasoline(q).
_These lead compounds are ideal for use as additives to gasoline, since
they essentially effect only. the octane number for all practical
purposes while other physical properties remain practically unchanged.
Their decisive drawback, however, is their detrimental effect on the

environment and on human health(*). As a consequence, the lead
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content in gasoline is being progressively reduced in both Europe and
the United States, while lead-free gasoline is also available in the
United States and Japan(5). Further impetus for the removal of lead
has come from the increased use of exhaust catalyst units in motor
vehicles, because lead acts as a catalyst inhibitor (#),

The United States is expected to essentially eliminate allowable
lead usage by the early 1990's, while increasing the percent of unlea-
ded premium(j). Western Europe also plans to eliminate the use of
lead, although the timing is uncertain(®). An estimated 55% of the
worlds gasoline market will be lead free by 1990(6). In the US demand
for premium unleaded gasoline is projected to grow from the 15% of'the
total gasoline pool in 1984 to an estimated figure of 20% for 1986 and
to 30% by 1990(7).

The sharp rise in demand is also related to the way costs of
gasoline production have changed and to an increased demand for prem-
ium grade gasoline, instead of regular grade, as prices have drobp-
ed(1), Increased engine performance requirements are also predicted
to result in an increase in the pool average octane number from 86.8
to 88.3 (R+M/2) in the US and 92.2/82.1 to 94.6/84.7 (RON/MON) in
Europe. Japan, which uses no lead at present, is expected to increase
pool octane from 9! to 92 rRonN(3), Although in the short term, the
slide in crude pricé will also encourage the conversion of hydrocarb-
ons for octane, in the long term, increased gasoline demand due to
lower crude oil prices will cause refiners to back off on process
severity and produce maximum product at lower octane quality to meet
this demand(!),

A number of possibilities are available for providing additional

octane to the gasoline pool in view of the developments described
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above(5_). A first option is for the restructuring of refineries for
the conversion of components with a low octane number to components
with a high octane number (*).  Alternatives here include the raised
séverity upgrading of reformate, FCC gasoline and alkylate gasoline to
increase octane. While significant octane improvements can be gained
by these steps, higher operating costs can make these options
unattractive(j). However, even at present, the production cost of
the increased octane has not been found to be offset by the fall in
oil prices(7).- Limitations can also result because of the way refi-
nery flexibility is directly related to the operation .Of several
interacting units. For example, to increase reformate octane may
cause a penalty on'vcﬂume and increased Reid vapour pressure of the
final end product, while refinery operation to maximise gasoline
production to meet rising volume demands would leave less flexibility
for process generated octanes(1),

The use of additives, and in particular oxygenates, as gasoline
octane enhancers is an attractive option(q’j’é’g). An increased dem-
and. for such additives to augment the octane number as the lead cont-
ent of petrol is lowered is projected. Table 1.1 outlines one projec-
tion made in 1985, although this is considered to be out of date due
to uncertainty in predicting future US lead phased‘own regulations and
crude oil prices(l). Oxygenated octane enhancement is forecast to

account for 3.0 to 3.7% of the US gasoline pool by 1990, while in

Europe the oxygenate content of gasoline is estimated to grow to
4%(9),
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Table 1.1: A projection of U.S. fuel-oxygenate use (1985 projection)
(MM gal/yr), from reference (I).

year ethanol  methanol t8A®)  MTRE(P) total
1980 80 20 40 70 210
1985 590 130 90 370 1190
1990 1000 420 250 550 2220
1995 1250 750 300 650 2980

(a)= tertiary butanol

(b)= methyl tertiary butyl ether

Methyl tertiary butyl ether (MTBE) is one of the most attractive
oxygenate octane boosters currently employed in the US and Europe.
Although MTBE synthvesis from refinery isobutene is cost attractive,
its production potential is extremely limited by the availability of
such streams(s). The present total US capacity for MTBE from isobut-
ene is only 70,000 bpsd(s). Butane offers alternative source for
isobutene synthesis, but MTBE produced in fhis way is unlikely to be
economically viab'le(q).

Alcohols are excellent potential octane improvers as shown by
their individual mixed octane‘ ratings given in table 1.2. If only the
octane number is considered, methanol appears to be an ideal additive,
especially since it is currently available in sufficient quantity and
at a low price(“. Unfortunately methanol is unfavourable as an
additive with respect to both the Reid vapour pressure and phase
separation in presence of water(2:3%)  and must be blended with

higher alcohols such as 2-propanol and tertiary butanol (TBA)(” to
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Table 1.2: The mixed octane number of alcohols measured as an
engine octane number (MON) in a mixture with petrol
(MON= 83, aromatics= 25 vol%), from reference (4).

alcohol engine octane number at given vol %
5% 10%
methanol 98 100
ethanol 100 104
2-propanol N 96 96
I-propanol 92 90
tert-butanol 9% | : 93
n-butanol 80 78
n-hexanol 41 4é
n-octanol 21 27

overcome these problems. Ethanol requires no higher alcohol cosolve-
nts, but production costs at present make it unattractive(s), and when
added to gasoline, also aggrevates volatility problems(l). A mixture
of 50% methanol and 50% TBA, cﬁstributed under the trade name Oxinol,

%) and gasoline

has been found to be an ideal additive for gasoline(
éomaining, 6% Oxinol is presently sold at many service stations in
West Germany. |

TBA is obtained as a by-product of propylene oxide synthesis(g)
or can be synthesised fromvisobutene. Severe limitations also exist
in the supply of propylene oxide(5).- The current proddction of TBA
in Europe of about 450,000 tpa is not sufficient even to provide the

Zl.lxlO6 tpa of petrol consumed in West Germany with an admixture of 6%

Oxinol(q). Production of TBA from isobutene also suffers from supply
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limitations as described for MTBE.

To meet - -the increasing demand for the supply of alcohol octane
improvers, new processes that produce methanol/higher alcohol mixtures
(known as fuel methanol), suitable for use as gasoline octane enhanc-
ers, are being developed. Table 1.3 describes several of these that
are potential commercial possibilitiés. The table serves to illust-
rate the variety of the types of catalyst that can be used to produce
fuel methanol, and also the degree of flexibility of product composi-
tion that can be obtained.

(1.2) The Synthesis of Higher Alcohols by Alkali Promoted
Methanol Catalysts

The synthesis of higher alcohol mixtures by CO hydrogenation,
using processes based on methanol catalysts modified by alkali promot-
ion has been known for the past 60 years(IZ). The addition of small
amounts of alkali promoters to methanol synthesis catalysts increases
the yield of higher alcohols in the range of C, to Cg. Characterist-
ically there is a high ratio of branched to linear alcohols formed.
Witﬁin the C,+ fraction the mair;: products are generally i-butanol, 1- .
propanol and ethanol. The yield of 2-propanol is low, while little or
no tertiary alcohols are produced. The synthesis also »produces a
complex range of other minor oxygenates including esters, ketones and
aldehydes. @ The high branched to linear ratio contraéts with the
largely straight chained oxygenate and hydrocarbon products obtained
from the Fischer-Tropsch synthesis, showing a different réaction mech-

(12). The product composition is also found not

anism to be operative
to depend critically on the type of catalyst used; similar results

have been recently obtained for modern high activity Cu/ZnO methanol



Table 1.3: Recent process developments for the synthesis of fuel methanol

process description

catalyst type

product description

references

I.F.P Higher Alcohol
Process
-developed by the Institat
Frangais du Petrole
-operated under low press-
ure methanol synthesis
conditions (60-100 bar,
270-320°C)

Lurgi Fuel Methanol Process
~-developed by Lurgi GmbH
-operated under low press-
ure methanol synthesis
conditions (290°C,50-100

bar)

Alkalised Co-Cu based mixed

oxides, including other
metallic elements such as
Cr, Al and Zn

modified Lurgi low pressure
Cu-based methanol synthesis

catalyst

mainly linear alcohols:

methanol= 50-70 wt%
ethanol= 16-23 wt%
I-propanol= 8-14 wt%
n-butanol= 4#-7 wt%
n-pentanol= 2-3 wt%
C6+= 1.5-3 wt%

methanol= 53.5 wt%
ethanol= 3.9 wt%

propanol= 3.1 wt%
butanol= 6.2 wt%
pentanol= 3.8 wt%
hexanol™= 14.8 wt%

other oxygenates= 10.1 wt%
Cs hydrocarb.= 4.3 wt%
water= 0.3 wt%

8,10

..continued on following page

62



Table 1.3 continued:

process description catalyst type productb description references
Texaco Alcohol-Ester Ru oxide dispersed in a - methanol= 12.9 wt% 6
Process molten, quarternary ethanol= 59.5 wt%
-developed by Texaco phosphonium or ammonium propanol= 3.7 wt %
Chemical Company ~ salt acetate esters=. 10.3 wt%

-uses patented Ru
"melt" catalysts
-operating conditions
220°C, 430 bar

Dow Higher Alcohol Process agglomerated molybdenum methanol= 0-90% (variable) 11
-developed by Dow Chemical sulphides (alkali mixed alcohol octane= 120

Company promoted)

0€
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(13,14) a5 were found in early studies (1920-1930's) based on

(12),

catalysts

The selec-
(12,13)

ZnO or low activity Zn-Cr-Mn oxide methanol catalysts
tivity toward 'higher alcohol formation increases according to -
Li < Na <K <Rb<KGs
i.e. in order of increasing promoter basicity. Therefore, it would
appear that it is the base catalysed reactions that are promoted by

the alkalif!3),
The synthesis of higher alcohols from CO can be summarised by the
reactions(IZ):

2n Hz +n CO g CnH2n+lOH + (n-l) Hzo

(I'H-l) H2 + (2n-l) co -» CnH2n+10H + (n—l) COZ

The formation of highér alcohols via the hydrogenation of CO presents
a thermodynamically favourable pathway(lz), so at a given temperature
the stability of the alcohols increases with carbon number. Although
the synthesis of the higher alcohols would appear then to be a favour-
able mechanistic route for the CO hydrogenation reaction, in actual
practice the product distribution obtained is determined by kinetic,

(12), As a consequence, the

rather than these thermodynamic- factors
reaction pathway is limited and the lowest alcohol, methanol, is the
predominant product. It is generélly found that the higher alcohol
yield is maximised at operating temperatures and reactor = - contact
‘ (12,14)

. times  higher than normally used for methanol synthesis while

the required H,:CO ratio is lower.

Early studies into higher alcohol synthesis were based on low
activity catalysts that contained non-reducible oxides such as ZnO,
Cr,05 and MnoU215-17) The extreme operating conditions required by

(13)

these catalysts makes their use unattractive today and recent
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research has generally concentrated on studying the effect of promot-
ion on the behaviour of higher activity low pressure Cu/ZnO based

(12,13,18) e early research into the

methanol synt-hesis catalysts
higher alcohol synthesis was largely qualitative in its treatment of
results, and as such, provided little insight into the more quantita-
tive aspects of reaction kinetics and selectivity. The relative
complexity of the synthesis product distribution hampered efforts in
this direction and work to produce more selective alcohol catalysts
was concentrated on methanol synthesis. 'l;he development of high
intrinsic acti\}ity low pressure methanol synthesis catalysts based on
Cu/ZnO has allowed the higher alcohol synthesis to be carried out

(12’13). However, the mechanistic

under milder operating conditions
details of the higher alcohol synthesis are still not well understood,
and in particular, the nature of the influence of alkali promotion on
the synthesis has not been determined.

The use of alkali promoters in catalysis is not confined to

higher alcohol synthesis and they are also used in a number of other

catalytic processes. The promoter action can be manifest in several
(19), |

ways

-an increase in reaction selectivity or specificity

-an increase in catalytic activity

-prolonged effect on catalyst life
The effect of potassium promotion on the Fischer-Tropsch synthesis
has, for example, been more extensively studied than the effect of
pvromotion on the higher alcohol synthesis, and although a different
composition product is produced, there are sevel;al‘ elements in common
with the alkali promoted higher alcohol synthesis that are worthy of

note. Potassium is one of the key promoters of the Fischer-Tropsch
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reaction that is used to change the selectivity and activity of the
synthesis(zo).- Potassium promotion causes a shift in the product
spectrum toward longer chain molecules, and increases both the select-
ivity toward oxygenates and the olefinity of the hydrocarbon products.
Electronic interpretations of the promoter action have been present-
ed(zo), although the role of the promoter has also been attributed to
be one of a selective poison(21'23) that suppresses the hydrocarbon,

but not the oxygenate forming, reaction steps.
(1.3) Scope of the Thesis

Section 1.1 has presented aspects of trends in the predicted use
of methanol/higher alcohol mixtures, while section 1.2 has introduced
the alkali promoted higher alcohol synthesis as a catalytic process
for the production of such fuel methanol mixtures. Although the
effect of alkali promotion in higher alcohol synthesis has been known
for some some years, its mechanistic details are not fully understood.
The aim of the present study has been to elucidate details of the
effect of alkali promotion, and to re!ate this to a higher alcohol
synthesis mechanism.

The mechanism of alcohol synthesis on the Cu/ZnO low pressure
type of méthanol catalyst is ‘a complex process. Rather than attempt
to establish the influence of alkali promotion using such a catalyst,
this study has concentrated on the behaviour of a single component
(ZnO). As part of a future more w_ide ranging study, it is important
to establish the effect of alkali promotion on th'e. individual catalyst
components in this manner before the behaviour of the catalyst as a

whole can be quantified. ZnO itself, however, is a poor industrial
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alcohol catalyst since it has poor stability and low activity(lz).
Potassium promotion has been investigated since, although the

order of acti;/ity for higher alcohol synthesis decreases in the order

of Cs, Rb and KU2-1%) the high cost of Rb and Cs make them less

attractive on an industrial scale“z’l‘*),

and K is generally consid-
ered to be the most practical promoter.

The study has been primarily concerned with the effects of potaé-
sium promotion of an AnalaR grade ZnO on the decomposition of I[-
propanol and 2-propanol, determined using the technique of temperature
programmed desorption(zq); The two Cg3 alcohols are of particular
interest with respect to the alkali promoted higher alcohol synthesis
since typically only l-propanol is produced in any significant amount
“2’“‘). By injection of each alcohol into a synthesis gas feed
stream it has been demonstrated ‘that l-propanql and 2-propanol appear
to be derived from different surface reaction intermediates(”’w).
The adsorption and decomposition of reactants (CO, CO, and H,) and
other products (acetone, propene and water) have also been investig-
ated in order to fully characterise the adsorption and decomposition
behéviour of ZnO and potassium promoted ZnO.

By this method, temperature programmed desorption provides infor-
mation about the nature of the surface intermediates present in the
decomposition process, and hence, on the decomposition reaction mecha-
nism. However, the "principle of microscopic reversibility", which
assumes the character of the surface intermediates will be similar in
the forward alcohol synthesis direction, allows this infon;mation to be
used in formulating possible synthesis mechanisms. As an illustration

of this technique, studies using temperature programmed decomposition

and infra-red spectroscopy, have shown that methanol decomposes on ZnO
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(25’26’27). The same formate intermed-

through a formate intermediate
iate has been identified after CO, and hydrogen coadsorption on
Zno(zs), as well as during rmethanol synthesis itself(28’29) by infra-
réd spectroscopy. Although the synthesis of higher alcohols is more
complex and involves reactions generally considered to be consecutive
to that of methanol synthesis(lz’“‘), the study of the decomposition
of the reaction products, in a manner similar to methanol, can provide
important information regarding possible surface intermediates present
during the synthesis of higher alcohols. This techniqug then has

provided the basis for the experimental programme and for the

conclusions of this thesis.
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CHAPTER 2
SURVEY OF THE RELEVANT LITERATURE
(2.1) Introduction

The survey of the relevant literature has been divided into four
main sections. Section 2.2 presents. a summary of research into the
synthesis of higher alcohols using modified methanol catalysts. This
consists of two parts; section 2.2.1 reviews the period from around
the late 1920's to the date of the extensive review on the subject by
Natta(!) (1957), while section 2.2.2 covers the period from this date
up to the present. Each part presents a general description of the
catalysts used, the alcohol product distributions obtained, the effect
of operating conditions and mechanistic proposals. Section 2.3
describes aspects of the structure of zinc oxide in relation to its
properties as an adsorption and reaction surface, while section 2.4
reviews the literature concerned with the behaviour of zinc oxide
toward the adsorption of hydrogen, CO, CO, and water and as a surface
for the adsorption and catalytic decomposition ‘of‘ C, to C3 alcohols
and related compounds. Altihough the experimental work for the present
study was_concerneg s;;ecifically with an investigation of the Cj
alcohols, details.have.: also been presented for methano! and ethanol as

the behaviour of these alcohols is of direct relevance to the

consideration of the C; alcohols decomposition characteristics.
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(2.2) Higher Alcohol Synthesis
(2.2.1) Early Research

The first highly selective catalysts for methanol synthesis were

(12,30),  post practical industrial forms

developed in the early 1920's
of catalyst were based on mixtures of two or more oxides, with ZnO as
the most widely used oxide as a catalyst base in combination with a
promoter in the form of a another irrreducible oxide. A commonly used
promoter was Cr,03, although a wide variety and large number of ot-her

(30), These catalysts had a

catalyst compositions were also formulated
low intbrinsic activity, so as a general rule, the required methanol
and higher alcohol synthesis reaction conditions were QUite severe
(approximately 300-450°C and 200-250 atm pressure).

Early studies demonstrated that CO hydrogenation over alkalised

iron (synthol) catalysts(3l’32)

could produce a variety of oxygenates,
although the catalysts also had a marked tendency to form methane. | In
contrast, metal oxide catalysts were found to produce little methane
, and} to give a liquid product that consisted mainly of aliphatic alco-
hols(32). It was observed(lz’lj) that metal oxide methanol catalysts
produced under basic conditions (e.g. precipitation from basic solut-
ion) gave an increased yield of higher alcohols compared to similar
catalysts prepared under non-basic conditions (e.g. by the ignition of
metal nitrates). This was attributed(12) 1o the promoting action of
traces of alkali ions adsorbed on the catalyst surface_not removed
during the filtration and washing stéges of catalyst preparation.
These observations led to quantitative investigations of the influence
of the addition of various alkali promoters (Li, Na, K, Rb, Cs) to Cr-

Mn mixed oxide(]5’33) and ZnO“z) catalysts on the higher alcohol
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yield. The formation of higher alcohols was found to increase with
increasing basic strength of the added promoter according to:
Cs >Rb > K > Na > Li

Irhpregnation with Li, Na or K reduced the rate of catalyst activity by
an amount proportional to the amount of added alkali, while Rb and Cs
were found to have little influence on the output of liquid product
(15), Although Rb and Cs were the most favourable promoters in terms
of alcohol yield(12’33), cost was felt to prohibit their use on an
indusuﬂalscale(lzx The average composition of the reaction product
was found not to substantially depend on the kind of‘anion used with
the alkali during impregnation, while the relative promoting action of
the added alkalis (and the product compositions obtained) was also not
dependent of the exact nature of the catalyst(lzt The promotion
effects were attributed{!2) to the alkali basic strength and indepen-
dent to a large extent of interaction with the base catalyst.

The product distribution from the higher alcohol synthesis was
characterised by high branched to linear alcohol ratios. Téble 2.1
presents a representative alcohol product distribution obtained from a
Rb impregnated Cr-Mn oxide catalyst(33). In particular, within the
Co+ higher alcohql fraction, the main alcohpl was i-butanol, followed
in smaller amounts by Il-propanol and ethanol. For this catal&st
approximately 85% of the higher alcohol fraction consisted of i-
butanol and !-propanol.

A more complete analysis of the products obtained from potassium
impregnated ZnO was published by Natta et al(lz)., with the following
alcohols identified, demonstrating the complexity of the product dist-

ribution:
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Table 2.1: Quantitative analysis of alcohols from the higher alcohol
synthesis over a Rb promoted Cr-Mn oxide catalyst.

(9.8% Rb/Cr-Mn, 200 atm, 400°C, SV= 53000 hr'l), from reference (33)

alcohol total alcohol higher alcohol
fraction fraction
(Wt%) (wWt%)
methanol 76 -
ethanol ‘ 2 3.3
I-propanol | 8 333
i-butanol 12.5 52
n-butanol ' - -
B-methylbutanol 1.5 6.3

normal alcohols: methanol, ethanol, I1-propanol, I-amyl alcohol,

branched alcohols: iso-butanol, 2-methylbutanol, 2-methylpentanol,
3-methylpentanol, iso-amyl alcohol,
2-3—dirnéthylbutanol ,

secondary alcohols:iso-propanol, ethyl-iso-propylmethanol,
di-iso-propyl-butanol, propyl-iso-propylcarbinol,

tertiary alcohols: tertiary butyric and amyl alcohols.

A breakdown of the main alcohol products in the C,+ fraction is pre-

sented in table 2.2. Again, the major higher alcohol was i-butanol!l at

nearly 47% of the C,+ fraction, .followed in lesser arﬁounts by 1I-

propanol, ethanol and 2-methyl-butanol. Iso-butanol and 1 -propanol

together accounted for nearly 60% of the C,+ alcohols. The similarity

of this product distribution with that given in the previous table
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Table 2.2: Quantitative analysis of alcohols in the Co+ fraction
from the higher alcohol synthesis over K promoted ZnO.

(9.3% K,0/ZnO, CO:H,=4, 400-420°C, 400 atm, SV= 1700 he= 1), from
reference (12).

alcohol fraction of Cy+

(wt%)
ethanol 4.2
l-propanol 11.6
2-propanol 3.7
n-bﬁtanol 2.0
i-butanol | 46.7
2-methylbutanol 4.8
higher alcohols BP > 107°C 4.3
higher alcohols 107°C < BP > 180°C 15.1
higher alcohols BP > 180°C ' 7.8

further demonstrates the independence of the distribution to the exact
nature of the catalyst or promoter as noted previously.

Temperature was noted to be the most important operating param- -'
eter in higher alcohol synthesis over alkali promoted oxide cataly-

(32),

sts with higher alcohol formation occurring to an appreciable

extent only when the reaction was operated at temperatures of 400°C

(12’32). There appeared to be critical temperature below

and higher
which the reaction led primarily to methanol and above which there was
found to be a sharp increase in the selectivity to higher alcohols
(12,32). |

High space velocities were employed for methanol synthesis to
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increase the purity of the final product through decreasing thé react-
ion time for possible unwanted reactions producing side products(lz).
Since higher élcohols appear to be produced by reactions consecutive
to that of the methanol synthesis, lower reactor space velocities
were found to be needed than for the corresponding methanol synthesis
reaction{17).  The effect of contact time on the higher alcohol yield
from K ‘promoted Zn-Mn-Cr oxide cataiyst is shown in figure 2.1“6).
Considerable methanol in the final product can be seen to be produced
even at low space velocities where thermodynamically the amount of
methanol (at the 400°C reaction temperature) in equilibrium with the
higher alcohols should have been be neglible(lz). This indicated the
reaction product distribution to be kinetically, rather than equilibr-
ium, limited.

The best yields of higher alcohols were obtained(lz) when the
CO:H, ratio was higher than the stoichiometric ratio of 0.5 required
by the reaction:
nCO+2nH, = CHy, |OH + (n+l) H,0
Water vapour appeared to act as an inhibitor for the formation of
higﬁer alcohols“é) by being sélectively adsorbed on the catalyst
surface and blocking active sites for alcohol synthesis and it was
suggested“G) that excess CO promoted the higher alcoho! synthesis by
removal from the catalyst of any-water formed by alcohol condensation
through the reverse water gas shift reaction. A reactant feed comp-
o’sed of only CO, and Hj yielded only methanol and no higher alcohols,
although Natta“z) has noted that higher alcohols can beA formed from
CO,/H, feeds in contradiction to this, citing Russian publications as

evidence for this.
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Figure 2.1: Plot of the effect of contact time on the alcohol yield
over a potassium promoted Zn-Mn-Cr catalyst. (a)= methanol;
(b)= alcohols higher than butanol; (c)= propanol; (d)= butanol;
(e)= ethanol; (f)= acids; (g)= aldehydes. From references (16).
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It was noted that the high branched content of the product alcoh-
ols showed the mechanism of the higher alcohol synthesis to be drasti-
cally differer{t to that of the Fischer-Tropsch synthesis where only
linear alcohols were obtained{!7). Several early higher alcohol synt-
hesis mechanisms were proposed to explain this. In a scheme proposed
by Fischer(31) higher alcohols were produced by the direct addlition of
CO tc; methanol to form acids, which were reduced to aldehydes and
alcohols or decomposed to ketones. Morgan et al(l5) proposed an
alternative mechanism based on the aldolic condensation of formaldeh-

yde, while Frolich et al(16) and Graves(34)

suggested that higher
alcohols were produced by the successive condensation of lower alcoh-
ols according to simple addition rules.

Natta(lz) proposed a mechanism that accounted for the promoting
effect of the alkali by including the formation of alkali salts of
fatty acids into the reaction scheme. According to this hypothesis
the higher alcohol synthesis took place with the following consecutive
steps:

(i) synthesis of methanol, catalysed by ZnO:

CO+2H, * CH3OH |

(ii) formation of potassium methylate by reaction of the methanol with
the alkali or with alkali zincate:

CH3OH + KOH + CH3;0K + HyO or

CH3OH + KZnO, + CH30K + Zn(OH)OK

(the formation ofialkali zincéte according to Natta could take place
in the temperature range of the alcohol synthesis by the -reaction:
ZnO + 2KOH + K5ZnO, + H,0)

(iii) reaction of alkali methylate and CO to form alkali acetate:
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(iv) hydrogenation of alkali acetate to alkali ethylate:
CH4COOK + 2Hy + Hy0 + CH50K

The water for'med in the above reactions provoked the hydrolysis of the
alcoholates thus regenerating the KOH and forming ethanol:
CH50K + HyO » CH50H + KOH

The portion of C,H50K not hydrolysed could react with CO to form
alkali propionate which in turn was easily reduced to alkali
propylate: ° H,
GHs0K +CO + CH;COOK + C3H,OK +Hy0

The C3H,OK Qas hydrolysed as before to give the corresponding alcohol
plus KOH. The formation of 2-propanol was explained by inclusion of
the possibility of thermal decomposition of CH3COOK to acetone and
reduction to the alcohol. Primary linear higher alcohols could be
formed by the direct hydrogenation of the salts of the corresponding
fatty acids or by the thermal decomposition of mixtures of alkali
formate and alkali salts on fatty acids:

HCOOK +CH3CO + CH3CHO + K,CO4

CH3CH0;H2 + CH3CH,OH |

Nat.ta bointed out that the mechanism of formation of higher alcohols
thro.ugh the direct reduction of fatty acid salts was unable to explain
the fact that in the higher alcohol synthesis only a small amount of
ethanol was produced. The high yields of i-butanol and I1-propanol were
suggested by Natta to be due to the acids from which these alcohols
were formed being adsorbed more readily than those for the formation
of other branched or primary alcohols. "He alsq proposedA the possibil-
ity that 2-propanol, formed by the reduction of acetone, reacted

promptly with CO to give i-butyric acid, which in turn underwent

reaction with alkali formate to yield i-butanol.
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(2.2.2) Recent Research

Recent studies of the alkali promoted higher alcohol synthesis
have generally been based on high activity Cu/ZnO methanol catalyst
férmulations. These catalysts allow the use of much less severe
operating conditions than those reported by the early higher alcohol
synthesis studies (section 2.2.1), a.significant improvement since a
lower temperature favours the equilibrium yield of higher alcohols
(14), Alkali promotion of these catalysts results in a similar change
of product selectivity as found by the early catalyst ‘studies (section
2.2.1). Smith and Anderson(1#) investigating the effects of adding. a.
K,CO3 promoter to a commercial Cu/ZnO/A1203 based methanol catalyst in
a laboratory differential flow reactor found alkali promotion led to
an increase in the selectivity for higher alcohols, giving a product
distribution similar to that reported by the early studies described
in the previous section (table 2.3). Methanol was found to be the
predominant product, with the higher alcohols 2-methyl-1-butanol (iso-
butanol), ethanol, l-propanoll and pentanol occurring in significant
quantity in the C,+ fraction. A maximum in butanol (i- plus n-butan-
ol) selectivity was obtained fdr a 0.5% K,CO3 promoted catalyst.

Klier et al(l3’18) conducted a study based on a similar Cu/ZnO
methanol synthesis catalyst (30/70 composition) and found alkali prom-
otion to cause three effects: (i) an increase in activity of the
Cu/ZnO catalyst toward methanol synthesis, (ii) a change of the Co,
dependence of the methanol conversion, and (iii) a change in select-
ivity in favour of C,-Cy alcohols and esters. The main effect of the
alkali promotion was the increase in the methanol synthesis rate at

lower temperatures and higher H,:CO feed gas ratios. The most
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significant enhancement was given by the strongest base studied., CsOH,
indicating that it was the base catalysed reactions that were promoted
by the system-. The promotional effects of the alkalis with respect to
the methanol synthesis rate were found to be in the order:

Cs > Rb > K > Ba = undoped > Na >Li
The main mechanistic function of the Cs in relation to these promotion
effects was proposed by Klier et al(ls) to be the activation of the CO
by the formation of a surface formate according to:
G*OH™ + CO * HOOOGs*
which was further reduced by hydrogen to C; surface preéursor interme-
diates of methanol. The hydrogenation was accompanied by a parallél
decomposition to carbon dioxide and hydrogen, thus completing the
shift reaction and rapidly removing the surface hydroxyls which retard
the activation of hydrogen in water rich syn-gas. The promoting role
of the Cs ions was proposed to be due to their removal of this water,
thus enhancing the methanol synthesis rate{(18), At higher tempe‘ra—
tures and lower H,:CO fatios, the base-catalysed carbon-carbon bond
forming reactions were found to be promoted, increasing the higher
alcéhol yield“8). Within the higher alcohol fraction (from a Ba .
promoted catalyst) the main alcohols produced were reported by Klier
et al(-13) to be l-propanol, ethanol and 2-methyl-1-propanol.

A study of a K promoted Zn-Cr mixed oxide catalyst by Di Conca et
al(35), with respect to higher alcohol synthesis, found the potassium
to be present essentially only on the surface of the catalyst in a
free form rather than form any special compounds. An iﬁcrease in the
selectivity for higher alcohols was found for temperatures greater
than 653 K, with i-butanol the main alcohol obtained. It was conclud-

ed that the potassium did not appear to modify the nature of the
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Table 2.3: Quantitative analysis of alcohols from the higher alcohol
synthesis over potassium promoted Cu/ZnO/A1203. From reference (14)

alcohol selectivity(a)

alcohol
total higher
alcohols alcohols
methanol 61.4 -
ethanol 4.8 12.4
2-propanol 1.8 4.7
1-propanol 9.2 23.8
1-butanol 2.5 6.5
2-butanol v 1.7 4.4
2-methyl-1-propanol 13.8 35.8
pentanols 4.8 12.4

(a)= (C atoms in alcohol)/(C in total alcohols) x100%

hydrogenating centres on the catalyst surface and its role as a pro-
moter for higher alcohol synthesis was attributed to its basic charac-
ter.. This conclusion favoured the condensation of formaldehyde and/or
formiate in agreement With the mechanism proposed earlier by Natta(lz)
(see section 2.2.1).

The addition of alkali promoters has been found to cause a de-
crease in catalyst surface area(”’l#’ls’”). Klier(lg) reported the
addition of alkaline earth and Li hydroxides to the Cu/ZnO catalyst
described above resulted in a 10-23% decrease in area, while other
alkaline compounds caused a more dramatic 40-50% reduction; Cs concen-
trations as small as 0.1% were found to cause a significant area

toss{18),  This was attributed to a lowering of the surface energy of
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the catalyst particles that removed the driving force for particle
growth(lg), resulting in the formation of larger catalyst particles

(13,18,35) to the formation

during the catalyst precipitation stage
of K,Cry0,(39).

Smith and Anderson(lq) found a strong temperature dependence for
the higher alcohol product distribution over the range 533 to 558 K,
based on a 0.5% K,CO3 promoted Cu/ZnO catalyst (table 2.4). At 533 K
there was neglible selectivity toward butanol, while at 558 K up to
7.2% butanols (mainly 2-methyl-1-propanol) were obtained.

Butanol selectivity is also favoured by high CO:H, feed gas
ratios(”’w). At a ratio of 0.5, Smith ét al(“‘) found the butanol
selectivity to be almost independent of the conversion, while at a
ratio of 2 selectivity was found to be a strong function of reactant
conversion. These results suggested that decreasing the CO to H,
concentration decreased the relative rate of hydrogenation of the
methanol precursor and inhibited methanol formation. Decreased Cé:Hz
ratios were also found by Klier et al(IB) to suppress the formation
rate of branched primary alcohols in favour of linear alcohols.

Correlation of the effects of CO and H, partial pressures on the
alcohol production rate to an emperical rate law by Smith et al(M)
has shown the production rate of 2-methyl-l-propanol to vary approxim-
ately with the square of the CO partial pressure, while being almost
independent of the H, partial pressure. The selectivity for 2-methyl-
l-propanol relative to methanol also showed that CO rich syn-gas
inhibited methanol production.

" For méthanol synthesis normally a small amouﬁt of CO, in the syn-

gas feed enhances the methanol production rate(l,3). Howéver, Klier et

a1(13) found alkali promoted Cu/ZnO showed a reversal of this
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Table 2.4: The effect of operating temperature on the higher alcohol
selectivity over potassium promoted Cu/ZnO catalyst.

(inlet space velocity= 2100 hr™!, H,:C0=0.89,
catalyst= 0.5% K,CO3/Cu/ZnO). From reference (14).

reactor temperature (K)

alcohol
533 548 558
methanol | 96.5(a) 83.6 73.7
ethanol 2.2 7.1 6.9
2—propaﬁol v 0.1 0.9 0.5
1-propanol 1.0 by 5.4
I-butanol - 0.1 1.0 2.3
2-butanol | 0.0 1.0 0.9
2-methyl-1-propanol 0.1 1.6 4.0
pentanols - 0.3 0.4

(a)= (C atoms in alcohol)/(C in total alcohols) x100%

behaviour with the addition of CO, to the feed syn-gas inhibiting the

(13).  This was attributed to the possible

methanol prvoduction rate
formation of a su‘rface carbonate species obtained by the reaction of
the CO, with alkali hydroxide. This carbonate was proposed to be
inert in the alcohol synthesis, causing blockage of the aétive sites
and resulting in the observed inhibition of the alcohol synthesis
rate(13),

A modified condensation chain growth scheme for the higher alco-

(34),

hol synthesis, similar to the earlier mechanism of Graves was

proposed by Smith et al(36).  The model extended Graves' simple chain
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growth scheme according to the following rules:

(i) higher alcohol formation results from the reaction of
two intermedi.ates of lower carbon number, with at least one of these
having a carbon number of one or two, so that chain growth is by one
or two carbon addition only.

(ii) addition occurs at the o or B carbon (with respect to
the hydroxylated carbon atom) of the reaction intermediate (with the
latter being the fast step). Two carbon addition does not occur at an
o carbon.

(iii) it is assumed that all of the reaction rates are first
order with respect to the concentration of the growing surface inter-
mediate (including desorption of this intermediate), the rate con-
stants are independent of the carbon number and that all steps are
reversible.

Estimates of the distribution parameters were obtained by Smith
et al(“‘), from experimental results, by non-linear square estimation,
with carbon addition to an adsorbed species assumed to stop following
B addition to an a substituted intermediate or o addition to a B
subétituted intermediate (the latter case allowing for the relatively
large amounts of 2-methy1-‘l—propanol formed(“‘)). For a general ad-
sorbed intermediate the possible reactions predicted by this mechanism

are:
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*-RCCOH ———— *-RCCC
o

|~ *-RCCOH
C

I~ *-RCCOH
C
¢

d

L RCCOH

where *-RCCOH is the adsorbed surface species, a and b the first order
rate constants for one carbon addition at the o and B positions respe-
ctively, ¢ the first order réte constant for two carbon B addition and
d the desorption rate constant.

Smith et al used _this model to successfully predict experimental-
ly observed(14) product distributions. For the major alcohol compon-
ents ethanol, l-propanol, 2-methyl-l-propanol and pentanol, the pre-
dicted values were found to agree to within 10% of the experimentally
measured values. The high methanol selectivity was shown to be a
result of a slow initial growth step, while the large 2-methyl-1-
propanol selectivity was due to o addition being the only growth step
of £he 2-methyl-1-propanol intermediate. The probability of the init-
ial growth step was found to have the most significant effect on the
alcohol selectivity; for greater higher alcohol selectivities this
probability must be large (i.e. the rate of one carbon o addition
relative to desorption must be high) to allow the methanol precursor
to react and not to desorb as methanol.

Klier et al(13) have proposed a mechanism for the Higher élcohol
synthesis based on the stepwise addition of a gerieral C, intermediate

to a reacting alcohol chain:



52

‘i‘o io-H
R-C-C-C-O-H
I |

Yc Bc o¢c Tico

where o, BC, and Yc are defined as attachment of the intermediate by
its C end onto the o, B and vy carbons of the reacting chain, %o
attachment of the intermediate by its oxygen ét the a carbon, and ic_q
and ig_y insertions of the C; intermediate at the o carbon into the C-
O and O-H bonds of the >g-rowing alcoho! chain.

The possible reactioné and types of products allowed by this

scheme are:-

C
o giving: RCCC-OH (secondary alcohols)
¢
Bc giving: RCCC-OH (branched primary alcohols)
G
Yc 8iving: RCCC-OH (branched primary alcohols)
0o giving: RCC%-OH (methyl esters)
ic_o glving: RCCC-C-OH - (linear alcohols)
| , Q
ig_y 8iving: RCCC-O-CH (formate esters)

The experimental results of Klier et al“3) showed the rates of
the o, Yc and ig_p additions to be neglible, ay to be more effective
than i5_y for ester formation and that B¢ addition dominated the
synthesis of the C3+ products. At high CO:H, ratios, and in the
pfesence of alkali promoters, the efficiency of Bc addition was domin-
ant, while at low ratios, and on unpromoted Cu/ZnO catalyst, the

addition was suppressed in favour of the ic_o linear growth insertion.
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An aldol synthesis involving aldehyde precursors or products of alco-
hol dehydrogenation was proposed to account for the influence of the
alkali and feed gas composition:

-
RCH,CH,CH,0H ¥ RCH,CH,CHO+H,

RCH,CH,CHO + CsOH ¥ RCH,CHCHO + H,0
|

Cs*
H, + CO = H O H H* O H
2 \C// l 5 \C/ I
_ N _ ‘
RCHZC:ZHCHO . H\C/O . RCH2(|:HCHO . RCHz(I:HCHZOH
Cs* — CHO™Cs* CHj,
1

+ CsOH

Since only primary or secondary, but not tertiary, B carbons are
attacked in this scheme, the promotional effect for branched higher
alcohols would be greatest in the presence of stronger bases (found
experimentally(u)).

The formation of surface alkoxide and acetate species was pro-
posed as a likely route for the ico process, similar that the earlier
mechanism of Natta(IZ) (see section 2.2.1):

RCH,O™ + CO + RCH,COO"

RCH,COO™ + 2H, + RCH,CH,OH + HO~

Since this reaction requires hydrogen, it would be favoured by a low
CO:H, ratio as was observed experimentally.

Manazec(37)- has presented a furthgr mechanism for higher alcohol
synthesis in order to explain the high branched to linear ratio of the
alcohol products. In this scheme, the chain initiation step is pro-

posed to be the formation of a bound formyl species, produced either
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by the interaction of hydrogen and CO on the metal oxide surface, or
by the reduction of surface formate species by hydrogen. The primary
mechanism for chain growth is a CO insertion into the metal-carbon
bond of the formyl to make a cyclic acyl. Through an isomer interme-

diate the acyl rearranges to form an enediolate, via a 1,2 hydrogen

shift:
TN
" M/ \M/ | \ /

Hydrogenation of the enediolate is rapid in the presence of excess

hydrogen forming a coordinated diol, which dehydrates to form a coord-

inated enol:

CH=CH | CH _CH CH -CH CH-C
o Yo +H, ¥ 2, x z + HO N0

Protonation of the enol then leads to the formation of a bound alde-

hyde containing one more carbon atom, thus completing the chain growth

cycle:
CH,-CH . 3

HO, “=N0 +H* 3 “SCH—O0
\M+ \M/

Chain growth continues by subsequent CO insertions that follow the
same steps. For growth involving 3 carbon atoms the coordinated 1,2
propanediolate intermediate can dehydrate to give two possible enol

structures:

CHs | <|3H3
CH- or C-CHy
HO_ "=NO o7~ “oH
Nt /

m* ™
Manazec proposes formation of the enol with the central methyl group

to be favoured since it is less sterically hindered and because of

electronic factors which would favour the electron donating methyl
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group to be situated on the less electron rich central carbon atom.
As a result, the reservoir of surface enol species would favour the
branched, rather than the linear, enol. The enols are protonated to
their respective aldehyde structures according to the mechanism given
above, and the cycle is continued- via a third CO insertion step to
form the acyl species. The acyls are then available to undergo a 1,2
hydrogen shift. In the case bf the branched enol, there are only
methyl species available for participation in the shift, and since the
migratory aptitude of methyl is much lower than that of hydrogen, the
branched acyl would undergd competing reactions such as hydrogenation
to the alcohol (i-butanol) which can be desorbed from the surface.
The desorption of this alcohol serves as a kinetic drain of alcohols
from the system. In comparison, the acyl derived from the linear enol
has hydrogen available for the 1,2 shift so can be trénsformed into
the enediol and undergo further chain growth. Hydrogenation is still
a competing reaction but, because the 1,2 shift is rapid, chain growth
is favoured over alcohol formation.

Manazec(37) proposes the differences in stabilities of the two
enoiates, and the different reactivities of the acyls formed by CO
insertion into the enolates, to explain the tendency for branched

alcohol formation in the higher alcohol synthesis.
(2.3) Zinc Oxide Crystal Structure

Since the catalytic activity of ZnO has been shown not only to be
affected by the chemical composition, but also by the detailed atomic

(28) it is first necessary to consider in

arrangement of the surface
detail the structural nature of ZnO before its properties as an adsor-

bate are described.
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ZnO hés a hexagonal wurtzite crystallite structure where the zinc
and oxygen ions are in tetrahedral coordination within the lattice
(38), The bonding in the lattice is intermediate between completely
ionic and completely covalent, with both ions being more polarizable
than in a perfect crystal and carrying an effective charge of only +
0.5¢(38), Cleavage of the idealised crystal structure along the plane
normals forms the three low index surfaces as shown in figure 2.2; the
polar Zn (0001) and O (0001) and the non-polar (1070) crystal faces.
The structural environments of the Zn and oxide ions in each of the
three surface types arevdifferent hence each plane can be expected to
possess different adsorbent and catalytic properties.

(i) Zn (0001) Polar Surface

The Zn (0001) polar surface carries an outwardly situated layer
of zinc ions. Each cation is coordinated to three underlying lattice
oxygens with a fourth coordinatively unsaturated ("dangling") bond

(39), 1t has been predicted(go) that surface

normal to the surface
reconstruction will occur so that the Zn ions will settle toward the
trigonal holes of the underlying oxide layer. The Zn (0001) surface
is pictured as being a layer of Zn ions, still uppermost, but closer
to the underlying oxide layer than they are in the idealised struc-
ture. Some relaxation of Zn ions into the oxide layer has been

measured by LEED studies(39).

In order to satisfy the charge compensation criterion(“’lﬂ), it
is predicted that every fourth Zn cation will be lost from the freshly
pfepared surface, thus creating a surface with Zn vacancies each

surrounded by three saturatively uncoordinated oxide ions.
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Figure 2.2: The crystalline structure of zinc oxide.
e = zinc; (=oxygen.
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(ii) O (0001) Polar Surface

The O (QOOT) surface has a structure complementary to that of the
Zn (0001) plane, consisting of a layer of oxide ions with underlying
lattice Zn ions(39’4o). Atherton et al(“) and Morimoto(w) have also
predicted a surface reconstruction where the Zn cations occupy the
trigonal sites formed by surface oxygens to give a three fold oxygen
coordination. This reconstruction however initially leads to each of
the surface oxygens having a distorted octahedral coordination and to
the cations being at a sh;rter distance from the second layer Zn than
the distances present in the crystal bulk. By "expanding" the surface
layers so to leave the surface oxygens in a regular octahedral c.o—.
ordination, the first-to-second layer Zn-Zn distances are relaxed so
they become virtually the same as those existing in the crystal
buik(43),

An alternative cleavage line to produce the (0001) plane has also
been considered by Atherton et a1(43) and Morimoto et al(ua) where .the
O (0001) face was defined as consisting of an outermost layer of Zn
ions singly coordinated to lattice oxygens. Surface reconstruction
was proposed to occur by higration of t-he Zn ions toward the lattice
to occupy the trigonal sites formed by the lattice oxygens.

More recent LEED studies(38:%5) have provided .conflicting
evidence for any (0001) surface reconstruction where it has been shown
that for freshly cleaved crystals in vacuo, surface reconstruction did
not occur but the charge compensation criterion was sat_isﬁed by the

(46) and

loss of every fourth oxygen ion (per> Zn ion). Bocuzzi at al
Griffin and Yates(“) have also favoured such an interpretation in
which the charge compensation criterion was satisfied by the removal

of every fourth oxide ion. In correspondence with each oxygen vacancy
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there is formed a triplet of uncoordinated Zn ions surrounded by a
two-dimensional hexagonal structure of oxide ions.

(iii) (1010) Non-Polar Surface

The (1010) prism surface plane, unlike the polar surfaces, is
charge balanced and therefore electrically neutral since it contains
equal numbers of oxygen and Zn ions. " The centres of the Zn and oxygen
atoms are coplanar and eéch of them coordinates three counter

(40,

ions(“‘). - No surface reconstruction is predicted to occur a

result also confirmed by LEED studies(38’a5). The relative electrical
neutrality of the (1010) face has been reflected in the -results qf
Gopel and Lampe(w) who found the ZnO prism surface to be an almost
ideal semi-conductor compound surface for systematic studies of rever-
sible solid/gas interactions, 'exhibiting well defined and stable sur-
face geometry.

In general ZnO catalysts are subjected to high temperature (appr-
oximately 673 K) calcination treatment in order to be catalytically
activated(38), This activation is likely to be related to the format-
ion .of a defective crystal structure that deviates considerably from
the ideal low index cleavage surfaces described above. The formation
of defects has been shown to be a strong function of both the method
of ZnO sample preparation and pretreatment conditions employed([ﬂ).
’Esserv et al*8) felt that a consequence of this was a possible reason
for the irreproducible and sometimes céntrédictory results that have
been obtained for ZnO in the past.

s Gopel and co-workers(47’53’54) have shown surface oxygen vacanc-
ies are readily formed and become experimentally measurable at temper-

atures above 700 K, and at these temperatures exist in thermodynamic
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equilibrium with the ZnO lattice. The equilibrium concentration of
defects can be modified by the presence of oxygen gas during the
sample heating. Further exposure of a ZnO single crystal surface to
oxygen at room temperature was found to remove surface vacancies.
Such oxygen vacancies have been found to act as specific sites for
strong CO, chemisorption(l“g), reflecting the important role that such
defects play in determination of the catalytic characteristics of ZnO.

Heating a Zn (0001) single crystal surface to 570-670 K 4in vacuo
has been shown(30) to result in a LEED pattern that indicated regular
step formation of one unit celi height, corresponding to steps of
(10T0) surface separated by terraces of (0001.) structure. In addit-
ion, "real" ZnO may contain high index planes. These high index
planes will contain é high density of steps and kinks, although it has
been proposed that they can be regarded as being analogous to a highly

(49),  The existance of point and line

defective low index surfaces
defects associated with real surface has been shown by a number of
studies to considerably modify the surface properties of ZnO (see also
section 2.4). The higher reactivity of anion vacancy sites is due to
the exposure of three Zn cations around the defect site with 'dan-
gling' bonds(5o), while the atoms existing‘along the edges of the
steps have immediate surroundings which are different in number and
configuration of nearest neighbours and in the number and type of
dangling bonds compared to th'ose of surface atoms in the 'flat' port-
ions(®1), 11 has been noted that adsorption and reaction on stepped
surfaces can be enhanced because of the special sites provided by the
sfep edges. Work has shown(30) that surface step sites are analogous

to anion vacancy sites since they expose two Zn cations with a similar

bonding environment i.e. can be considered as a line of point defects.
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Thermal desorption studies(jo)

have found step sites to possess
similar adsorbent characteristics as anion vacancy point defects,
indicating the local environment of a step site to be closer to that

of an anion vacancy than a site on a terrace structure.
(2.4) Adsorption and Decomposition on Zinc Oxide
(2.4.1) Hydrogen Adsorption on Zinc Oxide

Although the chemisorpﬁon of hydrogen onto the surface of zinc
oxide has been the subject of many investigations, the exact nature of
the adsorption process is still being debated among the workers in the
field. At room temperature two main forms of adsorbed hydrogen on ZnO
have been identified(l’O), designated Types I and II. Type I adsorp-
tion is characterised as being fast and reversible, occurring only on
sites that constitute approximately 5-10% .of the total ZnO surface
(40’55). The equilibrium for Type I adsorption has been found to be
90% complete in 30 minutes, with full equilibrium reached in 1 hour.
It is generally agreed that Type I adsorption is in the form of

(41,55,56,46,57) o the basis

hydride/hydroxy!l pairs on the ZnO surface
of spectroscopy studies. Type II adsorption is strong and irreversi-
ble, and although initially fast, continues at a very slow rate for

(40). More recently(57) Type Il adsorption has been shown

several days
to consist of two stages; adsorption onto the non-polar (1010) face to
form a stable bridged hydrogen complex, followed by a very slow diffu-
sion into the crystal bulk. The Type I and Il adsorption species have
been found to be independent of each- othér indicating separate adsorp-
(58)

tion sites are involved

Temperature programmed desorption studies have further revealed
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up to 7 different adsorption forms for hydrogen(59’6o’6l), although

some correspond to low temperature states that are not populated at

room temperature(m’e?‘).

High temperature adsorption states have also
been identified whose presence is a function of the non-stoichiometry
of the ZnO sample investigated(so).

Types 1 and Il adsorption have been shown to have different
catal);tic activities. Type I hydrogen has been identified as respon-

(62) and with the active sites

(58,62)

sible for catalytic hydrogen activation
for hydrogenation and exchange reactions However, a recehtly
published study by Roberts and Griften(27) has shown Type 'I sites are
not essential for methanol synthesis. Although Type II hydrogen has
been found to be unreactive in the ethylene hydrogenation reaction, it
was noticed that the presence of Type Il hydrogen was found to exhibit
a promoting effect on the reaction rate(l*o).

The effect of oxygen treatment both at room and high temperatures
was negligible for Type I and only slight for Type II adsorpt'ion
» (40’63), indicating the adsorption sites to be independent of the
electronic state of the ZnO surface i.e. degree of surface reduction.
An épparent oxygen poisoning effect for hydrogen adsorption appeared
to be caused by hydrogen‘ remaining on the surface during oxygen treat-
ment reacting to form adsorbed surface hydroxyls that inhibit hydrogen

adsorption(27’40).

(40,46) for the active sites responsible for

Early proposals
hydrogen Type I chemisorption were based on the Zn ions situated in
the trigonal holés of a close-packed layer of oxide ions formed by the
reconstruction of the (0001) polar face. These Sites would only

occupy a fraction of the surface. Corresponding to each oxygen

vacancy is formed a triplet of uncoordinated Zn ions surrounded by a
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hexagon of oxide ions in the outermost layer. Hydrogen adsorption
occurs through heterogeneous dissociation to form hydride and hydroxyl
pairs on one of the Zn ions in the triplet and on an adjacent oxide

(46).

ion in the surrounding hexagon A similar active site geometry

has also been proposed involving the reconstructed Zn (0001) polar

(27,41),

surface The Zn polar face was favoured over the O polar since

the adsorption of hydrogen was found to not produce surface OH bands
consistent with adsorption on the oxygen rich O polar surface (41),
Reconstruction of this surface (by the loss of every fourth cation)
forms a hexagonal array of Zn cations surrounding oxygen arﬁons. The
clusters of adjacent exposed Zn cations, adjacent to the cation, were
proposed to be the Zh-O pair sites of Type I adsorption, subject to

the constraint that not more than one hydrogen adsorption site existed

for each missing cation*1),  The Type 1 sites have been further
(64)

associated with sites on stepped or pyramidal low index surfaces
that present two rows of face-to-face uncoordinated Zn cations with
different orientation dangling bonds with respect to the surface. The
hydrogen molecule is strongly polarised by thése cations and, as a
result, undergoes dissociation.

The nature of the active sites for Type Il adsorption has been
less well defined. Dent and Kokes(#0) felt this form of adsorption
involved partial penetration into the ZnO bulk structure along octahe-
dral channels between the Zn and O lattice atoms, while Boccuzzi et
al(46) proposed Type II adsofption involved the following hydrogen
bonded and bridged structures:

LN

O-H..O and Zn Zn
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Such an active centre was more complex than proposed for Type I
adsorption, implying the extended interaction of a hydrogen atom with
greater that one oxygen and zinc atom and that this type of adsorbed

hydrogen is located in subsurface cavities of the ZnO lattice(#6),
(2.4.2) Carbon Monoxide Adsorption on Zinc Oxide

The adsorption of CO is sensitive to the surface condition of the
Zn0O employed(l‘g) and as a consequence, some inconsistancies in its
behaviour havle been repérted in the literature. Early research has
identified two CO adsorption forms on ZnO(65’66’67); cA)nev non-activated
reversible form predominant at room temperatures, and an activated
strongly bonded form “occurring at high‘temperatures(67). The high
temperature form was found to be removed as CO, on heating(65) by
surface reduction of lattice oxygen, leaving an oxygen vacancy in the
ZnO surface that appeared to be stable at room temperatures(68). The
activation energy for the CO derived COé desorption was found to be
identical, within experimental error, to that obtained for CO, desorp-
tion(69), in further confirmation that its formation was through
chehical reduction of the surface(6?) by CO reacting with lattice
oxygen to yield chemisorbed CO5 and oxygen vacancies V(O*S'). This
irreversibly bound form of CO is- found to cover only a fraction (5-
10%) of the total ZnO surface(qo’m).

Temperature programmed investigations(jo) of the behaviour of the
(10T0) single crystal ZnO surface have shown that while CO desorbed as
CO, from a stoichiometric surface (little CO desorption Qas observed),
only CO desorption was detected after adsorption onto a reduced (1010)
surface that contained anion vacancies. This suggested that surface

reduction of the ZnO occurred to form the CO,, rather than a
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disproportionation of CO to CO, and C(50).

Esser et'al(qg) proposed two mechanisms for the catalytic oxida-
tion of CO; a high temperature one (T> 600 K) characterised by extre-
mely short mean residence times of adsorbing or interacting molecules,
and a low temperature one (T< 450 K), where the chemisorbed complexes
were thermodynamically stable on thé ZnO surface. Both mechanisms
involved the adsorption of CO as a CO, surface complex associated with
lattice oxygen forming a surface oxygen vacancy. The rate of CO
oxidation had the same temperature dependence for both the poly-
crystalline powder and single crystal ZnO samples and it was concluded
the CO oxidation reaction was face specific to the (10T0) surface.

Various proposals héve been made as to the nature of the CO
adsorption sites. Studies of the room temperature interaction of H,
and CO on ZnO found that CO appeared to be adsorbed onto exposed Zn
cations associated mainly with a reconstructed O polar surface(#6:71),
The active sites for CO adsorption were proposed to be the "triplet"
of Zn cations formed by the loss of one in every four oxide ions from
this surface (due to surface charge stabilisation), with one Zn cation
the site for dissociative adsorption of hydrogen (in association with -
an adjacent oxide- see previous section), and the remaining'two unco-

("‘6). The active sites

ordinated Zn cations, the CO adsorption sites
have also been proposed to be associated with a reconstructed Zn
(0001) polar sﬁrface(al) where every fourth cation is removed to
expose an hexagonal array of Zn cations surrounding oxygen anions (see
pfevious section).

Cheng and Kung(jo) felt the CO adsorption mode would be stronger

at surface anion vacancies (where three cations around a vacancy each
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could have one coordinatively unsaturated bond pointing at the anion
vacancy), or at steps (where the two Zn cations associated with the
step have similar dangling bonds). At both types of site, the elec-
tron density available for interaction with the CO would be higher
than on a stoichiometric (1010) surface resulting in a stronger inter-
action that would lead to only CO desorption. CO interaction with the
stoichiometric (1010) surface was found by Cheng and Kung to be very
weak (in contradiction with Esser et al(l“g)).

Bowker et al3) found no detectable amounts of CO to be desorbed
from a terminally reduced polycrystalline ZnO sample, but for CO dosed
* onto a less defected surface, coincident CO and CO, desorption occurr-
ed at temperatures the same as found after CO, dosage onto a reduced
ZnO sample. This was also interpreted as indicating that CO adsorp-
tion was associated with surface anions and formed carboxyl-type
surface species, which, dependent on the degree of non-stoichiometry
of the ZnO, desorbed or decomposed to CO, and CO. The absence of ‘this
surface anion, as in the case of a reduced surfaée, resulted in no CO
adsorption occurring.

Lavalley et al (72) have proposed a further site model correspon-
ding to the édges formed by the intersection of the (0001) and (1010)
surfaces that exposed coordinatively unsaturated surface cations.
These adsorption sites are simiiar to anion vacancies in that they
expose two coordinatively unsaturated Zn cations in association with a
lattice oxygen.

Contradictory results by Gay et al(39) have shown CO adsorption
to be associated with well defined (1010) structﬁral terraces, rather
than with any steps or point defect sites present, and the results

have supported the hypothesis that adsorption involves a dominant
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interaction of CO with coordinatively unsaturated Zn surface cations
present in idealised face structures rather than with reconstructed or
defected surface sites (as proposed above). Heinrich(73) proposed the
adsorption sites on the Zn polar surfaces were associated with the
preéence of large numbers of steps that exposed edges of non-polar
structure. Henrich felt the amount of CO adsorption on the polar
surfaces could then be used as a measure of the step density on these
faces.

1(71“) and Sayers et al(75) found that CO adsorbed

McClellan et a
onto the (1010) and (0001) crystal surfaces formed a nearly linear Zn-
C-O complex. On the polar face this complex was oriented approximate-
ly normal to the surface, while on the non-polar face it was oriented
at approximately 30° from the surface normal. The (0001) face was
found to be roughly as efficient as the non-polar face in adsorbing

CO; the fractional coverage of the (0001) to (1010) face was found to

be approximately 0.7 at equivalent temperature and pressure.

(2.4.3) Carbon Dioxide Adsorption on Zinc Oxide

(65).

CO, adsorbs rapidly onto ZnO at room temperature The forma-

tion of surface carbonate species(76’77),

(76),

and possibly carboxylate
species have been identified by IR spectroscopy. Pretreatment of
ZnO in oxygen at 723 K was found to have little effect on the adsorp-
tion behaviour of C02(66) and it has been inferred that CO, adsorption
is independent of the degree of non-stoichiqmetry of the ZnO surface.

Other results, however, have shown(78)

evidence for the competitive
adsorption of CO, and oxygen, indicating the sites to be associated
with Zn* cations or Zn atoms and precluding the adsorption of the CO,

onto lattice 02~ jons to form carbonate species. The similarity
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between the temperature programmed desorption characteristics of Co,
and co(#8) strongly suggested an interaction with surface oxygen
vacancy sites.

| The presence of small amounts of adsorbed hydroxyl species does

(65),

not appear to inhibit CO, adsorption but little adsorption and

associated carbonate formation was found on a fully hydroxylated

(43,79,80)

surface The exposure of a partially hydroxylated ZnO sur-

face to CO, was found to result in the rapid formation of carbonate

(43), adding weight to the involvement of surface oxygen species

ions
(either in the ZnO lattice or remaining on the surface after dehydrox-
ylation) in the chemisorption process. The amount of adsorbed CO, was
found to decrease linearly with increasing hydroxyl coverage(79’80)
suggesting that CO, chemisorbed on only vacant sites that were free
from OH groups and also discounting the possibility of CO, reacting
with the hydroxyls to form surface bicarbonate species.

A comparison of the temperature programned desorption behaviour
of ZnO non-polar single crystal (IOTO) and polycrystalline ZnO sur-

faces(69,81,82)

showed the CO, adsorption properties on ZnO were
basically determined by the properties of the non-polar surface only.
CO, chemisorption equilibrium was readily established at room tempera-
ture on clean (1010) surfaces forming a carbonate species with surface
oxygens. Oxygen vacancy defect sites were found to act as specific
- sites for strong CO, chemisorption and it was suggested CO, adsorbed
on these sites to form a ZnCO,~ surface complex. The same complex has
been shown to be formed by the adsorption and reaction of CO with

lattice oxygen(qg) (see previous section).

However, contradictory results were obtained by the temperature
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programmed studies of Bowker et al(25,83) yhere adsorption of CO, onto
polycrystalline ZnO was proposed to be largely confined to defect
sites present ;>n the Zn (000!) polar surface. No CO, adsorption/de-
sorption was obtained from single crystal (10T0) surfaces by these
workers.

The single crystal temperature programmed studies of Cheng and
Kung and co-workers(49’50’84’85)v have shown a structural dependency to
the adsorption of CO,. On stepped and prism single crystal surfaces,
two types of adsorption were identified; one requiring a surface Zn-0O
pair, and in the form of a surface carbonate (as suggested by Gopel et
al(69’81’82)), while the other was proposed to be associated with the
surface steps sites (i.‘_e. defect sites) since it was found to be more
predominant on stepped prism surfaces. The carbonate form was found
to be displaced by the adsorption of background water, while the other
adsorption form appeared to be enhanced by the presence of the water.
This cc;uld not be adequately explained although it was thought to be
due to possible charge transfer effects. Stronger adsorption was
observed associated with the Zn polar (0001) crystal surfaces but
Cheﬁg et al were unable to conclude whether this was due to the strong
dipole moment of the polar surface, to atomic reconstruction or to the
presence of defect sites. |

Well defined CO, adsorption sites on the ZnO surface have been
found by Saussey et 31(52), with three forms of adsorbed CO, identi-
fied by IR spectroscopy. It was proposed that CO, adsorption was
associated with .the two-fold coordina‘t'ed Zn cations présent on the
step and edge positions of the ZnO crystals where the (10T0) and
(0001) surfaces met. The va2+ ions in these positions would carry two

unshared coordinate vacancies in combination with a reactive oxygen in
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an adjacent lattice position. Although such cations could also be
present associated with anion vacancy sites, Saussey et al felt that
the experimenfal oxygen treatment used precluded the presence of such
defects. In powdered ZnO the number of such edge and step sites could
be extremely high. The different forms of adsorbed CO, were assoc-
iated with the following successively formed species: a bidentate

2+

carbonate (with one oxygen bonded to a Zn“" cation and the carbon to

an adjacent lattice oxygen on the (1010) surface), a linear species

2+ cation of the step edge), and a

(with the oxygen bonded to the Zn
second type of bidentate carbonate species proposed‘to form on the
(1010) surface away from the edge or step adsorption sites associated’

with a Zn-O pair (similar to that proposed by other workers as des-

cribed above).
(2.4.4) Water Adsorption on Zinc Oxide

IR spectroscopy has identified several types of adsorbed hydrox-
yls to be formed by water adsorption on ZnO surfaces(“’w). It has
been suggested that these can be attributed to hydroxyl oxygen atoms

(86). On an ideal

bound to different numbers of lattice metal atoms
surface the surface hydroxyl' oxygen atoms could be expected to occupy
the positions of oxygen atoms in the infinite oxide crystal lattice
thus restoring the natural coordination of fhe oxide metal atoms. In
this manner, for ZnO, singly, doubly and triply coordinated hydroxyls
can be formed. On the Zn polar surface triple coordination would
predominate, wh‘ile both single and double coordination are possible on

(86),  on the O polar surface, triple coordination

the prism surface
would also be expected to occur in association with lattice oxygen

vacancy sites present.
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Water readily adsorbs onto the surface of zinc oxide to form

hydroxyl species and saturation water surface coverages of approximat-

2

ely 8.5 OH per nm“ have been measured(87), close to a coverage of one

hydroxyl per Zn surface cation present(38). It has been noted that
unusually high dehydroxylation temperatures are required to completely

remove the adsorbed hydroxyl species(“”l”‘) (up to 770 K for the Zn

(85)_

polar surface see below). Both water (and CO,) adsorb onto the

surface of ZnO during sample storage in the atmosphere, and have been

(25,88)

noted to evolve from the heating of fresh samples The format-

ion of a hydroxy-carbonate complex has been identified(gg)- with stoi-
chiometry Zn(OH)4(CO3), due to slow reaction of the adsorbed atmosphe- -
ric water and CO,.

Water is well kﬁown as a surface poison for a number of ZnO

catalysed reactions, for example hydrogenation and isomerisation of

(40)

ethylene and H,-D, exchange reactions and for alcohol decomposit-

(89). The adsorption of Type I hydrogen is particularly sensitive

(40)

ion
to the presence of water on the catalyst surface since they occupy

the same surface sites(27) (also see previous section). The adsorp-

tioﬁ of CO, and CO have also been shown to similarly be retarded by .
the presence of water on the catalyst(79’80’90)' (also see previous

sections).

The (1010) non-polar face (which consists of equal numbers of Zn
and O ions with coplanar centres) hydrates with hydroxyl groups
bonding to Zn ions and hydrogens to oxygen. This leads to a
completion of the tetrahedral coordination for both sufface Zn and
oxygen ions. The coplanar lattice structure results in the adsorbed

hydroxyl groups forming prominent "rows" separated from one another by

narrow "channels"(*4).  This arrangement, in combination with the
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close interionic distances, has been suggested to allow the formation
of hydrogen bonding between all the hydrogens in the surface hydroxy!
groups, producing an essentially closed surface structure(#3:44),

Adsorption sites on the Zn polar surface are associéted with the

(43,48), Adsorption of hydroxyls onto

‘Zn ions of the outermost layer
this surface produces an array in which every Zn ion is four coordin-
ate, threefold to lattice §xygens, with the remaining tetrahedral
position occupied by the oxygen atom of the hydroxyl (43,86)  The
adsorption of hydroxyls onto the reconstructed (0001) surface has been
proposed to occur by hydroxyls bonding onto Zn ions pregent in the
trigonal oxygen sites of the reconstructed lattice(*3),  on the zn
(0001) (and to a lesser extent the O polar) surface the adsorbed
hydroxyls will be coplanar, each OH group being oriented normal to the
surface plane(“’w). On the (0001) surface each hydroxyl has 6
equidistant neighbours at 3.25 A. A combination of this distance and
of the coplanar hydroxyl structure precludes the formation of inter-
hydroxyl hydrogen bonds([‘3’au).

It has been proposed(ul“) that the hydroxylated polar (0001) and
(000T) faces will be more active for water physisorption than the non-
polar faces because they contain only isolated hydroxy! groups,
whereas the hydroxylated non-polar faces present a closed structure
(due to the high degree of hydroxyl hydrogen bonding) to ahy oncoming
water molecules. Only weak adsorption forces will be present, there-
fore resulting in the non-polar faces being the least active for water
physisorption.

(27,85)

Thermal desorption studies on ZnO have further shown water

to be readily adsorbed and strongly held on ZnO. The hydroxyl species
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present on O polar, non-polar and stepped non-polar single crystal
surfaces have been found to be less stable than those adsorbed on the
Zn polar surfaces where desorption temperatures of nearly 770 K are

required to remove adsorbed hydroxyls(gj).

These strongly bound hydr-
oxyls have been shown in a recently published paper to be associated
with the Type 1 hydrogen sites(27) (see section 2.4.1). Lower temper -
ature desorption peaks are obtained from the prism surface indicative
of weaker surface interactions, with the lowest temperature states
(approximately 400 K) possibly due to molecularly adsorbed water(ss).
Both the non-polar and stepped non-polar surfaces have been shown to
behave in a similar manner indicating that step sites are not required

for hydroxyl adsorption(ss).

Desorption of water gave only a single
low temperature peak at about 400 K for both types of crystal face.
However, contradictory conclusions have been drawn from a temperature
programmed study by Morishige et al(®!) where the most stable hydrox-
yls were attributed to adsorptibn on the prism, rather than the Zn
polar, surface. It was felt that the formation of inter-hydroxyl!
hydrogen bonds on this surface (described above) would result in

(44,91) stability compared to the polar surfaces,

additional adsorption
where such hydrogen bonding is absent, and lead to the high observed

desorption temperatures.
(2.4.5) Methanol Decomposition on Zinc Oxide

Methanol adsorbs and decomposes on ZnO to produce CO, H, and
CO,. Formaldehyde can also be formed depending on the reaction condi-

tions. The decomposition proceeds by a sequentiél pathway involving

adsorbed methoxy (CH3O(a)) and formate (CHOO(a)) intermediates (23-

27’92’93). Confirmation of the existence of the formate intermediate
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has been made in a number of temperature programmed and infra-red

spectroscopy studies(25'27’92"94).

Temperature programmed studies have shown hydrogen to be evolved

in the temperature range 450 to 550 K in a process corresponding to

(93,95)

the decomposition of the methoxy to formate species , while the

simultaneous desorption of H,, CO and CO, in the temperature range

580-635 K has been assigned to the reaction limited decomposition of

(25,27,92,93,95).

the formate The main path for formation of CO has

been shown to be via the decomposition of formate rather than methox-

ide(gz). The formation of formate requires the incorporation of a

surface oxide ion thus resulting in the net reduction of the ZnO

(94,95)

surface The subsequent desorption of CO, removes this oxygen

from the surface; calculations have shown that approximately 8% of the

(94).

surface lattice oxygen can be removed in this manner It has been

suggested that the removal of lattice oxygen results in a formal
reduction of Zn cations to Zn metal(95).

It has also been suggested the formation of CO, and D, may possi-

bly be the result of reaction between methanol and an adsorbed formate

ion according to(gq):
CD30D() + DCOO(,) » Dy + COp + CD30(y) : [1]
CD3O(a) + O(S) -+ DCOO(a) + DZ(g) [2]

Tarawah and Hansen(®*) have found in the temperature range 453-
513 K, methanol decomposed to H, and CH,O, while at higher temperature
(563-613 K) CHZO, Co, COZ, and H.z.were formed. Temperature programmed
desorption studies of methanol decomposition on polycrystalline
Zn0(25’83) have also resolved two similar desorption regimes. At low

temperature (340 K) coincident desorption of methanol, CH,0, CO, Hy,
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CO, and H,O was found, with the methanol and CH,O desorption peaks
ascribed to formation and decomposition of a surface methoxy species

according to:

CH30(;) + H(y) * CH30H(y) (3]
CH30(;) + O(s) + HpCOO(,) + Hy) [4]
HyCOO(,) * HyCOx) + Oy [5]
HyCO(;) ¥ HpCO(g) | [6]

The coincident CO, H,, CO, and H,O desorption peaks are proposed to

result from decomposition of a formyl type surface species:

HyCO(,) ¥ HCO(,) + H(y [7]
HCO) ¥ Hey) + €O [8]
Ha) + H) ¥ Hyg) [9]

A second desorption regime at high temperature results in the coinci-
dent desorption of CO, H, and H,O at 580 K and COZ and H,O at 550 K,

due to the decomposition of a formate intermediate:

HCOO(,) * H(a) + COr) + O [10]
HCOO(;) * H(a) + COz¢q) » COpy) [11]
CO(y) * COa) y [12]
COy(a) * COpg) | [13]
2H@g) > Hy(p) [14]
2H(,) + O() * HyO(g) (15]

On the basis of temperature programmed desorption from single
crystals, separate mechanisms have been proposed by Cheng et al(gl"85 )
for methanol decomposition on the polar and non-polar ZnO surfaces.
On the non-polarv and stepped surfaces methanol decomposes‘ in two path-
ways; either to form methane and adsorbed oxygen at 423 K or via

oxidation of the methoxide to a formate-like species which decomposes

at 653 K:
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CH + OD —~——  » CH20OD
3(a) (a) 423 K 3~"(g)

_ = CH3D(4) + Os)

-
-—

T~

CH30D(g) ™ Dia) * CH39()
H(a) + CHZO(a) O(S) HXCOO(a)

B e

/

P2(g) o P2%) CO(q) +*CO2(q)
g g

+ HO(g) + Hp(g)

On the Zn polar surface two competitive decomposition pathways (dehy-
drogenation and oxidation), via a common formaldehyde intermediate,
are proposed:

H30D( g)

| : '
503 K
CH30D(a) — . CHBOD(g)

503K

Y

CO( + CO
g) 2(g)
Dya) + CH30(5) 882K cH,0,) &) H coo,) 743 K

H20(g) + Ha(g)

683 K

DZ(g) . CHZO(g)
+ CO(g) + HZ(g)

The formate species is labelled H,COO(,) to reflect the unknown stoi-
chiometry of this species and to allow for a different hydrogeh con-
tent at different coverages (for formic acid adsorption x=1, for
methanol and formaldehyde adsorption x>1). The selectivity for the
two routes was coverage dependent, with the dehydrogenation route
favoured at higher coverages(gs).

Two methanol decomposition channels have been resolved by Griffin

et a1(93) corresponding to the decomposition reactions of methoxy and
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formate intermediates. The kinetic process for the conversion of
surface methoxy into formate was evidenced by a hydrogen peak at 585
K, with simultaneous evolution of CH,O (but not CO or COZ). A mechan-
ism was proposed, the first step being dissociative adsorption of
methanol at Zn-O pair sites:

CH30H + Zn(g) + O(s) > Zn(g)-OCHj3 + HO(y) [16]

Not all the methanol dissociatively adsorbs, as was shown by the
formation of a low temperaturé desorption peak at 400 K due to co-
ordinatively adsorbed methanol. Decomposition of the methoxy inter-
mediate was proposed to occur before any recombinative CH3OH
desorption:

Zn(g)-OCH3 + Zn(q) * Zn(5)""OCHy + Zng)H [17]

H, desorption observed immediately after th‘is step inferred that the

2+ cation, and not to an 02'

proton transfer was to a neighbouring Zn
anion, since this would have resulted in water desorption:

Zn(S)H + HO(S) > Zn(s) + ‘O(s) + HZ(g) [18]

The adsorbed CH,O intermediate produced by [17] is relatively short-
lived, desorbing either as gas-phase CH,O or reacting to form a stable
adsbrbed formaldehyde or formate by interaction with an 02" anion. If -
such an anion is not present then desorption occurs:

Zn(s)"*"OCH, * Zngg) + CHZO(g) A [19]

but if such an anion is available, the intermediate is stabilised:
Zn()™"OCHy + O(5) > Zn(5)-OCH,-Oy) [20]

The subsequent desorption products (Hz, Co, COZ) are observed at the
same temperature (635 K) due to decomposition of the fofmate species.
Conversion of adsorbed formaldehyde into a formate species readily

occurs between 585 K and 635 K resulting in the formal reduction of

the carbon atom oxidation state:
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Zn(s)-OCHZ-O(S) + Zn(s) - Zn(S)OCHO(S) + Zn(S)H [21]
with hydride'transfer again onto an adjacent Zn cation. It was
suggested that removal of 02 anions from the lattice was accompanied
by the reduction of Zn cations to Zn metal.

A number of different proposals have been made as to which step
of methanol decomposition is rate determining. These have included
the decomposition of mblecdlarly adsorbed methanol to methoxy and

adsorbed hydrogen i.e O-H bond cleavage(96),

bond(94,95,25)

cleavage of a C-H
and C-O bond cleavage during the decomposition of
surface formate(89),

Several proposals have also been made as‘to the nature and loca-
tion of the active sites on the ZnO surface. A certain degree of
surface reduction has been found required for optimal decomposition
activity, identified as a requirement for unsaturated 02~ surface
anions to stabilise the formate and formaldehyde intermediates(95).
The active sites have been suggested to be situated at edge sites‘ or
as isolated patches of defected surface that exposed such ions(95).
Bowker et al(25:83) ;)50 felt that a defective surface (i.e. one that
contained oxygen vacancy sites) was a requirement for good decompo-
sition activity.

The decomposition reactivity has been found to depend markedly on
the detailed atorﬁic structure of the surface(8%:89), The polar (0001)
surface was found to exhibit a completely different product distrib-
ution'compared to the non-polar surfaces, with dehydrogenation the
predominant reaction(84’85) (possibly 'resulting from the fact that
this surface is more metal-like than the non-povlar or stepped sur-

faces). The difference in the nature of decomposition on this surface

has been attributed to the strong dipole moment present which enhanced
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interaction between the surface and polar molecules (such as methan-

ol)(8l“’85). The decomposition activity order paralleled surface

(84,85) the active sites are

defect densities, further suggesting
directly associated with anion vacancies or step defects, and also
that step defects must behave like anion vacancies i.e. the local
bonding environment of a step site is closer to that of an anion
vacancy than a site on the terrace surface.

It has been proposed that the acti?e sites for methanol decompos-
ition and synthesis (i.e. the sites for formate formation) are confin-

(25,83,94) However, more recently it

ed to the polar surfaces only
has been shown that the Zn polar surface does not appear to play an
important role in methanol decomposition or synthesis(27) and the

formate intermediate is associated mainly with the prism surfaces(26).

(2.4.6) Ethanol Decomposition on Zinc Oxide

The decomposition of ethanol on ZnO proceeds in two main reaction

pathways(97). Firstly, by dehydrogenation fo acetaldehyde and hydro-
gen:
CoH50H + H(CH3)CO + H, - (1]

and secondly, by dehydration to ethylene and water:
CoH;0H » CoHy + HyO , [2]
Oxidation can also occur (see below) to form surface acetate species
(CH3COO(a)), analogous to formate formed from methoxy in methanol
decomposition. The acetate decomposes to give products that include
CO, CO,, H, and water(97’98). |

An investigation by Mokwa et al(97) of temperature programmed
decompésition of ethanol on the non-polar surface found adsorption of

ethanol produced the desorption peaks: ethanol (at 400 K),
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acetaldehyde (400 K), molecular hydrogen (500 K), water (410 K), and

(97) a similar range

ethylene (550- K). From the oxygen polar surface
of desorption products was observed but with desorption temperatures
20—40 K higher than from the non-polar surface. Adsorption of acetal-
dehyde on both surfaces produced only an acetaldehyde peak at 380-390
K, and confirmed the production of acetaldehyde from ethanol to be
activated. Ethanol adsorption at 300 K onto a sintered ZnO sample(97)
produced similar desorption products: ethanol (430 K), hydrogen and
acetaldehyde (485 K). Methane and watér were also evolved in this
temperature range, while at above 600 K CO, water and CO, were detect-
ed. An increase in the measured surface conductivity at higher tem-
peratures also pointed to a reaction of adsorbed acetaldehyde and
surface oxygen to produce acetic acid and an oxygen vacancy:
'H(CH3)CO(,) + O(s) * V(o) + CH3COOH(,) [3]

Two routes were proposed for acetic acid decomposition to account  for
this compound not being detected in the desorption spectra:

CH3COOH + CH,=CO + H,0 [4]

CH3COOH =+ CH, + CO, (5]

Although ketene (reaction [4]) was not observed directly, the detec-
tion of CO (mass 28) by mass spectrometer pointed to an occurrence of

this species. The following overall reaction scheme was proposed for

ethanol decomposition on sintered Zn0(97):
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' 430 K
C,HsOH
ethanol /490 K 410,440K
4 \ 490 K 490 K

not obs. >700 K
CH»=CO + H,O
550 K not obs. ~ z 2
Vv + CH,COOH
/ >700 K >700 K
acetaldehyde 460 K >700 K CH, + CO,

H(CH3)CO - CH, + @O

550 K >700 K
490 K Yo * 02
H(CH4)CO

A study of the temperature programmed decomposition of ethanol on
polycrystalline ZnO by Bowker et al®?) found the decomposition to be
selective toward dehydration to ethylene (10:1 ethene to acetaldehyde
ratio). Two temperature regimes of different reactivity were observ-
ed. The f{first, at 380-420 K, was characterised by desorption of the
parent alcohol, while the second, at 510 K, corresponded to the forrha-
tion of decomposition products. The initial step for ethanol adsorp-
‘tion was proposéd to be formation of a surface ethoxide species:
CZH-SOH(g) v O) ¥ CpHsO) + OHgy Le]
Approximately 40% of the total amount of adsorbed ethanol was desorbed
--as the parent molecule at 360-410 K in a reverse of this reéction.
The activation energy for the recombination process was suggested to
be that for migration of hydrogen back to the surface alkoxide spec-
ies. At 510 K the remaining adsorbed ethoxy species decomposed and
desorbed as hydrogen, ethylene and CZHL‘O (most likely .acetaldehyde
although ethylene oxide was also felt a possibility-). The temperature

coincidence of the evolved ethylene, acetaldehyde and hydrogen peaks

showed ihey were derived from a common intermediate, with B C-H bond
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scission proposed to be the rate determining step (on the basis of the
observed hydrogen evolution and the high ethylene selectivity). The
dominance of B interaction over that of the a hydrogen (which would
have produced acetaldehyde) further suggested that reaction was con-
fined to the Zn (000!) face, in agreement with these workers earlier
conclusions for methanol decomposition (see previous section). On the
non-polar surface it was felf that o hydrogen interaction would have
been an equally preferred route that would have resulted in the forma-
tion of acetaldehyde. The requirement for accessible O~ sites also
suggested the active surface to be the highly defected (réduced) Zn
polar face. At 510 K B hydrogen atom abstraction and hydrogen desorp-
tion was proposed to ieave an unstable C,H,O species on the surface
that had two possible decomposition channels; either C-O bond scission

resulting in ethylene desorption, or Zn-O scission resulting in C,H,0

desorption(99):

CH3CH20(,) + Ogs) > CHpCHz0(,) + OH(y [7]
| CHyCHy(g) + O(s) - [8a]

A O(4) czﬁqo(g) : , [8b]

No water desorption was detected and it was proposed(99) that oxygen
atoms remaining on the surface after reaction [8a] were redistributed
by surface migration over the entire ZnO to result in surface reoxidi-
sation. Bowker et al(%8) also found acetaldehyde adsorption resulted
in the formation of surface acetate species:

CH3CHO(,) + Oy * CH;CHOO(, (9]
CH3CHOO(,) * CH3CO0(,) + Hgy) . [10]

Ethene desorption at 530 K also pointed toward the formation of ethox-

ide in a reverse of reaction [8b], followed by subsequent B hydrogen



&3

abstraction.
Similar ethanol decomposition behaviour has been observed on
other oxide catalyst surfaces. Ethoxide and acetate surface species

have been detected after adsorption on both basic oxides, such as

(103).

MgO(IOO-IOZ), and acidic oxides, such as alumina Acetate forma-

tion has been shown to be an activated process since it does not occur

(100,101,103)

below temperatures of approximately 425 K Kagel et

a1(100,103) 1oy proposed the oxidation to acetate to occur by inter-
action of the'ethoxide with surface oxygen (either lattice oxygen or
adsorbed hydroxyl oxygen):

CH3CH,OH + O(g) * CH3CHpO(5) + OHgy) [11]

CH3CHZO(5) + [O(s) or OH(a)] > CH3C00(,) + Hypgy  [12]

Mass-spectrometry has confirmed the presence of hydrogen(loo’IOB).

MgO has been found to act as a dehydration catalyst at very low

ethanol partial pressures(lm’loz) decomposing ethanol to either

(102) (101)

ethene or to butadiene However, under relatively High

ethanol partial pressure MgO becomes dehydrogenating and aldehyde is

4 (101,102)

produce The presence of gas phase (or physisorbed) alco-

hol molecules, acting as quSnstéd acids and reacting with adsorbed -
ethoxide was proposed by Parrott et al(loz) to explain this dehydro-

genation selectivity at high ethanol pressures:

CH3 ‘f“3 <|3H3
HCH>HIOC,H; + H-C + H, + CH,

Il I
o o)

&4
N
+

Mgz+
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(2.4.7) Propano! Decomposition on Zinc Oxide

The decomposition of 2-propanol is used as a model reaction for
studying the principles of catalyst selection(loa). On ZnO the decom-

position has two main reaction pathways that are essentially free of

side reaction“oa):
(CH3),CH-OH >z 2

i.e. dehydrogenation to acetone and hydrogen and dehydration to prop-
ene and water. ZnO is highly selective, under normal operating condi-
tions to dehydrogenation, and has been chosen as a baseline standard

(104)

dehydrogenation catalyst by Krylov The decomposition selec-

tivity can, however, depend on the conditions of the alcohol adsorp-

1(105) 3dsorbed 2-propanol onto

tion or decomposition. Wheeler et a
dehydroxylated ZnO at low temperature, and on thermal desorption,
found the main decomposition product to be propene, with acetone only
produced in a minor amount. The amount of water produced was less
than the propene formed, while the quantity of hydrogen was in excess
of the acetone. Carbon dioxide was also observed to form from the
decomposition of an unidentified adsorbed complex. The high dehydra-
tion selectivity was proposed to be due to the ZnO surface behaving as
a reactant rather than as a catalyst, and a consequence of the strong
affinity shown by the ZnO surface for water (evidenced by high dehy-
dration temperatures required to recover adsorbed water). In compari-
son, under the batch reactor condition; of a closed circulating reac-
tor system at 363 K, Tamaru et a1(106,107) found a more "typical”

product distribution with acetone and hydrogen produced as the main

decomposition products (90% selectivity), while only minor amounts of
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propene and water were formed.

In the equivalent decomposition over ZnO, Il-propanol also under-
goes dehydrati‘on to propene, while the dehydrogenation reaction forms
propionaldehyde(log).

Using IR spectroscopy, Tamaru et a1“06) identified 2-propanol to
adsorb dissociatively at 363 K to form zinc alcoholate and a hydroxyl
group on th.e surface of ZnO. Heating the alcoholate was found to
produce hydrogen and to form the IR bands of an adsorbed enol species

of the type:
CHj HO, H

N /7
C. or C=C
H,.c? SoH H.C' | H
AN 3 i
Zn Zn

The enol structure was confirmed by acetone adsorption which was also
found to produce the enol surface species“OG) (see below). As
desorption of 2-propanol derived acetone was found not to occur at 363

K in the absence of gas phase 2-propanol(107),

it was proposed the
reaction required the presence of 2-propanol to displace the surface
enol. A certain amount of enol adsorbate also appeared to be convert-
ed -into a non-volatile surface species’that inhibited the reaction
rate. This was suggested to be a polymerised species of acetone such
as acetylacetone.- Isotope labelling revealed that the hydrogen molec-

ule was produced by the recombination between dissociatively adsorbed

hydrogen and the a carbon of the alcoholate. The overall reaction

scheme for 2-propanol decomposition was proposed to be(107):
2-propanol - Hjp 2-propanol .acetone
o ~ G o
H3C H CH HC_~ CH - CHj
3 \(;/ 3 N 3 \,C./ 3 _x /’,C.‘\ (2]
O H 0 H,C" 'OH

'
.

(1) (11) (111)
A 1
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The dissociative adsorption of the 2-propanol, the desorption of the
enol and the keto-enol configuration change (steps (1I) to (III)),
were all considered to be faster than the surface dehydrogenation of
the alcoholate (steps (I) to (II)) i.e. the formation of the hydrogen
molecule was rate determining.

(37) a mechanism for secondary alcohol dehy-

Manazec has proposed
dratio-n over metal oxide catalysts, also through an intermediate enol
species. In this mechanism the alcoholate is dehydrogenated by trans-
fer of a hydride from the o carbon atom to a nearby metal ion or
hydroxyl group to generate a bound ketone. The ketone is then deprot-
onated from the B carbon to give the enolate, which can then be
reprotonated at the. o-carbon to liberate the olefin.

The enol surface species has also been identified by Miyata et
al(109) as an intermediate in oxidation of 2-propanol over ZnO. Ads-
orbed isopropoxide species were observed to dehydrogenate to form
acetone, and to oxidise to form surface acetate and formate species
via the enolate complex at approximately 433 K. Similar acetate

species have also been observed after 2-propanol adsorption on

MgO(“O). The following reaction scheme was proposed:

HaC . H CH, H.C CH CH H
3N ¢/ 3 > 3 \g/ 3 + l:[ N /9\3 + 9\
o) o i o o e S
I z ' 1 1 ||
L (3]
COZ and Hzo

Acetate and carboxylate surface species have also been identified on a

range of other metal oxide catalyst surfaces after l-propanol and 2-

(103’1“'“3). Carboxylate formation after 2-

(112)

propanol adsorption

propanol adsorption on alumina and ceria (113) has been
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proposed(“}) to occur by the reaction:

GHj. H3C .3 @3
H3C (.:;ri ’ G VAN
O H > Q H > g O + CH, [4]
b\ oo |
Al <l> AL O Al Al
Al Al

The formation of gaseous methane produced by this reaction was con-

(112,113)

firmed by mass spectrometry An acetone reaction inter-

mediate was proposed (for adsorption on alumina) since the carboxylate
was also observed after‘acetone adsorption by Deo et a1(112), An
aldol condensation-type mechanism between a surface alkoxide and
acetone has also been suggested as an alternative route for acetate
formation on ceria that also gives i-butene as a reaction
product(ll3).

Carboxylate formation after l-propanol adsorption on alumina has

been proposed to occur in an equivalent reaction to that given for 2-

propanol(103’ 1) apove:

R R

CHy H A

IO + Ol - (l) (l) + H2 [5]
Al Al Al Al

Gaseous hydrogen evolved by this reaction was detected during the

course of the oxidation“OB’l“).
Temperature programmed desorption has shown l-propanol and 2-

propanol decomposition on ZnO to be structure sensitive(108’114’115).

A single crystal study of 2-propanol decomposition by Kung et al(““
found the Zn and O polar and prism surfaces to evolve five desorption
and decomposition products: undecomposed 2-propanol, hydrogen, acet-

one, water and propene. Dehydrogenation was the dominant reaction,

with the peak temperatures highest for the Zn polar surface and lowest
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for the O polar surface. Acetone and propene always appeared at the
same temperature suggesting that they were formed from a common sur-
face intermed'iate. Hydrogen was evolved coincident with acetone on
the Zn and O polar surfaces but at a lower temperature on the nonpolar
surface. Water desorption peaks were found to be desorption, rather
than reaction, limited. Although the low peak temperatures suggested
the O polar surface should be tﬁe most active in 2-propanol decompo-
sition, the high temperature for water desorption from this surface
(598 K) indicated that under steady-state reactor conditions the
surface would effectively become poisoned by adsorbéd' hydroxyls.

In a temperature programmed desorption study by Bowker et al(log)‘
using a polycrystalline ZnO, 1-propanol was found to reversibly desorb
at low temperature (300-500 K), with the decomposition products
propionaldehyde, propene and hydrogen prodﬁced at higher temperature
(approximately 540 K). The propionaldehyde peaked slightly before the
other two products (by approximately 13 K). Similar results were
obtained by the same workers for 2-propanol(“5), where acetone also
peaked slightly before propene and hydrogen. For both alcohols, the
probene peak width was narrower than‘that of the dehydrogenation
product, with the hydrogen peak width intermediate between the two.
Although 2-propanol was found to decompose around 60 K lower in tem-
perature than Il-propanol, it gave a similar decomposition product
ratios. Bowker et a1(108) proposed a general mechanism for Cy+
alcohol decomposition on ZnO consistent with the temperature programm-
ed desorption résults: |
Adsorption at 310 K:

HR HR

CHOHy) = > CHOHyy, | [6]

R' R!
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Reaction with the surface at 310 K:

HR\ : HR\

R'/CHOH(a) -+ R'/CHO(a) + H(a) [7a]
H‘R\ HR\

R'/CHOH(a) + Oy R'/CHO(a) + OH(y) [7b]
ZH(a) e HZ(g) | [8a]
H(a) + OH(a) > HZO(g) + Vg- [8b]

Desorption (300-500 K):

HR\CHOH > HR\CHOH [9]
R (@) R (g)

Decomposition at 500-550 K:

HR ' HR

N AN
R'/CHO(a) > R'/C=O(g) + H(a) [10a]
HR_ ,  _H
R'/CHO(a) + H(a) + Vo > R:C-R'(a) + O(S) + HZ(g) [10b]
H H
R=C—R'(a) -+ R=C-R'(g) [11]
ZH(a) g HZ(g) [12]

The initial adsorption step was thought to be activated since it was -
found to pr’bceed slowly, followed by dissociation of the alcohol upon
adsorption to form the corresponding surface alkoxide. Steps [7b] and
[8] were inferred from the reproducibility of the decomposition
pattern without any prereduction treatment, while step [10b] was
assumed in order to account for the fact that no water desorption was
detected. Similarly, because no low te'mperature' evolutioﬁ of hydrogen
was observed, it was thought steps [7a] and [8al also occurred at the
adsorption stage. Two types of alkoxide were postulated; one next to

an anion vacancy Vg" and one at an unperturbed site. The former
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resulting in the production of alkene through "healing" of the defect
(steps [10b] and [11]), while the latter produced the aldehyde/ketone
(step [10al).

| The dehydrogenation surface sites were proposed by Bowker et
all108,115) 4 pe associated with the Zn (0001) polar surface, while
the other reaction sites were thought to be located either on the O
polar or non-polar surfaces. The a C-H bond scission yielding the
dehydrogenation product (step [10al]) formed a highly mobile hydride
species. Attack by this hydride species (from an adjac'ent cation
site) on the alkoxide associated with the defects produced the alkene
through an induced BA hydrogen elimination/abstraction. = The transition

state for this reaction was visualised as(llj):

The two step mechanism of hydride production followed by B hydrogen
abstraction was suggested(“” to explain the similarity in decompo-
siti;)nal temperatures for the two diffe.rent.alkoxy species. The
alkoxy associated with the anion vacancy was considered to be the more
strongly bound and the hydride reaction caused C-O bond scission.  The
small difference in the decomposition temperatures Qf the two types
of alkoxyls was proposed to be due io an additional small activation
energy for the hydride induced B elimination/abstraction.

Since they-are produced as decomposition productsl from 2-pro-
panol, the adsorption behaviour of acetone and p;ropene is also rele-
vant. As noted previously, acetone adsorption on ZnO has been shown

to result in the formation of IR bands corresponding to the presence
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of adsorbed enol Species(los) (the structural form of the enol has
been given above). Temperature programmed desorption studies(! 1% 115)
have not, however, c;)nfirmed the formation of the enol, although the
nén-polar single crystal surface was noted by Kung et al(“l*) to
produce a more stable form of acetone attributed as being possibly due
to the enol. Isotopic hydrogen redis‘tribution by adsorbed acetone has
suggested Zn-O pair sites to be required for this dissociative adsorp-
tion{116) peo et al{1!2) found adsorption of acetone on alumina at
493 K to produce the same IR characteristics as 2-propanol derived
carboxylate, and a mechanism was proposed with acetone as an inter-
mediate in the formati}on of the carboxylate (see above). The detec-
tion of methane prodiced by the oxidation of acetone supported this
mechanism. The adsorption of acetone at 423 K on ceria has also been
found(“3) to form the carboxylate species. Contrary to these find-
ings, temperature programmed desorption has found no evidence  for
carboxylate formation after acetone adsorption on ZnO single crystal
(114) and polycrystalline samples(llj).

- Propene is both weakly and strongly adsorbed on Zno“l7), al-
though the weakly bound propene is rapidly desorbed at room tempera-
ture. The presence of propene was found by Dent et al(“,7) to block
out the hydrogen chemisorption on Zn>—0 pair sites. Isotopic labelling‘
supported the view that propene was adsorbed dissociafively as a T-

allyl species. The adsorption of propene was proposed(l”) to occur

as:

CH3-CH=CH, + -O-Zn-O- - Zh- C o+ -0- [13]
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Davydov et altl18) found the thermal desorption of propene from an
oxidised ZnO produced a high temperature peak (673 K) corresponding to
the desorption of the products of complete oxidation (COZ and water)
and an oxidised surface species in the form of a carbonate-carboxylate
was proposed. Nakajima et al(“9) has more recently confirmed the
formation of’ carboxylates, such as acetate and formate, in the propene
oxidation reaction. The prec'ursor'of the carboxylate species appeared
to be formed by addition of two oxygen atoms to each adsorbed propene
molecule ‘and it was tentatively proposed(“9) that the precursor i\ad
an olefinic as well as alcoholic character. [Isotopic labelling
suggested, in the reaction of the w-allyl species with adsorbed mole-
cular oxygen, one adsorbed oxygen was incorporated into the m-allyl to
form a surface complex, while simultaneously one surface lattice
oxygen was transferred to the complex. The remaining adsorbed oxygen
then reoxidised the sur.face. Propene appeared not to interact with

lattice oxygen of ZnO in the absence of gaseous oxygen.
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CHAPTER 3
TEMPERATURE PROGRAMMED DESORPTION
(3.1) Introduction

Temperature Programmed Desorption (TPD) provides information on
how an adsorbate interacts, for exarhple chemisorbs or decomposes, on
the surface of a porous solid catalyst. The technique was first

(120,121)

reviewed in detail by Cvetanovi¢ and Amenomiya and more

(24). TPD is an extension of the

recently by Falconer and Schwarz
flash desorption techniques used to study adsorption onto rﬁetal fila-
ments and single crystal surfaces under ultra-high vacuum conditions,
applied to powdered borous catalyst surfaces in an inert gas flow,
usually at atmospheric pressure.

In a typical TPD experiment a small amount of the catalyst is
contained within a reactor and through which an inert carrier gas
flows, for example helium, at atmospheric pressure. The reactor in
turn is surrounded by a heating furnace. A gas is adsorbed onto the
catalyst surface, typically by pulse injections of the adsorbate into
the carrier gas stream above the reactor. After any extra adsorbate
gas is flushed from the system, the catalyst is heated by the furnace
at a steady linear rate. A detector downstream of the reactor meas-
ures changes in adsorbate concentration in the carrier gas as it
desorbs from the catalyst surface as the temperature is increased.
The desorption rate increases, eventually passes through a maximum,
and falls back to the zero level as 'the catalyst surface becomes

depleted in the adsorbate (figure 3.1). Further details of the TPD

experimental method and equipment are presented in chapter 4.
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Figure 3.1: The time dependence of the surface coverage, desorption
rate and temperature during temperature programmed desorption.
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A record of the concentration of desorbed material in the carrier
flow as a function of catalyst bed temperature is known as a TPD
spectrum. In general, a spectrum will consist of one or more peaks.
The shapes and positions of the peak maxima are related in a fundamen-
tal way to the desorption process and give information about the
adsorption sites on the catalyst surface and the desorption kinetics
related to these sites“zo’nl). Provided mass transfer limitations
(both intraparticular and within the catalyst bed) are not signific-
ant, the detector response is proportional to the rate of desorption
(these aspects are considered more fully in section 3.2).

The following information can be obtained from analysis of a TPD
spectru'n(zl’):

(i) specific activities are obtained directly for each product
independent of surface area measurements. The number and activities
of different adsorption sites can be determined since TPD can detect
differences between the specific activities of different sites which
steady state experiments on the same catalyst would not reveal.

(ii) the amount of an adsorbate desorbed is simply obtained by
the area under the desorption curve.

(iii) the relative temperatures at which each of the desorption
products leave the surface provide detailed information about reaction
~mechanisms.

(iv) reaction steps are separated in time by their relative
rates.

(v) the surface coverages of reactants and the su-rfa(:e compo-

sition of adsorbed species at the time that the products are being

formed are determined directly.
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(vi) the order of reaction or desorption can be evaluated from
analysis of curve shapes or from variation in initial coverages.

(vii) act‘ivation energies of reaction or desorption, from analy-
sis of peak temperatures and curve shapes or from variations in the
heating rates, can be calculated.

(viii) TPD can be used to make "fingerprint"-type characterisa-
tions, for example, to compére one catalyst against another.

Quantitative analysis of a TPD spectrum allows the kinetics of
the desorption processes to be determined explicitly. However, such
interpretations and analyses can be obscured by experimental consider-
ations that can significantly distort the shapes of the spectra
obtained. Recent studies with both real and model catalyst systems
(122-128) have Shown the desorption peak shape to be very strongly
influenced by the effects of gas readsorption and diffusional mass
transfer, as well as by the intrinsic desorption kinetics (see section
3.2). However, although these effects cannot be eliminated, they can
be minimised by careful experimental design(122’123).

When the inert carrier gas is replaced by a reactive gas, or when
two~ reactivé gaseé are co-adsorbed, the technique is referred to as
temperature programmed reaction (TPR). The desortion spectra obtained
from TPR experiments can be extremely complex since they involve a
combination of the desorpt‘ion of reactants, reaction products and
decomposition products from either the reactants or products or both.
A TPR ‘spectra gives information on rates of reaction as well as desor-
ption activities. Falconer and Schwartz(2%) think it unlikely that a
complete theoretical description to explain TPR of single and multiple
reactants will be developed in the same manner that the TPD of relati-

vely simple unreacting adsorbate systems have been characterised. TPR
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spectra can still provide direct information on surface reaction
mechanisms and kinetics through analysis of the desorption spectra of
both reaction. products and unreacted reactants. For example, the
temperatures of the peak maxima, the peak shapes and their multiplici-
ty, all contain information about the mechanism and kinetics of the

surface catalysed reaction.
(3.2) Theoretical Considerations
(3.2.1) Overall System Equations

The evaluation of kinetic parameters for adsorption aﬁd desorpt-
ion from the results of a TPD experiment requires consideration of
material balances for vthe surface and gas phase concentrations of the
adsorbate. By assuming that interphase, intraparticle and catalyst
bed concentration gradienté (i.e. mass transfer or diffusional limita-
tions) terms are negligible and that no adsorbate accumulation occurs

within the catalyst bed, the master equations describing the system

are as follows{2%), Mass balances on the catalyst surface coverage
are. given by:
euwdS | (-e)-v, © BN
dz ' dt
and
@ Ry _Ry - [2]
dt
where z= axial distance (m)

t= time (s)
Cg= 8as phase adsorbate concentration (mol.m'3)
©= f{fractional coverage

u= interstitial fluid velocity (m.s™1)
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V= number of surface sites per unit volume (mol.m™3)

€= bed void fraction
R4= adsorbate desorption rate (s'l)
R,= adsorbate adsorption rate (s~ 1

To a good approximation the bed void fraction, €, can be taken as

being 0.5(12%) thus simplifying equation [1] to:

$4G L V€O 3
dz dt

Equations [2] and [3] describe the overall conservation of a single,
non-reacting species inside the catalyst bed and form the basis for

further analysis of the TPD spectrum.
(3.2.2) Adsorption

The amount of uptéke of an adsorbate pulse injected into the
carrier gas flow by the catalyst bed depends on several factors(lzq),
such as the time dependent partial pressure distribution within the
pulse, the contact time within the catalyst bed and the adsorption
temperature. The first two factors are determined by the carrier gas
flowrate, the amount of adsorbate injected by each pulse and the shape
of the adsorbate pulse. Provided the amount of adsorbate injected per
pulse remains constant, then the uptake should be determined by the
carfier gas flowrate alone(2%,124)

Ideally, the adsorbate injection pulse will be a square wave
shape, but in the distance between the injection port and the catalyst
bed, this shape will be distorted by interdiffusion of the adsorbate
into the carrier gas. Over a wide range of carrier gas flowrates the

adsorbate pulse can be approximated by a triangular wave of amplitude,

I, and width, W(24,124). Providing the concentration of adsorbate is
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uniform throughout the catalyst bed (i.e. differential bed conditions

exist), and there is no axial dependence on Cg’ then the time depend-

ence of the adsorbate concentration can be described by(zq):
=0 t <
Cg(t) 0
- 21 ut 0 <t <W2u
v [4]
- 21_\9’"'_“” W/2u < t < W/u
=0 t > W/U

The adsorption process can be described by equations [2] and [3]. If
the catalyst temperature isb low enough such that the desorption rate
becomes negligible, equation [2] can be reduced to:

do
dt

= R, : [5]

The simplest theoretical adsorption model is described by the Langmuir

(24) which is based on the hypothesis that a fixed

adsorption isotherm
number of sites are present on the solid surface, and that the
enthalpy of adsorption is independent of the fraction of unoccupied

(24).

adsorption sites This can only be an approximation to the real

situation. For a general Langmuir model of adsorption order p,

- do

equation [5] can be written(24);

= k,.C.(1-0)P | [6]
it 28
where ky= adsorption rate constant (m3.mol’l.s'])

p= reaction order of adsorption

Equation [6] has been written assuming that O represents an average
(24)

coverage within the bed; Falconer and Schartz question the likeli-
hood of this, especially when strongly adsorbing reactants are being

considered. In this situation preferential adsorption will occur on
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the leading edge of the catalyst bed and result in a higher coverage
on this edge with respect to the catalyst surface further down in the
bed. The existence of spatial uniformity within the catalyst bed is
not a parameter that can be easily verified experimentally(zl“). How-
ever, theoretical calculations by Rieck and Bell“25) have shown for
both first and second order desorption processes, any i‘nitial non-
~uniformity in adsorbate distribution is smoothed out as heating is
commenced and before an appreciable amount of adsorbate is desorbed
from the surface. Only slight differences in the peak temperatures
result. To a good approximation then, spétial uniformity of © can be
assumed, allowing equation [6] to be written:

0/9 (1-0)P.d® = k, [Cy.dt (71

From equation [3] the right hand side can be evaluated as:

RHS = v,.exp(-E,/RT).(W1/2u) (8]

where the adsortion rate constant, k has been expressed in Arrhenius

a’
form with E_ = adsorption activation energy (3.mol~1)
v,= adsorption pre-exponential factor (s~ 1)

For. first order (p=1), non-dissociative Langmuir adsorption, the left
hand side of equation [7] becomes:
LHS = 1/(In (1-0)) [9]
Similarly, .for second order dissociative adsortion (p= 2) the left
hand side can be evaluated as:
LHS = 6/(1-0) ‘ [10]

The degree of "conversion" of coverage as the adsorbate injecti-
ons are made can be measured experimentally as a function of the

carrier gas flowrate for a fixed injection volume and constant cata-

lyst temperature. The order of the adsorption reaction can be then
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aetermined by f{fitting the data to equations [8], [9] and [10](24,124),
Once -the adsorption kinetics have been determined in this manner,
equation [8] 'can be further used to find the activation energy for the
adsorption by conducting experiments at fixed carrier flowrate and
adsorbate injection but varying the adsorption temperature(zl*). Such
in-situ determination of the adsorption kinetics can indicate the
possible importance of readsorption effects that are liable to occur
during subsequent temperature programmed desorption of the

adsorbate(zu).

(3.2.3) Desorption

In the analysis of the data obtained from the TPD, both mass
balances given by equafions [1] and [2] must be considered. By assum-
ing that there are no axial concentration gradients within the catal-
yst bed (i.e. differential bed behaviour), the gas phase concentration
Cg(t) is, to a good approximation(zl‘), uniform throughout the catalyst
bed. By neglecting any diffusion in the pores of the catalyst, a mass
balance over the catalyst surface gives:

Lo kg@ e -k, c, (1-0P Coan

dt | 8

i.e (net desorption rate) = (desorption) - (readsorption)

where k4(©)= desorption rate constant (may be coverage dependent)
n= reaction order for the desorption

Similarly a mass balance on the adsorbate concentration in the flowing

carrier gas gives:

- n
F <:g = Vo Vi kgq@ 0" - VoV kg cg (1-)P [12]
where F= volumetric carrier gas flowrate (m3.s71)
V_= total solid volume in reactor (m3)

(&
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V.= mol of surface sites per solid volume (mol.m™3)
For a linear heating schedule the temperature as a function of time is
described by:
T- T, + Bt [13]
where T= temperature (K)
T,= initial temperature (K)
B= linear heating rate (K.s™1)
It then follows that:
dt = (1/8) dT’ [14]

Substitution for dt in equation [1!] and equating with equation [12]

gives the result:

8 F dT

i.e the gas concentration is directly proportional to the desorption
rate.

Rewriting equation [12]:

n

G - —chwk®?° [16]
| F + Vo Vo, ky (1-0)P

and further substituting for Cg gives the result:

- n

o _F | k(@) &7 [17]

dT B F + V.V, k, (1-9)P

Two important limiting cases of this equation are possible; firstly if
readsorption does not occur, and secondly, if readsorption freely

occurs'24,120,121)

The no readsorption limiting case corresponds to
the situation where:

F> V. Vp, (1-9)P ky (18]
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i.e. the flow rate of the carrier gas is sufficiently high so that
readsorption only occurs to a negligible extent. This simpliflies

equation [17] to:

; n
40 | ka(®) © [19]

dT B

In the second limiting situation where free readsorption occurs:

F << V. Vi, ky (1-0)P | [20]

i.e. readsorption of the sample occurs freely so that its rate is only

limited by the availability of unoccupied adsorption sites (1-0).

This allows equation [17] to be written:

n
e . F kg (©) © [21]
ot

B VoV ky (1-0)P

The coverage dependent desorption rate constant can also be written in

Arrhenius form(zl”:
kg (@) = v4(©) exp(-E4(0)/RT) [22]
where v4(0©) = desorption preexponential factor (s~ 1)

E4(®) = activation energy for desorption (3.mol~1)
Both v4(0) and E4(©) may be coverage dependent. Rewriting equation
[17] (no readsorption case) in Arrhenius form gives:

-d® _ v4(0)
dT B

-exp(-E4(0) /RT).0" 23]

Similarly rewriting equation [19] (free readsorption case) in the same

manner ¢

- | on
d® = F . v d(®) . exp(-AH(®)/RT) . 0
(1-0)P

— [24]
dT VoV B v

a
where AH(®) = E4(0) - E (), the heat of adsérption (3.mol™ 1) i.e.

the negative of the enthalpy change on adsorption.
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Equations [23] and [24] express explicitly the temperature
dependent gas concentration dependence in terms of the kinetic
parameters, E4(0) and v4(0) and the mass action law for adsorption and
desorption(zl*). These require a knowledge of the order of adsorption,
p, and the order of desorption, n. Generally n, the desorption order,
is known from simple consideration of the molecularity of the desorp-
tion reaction(ZL’), while p, the adsorption order, can be calculated
experimentally using the method described in the previous section.

The equations can be solved for simple cases by making .the

(120) so the

assumption that the adsorption surface is homogeneous
kinetic parameters are not a function of coverage. The maximum con-
centration of the sample in the carrier gas stream will be attained at
a temperature T, when ng/dT = 0. By differentiating equation [16]
and substituting for dO©/dT from equation [17] gives the following

expressions. For the no readsorption limiting case:

2 (n-1)
in Mm% _ Eq , Eg [25]

and for the free readsorption limiting case:

2 g (n-1)
In Tm G 0 .o + lnvcv-—-rf‘——AH [26]
(1-g)(n+1g RT. ~ FqVR
where v'= the effective preexponential= the ratio of the desorp-

tion to adsorption preexponential factors
q = (n + (p-n)®) which reduces to n if the adsorption and

desorption steps are of the same order.
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(3.3) Practical Considerations

The sys't'em equations presented in the previous section have been
based on desorption from an ideal homogeneous surface, with limiting
situations of no readsorption and free readsorption occurring during
temperature programmed desorption. In TPD from a "real" catalyst
surface, other factors can strongly influence the nature of the de-
sorption spectra obtained and can lead to fundamental changes in the

(126). A number of recent

information content of the TPD spectrum
- papers have modelled TPD systems in order to determine the relative
effects of these various factors. For example, Gorte et al(122’123)
have presented criteria for experimental design based on dimensional
analyses of temperétdre programmed desorption in stirred tank and
‘packed bed configurations.

With free readsorption, the effect is to "hold" the adsorbate in

(124) so that peaks temperatures are raised

the bed for a longer time
and peak profiles are broadened. Calculations on real and model TPD
systems(122“125’127) have shown readsorption cannot be eliminated and,
for any reasonable set of experimental conditions, readsorption equil-
ibrium usually exists. Variation of the carrier flow rate has been
suggested as a method for determining the extent of readsorption
(1207121’124’127), although Gorte(lzz) has noted that such a t-est
would not in fact be informative.

The earlier work of Cventanovi¢ and Amenomiya(lzo’lz”

suggested
readsorption effects could be minimised by the use of " high carrier
ﬂowrates. However, Gorte et al(122’123) and Rieck et a1(125) have

more recently shown that if high flow rate conditions are used, then

the desorption can become rate limited by mass transfer diffusion
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within the catalyst particles. Gorte et a1(123) notes that such
experimental conditions should be avoided since they make data analy-
sis complex, .with the measured activation energy effectively being the
sum of the true desorption energy, the particle diffusion coefficient
and the inverse sticking coefficient. [If, in addition, the activation
energy is coverage dependent, then the presence of intraparticular
concentration gradients can make the desorption spectrum too complex
to analyse(123).

Lowering the carrier flowrate reduces mass trénsfer limitations
but increases readsorption effects. Gorte“zz) has n.oted that inter-
mediate flow regimes, where both factors remain significant, should be
avoided. By operating at low carrier flowrates, particle concentra-
tion gradients can be minimised so that free readsorption conditions
exist(lzz). Difficulties can arise in this situation if desorption
does not occur evenly along the length of the catalyst bed due to
changing concentration with position within the bed(123),  Rieck et
al'125) have shown that although a non-uniform initial adsorbate
distribution can shift the peak temperature, any initial non-uniform-
ity 'is smoothed out as the temperature is faised and before apprec-
iable desorption has occurred.

The model calculations of Rieck et al(lzj) have further shown
that, in the absence of significant mass transfer effects, and assum-
ing equilibrium adsorption, reasonably accurate estimates of the
enthalpy of adsorption can be obtained. However, considerable inac-
curacies occur i>n estimation of the preexponential facto-r for desorp-
tion when any significant readsorption effects are present.

Although other experimental considerations, such as detector lag

times and axial mixing effects, can also cause distortion of
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desorption peaks, the dimensional analyses of Gorte et a1(122,123)
have shown that these effects can be minimised by careful experimen-

tal design.
(3.4) Analysis Techniques

A number of techniques are available for extraction of kinetic

(24),

parameters from desorption spectra The parameters most often

determined in this respect are the order of desorption (or reaction),
activation energy for desorption and the preexponential factor(za).
When applied to desorption, if the adsorption is not activated, the
activation energy for desorption will also be equal to the heat of
adsorption of the adsorbed molecule. This section will be restricted
to detailing only those methods used for data analysis in this thesis.
(i) Redhead's Method

The Redhead equation(zl*’129) determines the energy of adsorption
from the temperature of a single desorption peak. It makes the
assumption that no readsorption takes‘ place, and, in addition, a value
for the preexponential factor, vy, must be assumed. The equatio.n is
obtained by equating the ng/dT = 0 at the peak maximum in the same '
manner used in the derivation of equation [25] given previously and
gives the expression:
(k) = Vg exp(-E4/RT)) = B E4/ R T2 - [27]

013 s'1 d(25’129). In section

Typically a preexponential of 1 is assume
3.3 it has been shown that readsorption effects cannot be eliminated
for TPD from a powder catalyst and can result in a significant in-
crease in the desorption peak temperature. Since the Redhead equation

relies on an accurate measurement of the peak temperature, and assumes
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that this value is undistorted by readsorption effects, at best, its
accuracy is limited to providing an estimate of the heat of
adsorption. |

(ii) Heating Rate Variation Method

(24,120,121) utilises the

The heating rate variation technique
fact that with increasing heating rate, desorption peaks shift to
higher temperatures and have larger amplitudes, but reach a maxima in
a shorter time. By varying the experimental heating rate in this
manner, two separate measures of the activation energy can be obtain-
ed. A plot of the In (B/Tn%) against 1/T will give a line of slope
equal to -E4/R or -AH/R, depending whether or not readsorption effects
are significant (see equations [25] and [26] given previously) .

| A second plot of In (peak amplitude) against 1/T,, provides an
independent method for determining Ej or AH from the same experimental
results. Again this plot will have slope -Ed/R for the no readsorp-
tion limiting case, or -AH/R when free readsorption conditions exist.

This method has been shown to be very sensitive to minor experi-

(130), particularly in the measurement of the peak tem-

mental errors
peréture, and so it may be difficult to obtain reliable kinetic param-
eters. However, by using the two plots described above, an indication
of the accuracy of the result obtained can be_made(zl*).
(iii) Catalyst Mass Variation Method

This technique is only applicable for free readsorption situati-
ons(lzs). The right hand term of equation [‘26], VCVm, expresses the
number of surface sites and is proportional to the maﬁs of catalyst
used. The saturation coverage and the heat of adsorption will be

(128)’

essentially independent of catalyst mass so for two separate

experiments where only the catalyst weight has been changed, the ratio
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of equation [26] applied to each weight will be:

2 .
L1/ L R LN EV: Y [28]
R

in >
T2 A7)

For AH > 10 kJ/mol and T,, < 600 K{128)) the left hand side of the
equation becomes neglible so allowing equation [28] to be simplified

to:

Tl L (1T - UTp) [29]

W, R
A plot of In (catalyst weight) against /T, has a slope of -AH/R, and
allows the heat of adsorption to be determined. Since this method
relies on accurate measurement of the desorption peak temperature, it
will also be sensitive to experimental error as described above for

the heating rate variation method.
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CHAPTER &

EXPERIMENTAL

(4.1) Apparatus

(4.1.1) General Description of the Temperature Progfammed
Reactor System ’

The TPD experimental épparatus and associated experimental meth-
ods and computer operating software were developed specifically for
this study. -This involved design and construction of the reactor,
heating furnace, valve connections and gas flow lines following appar-

(24)

atus designs presented in reviews by Falconer and Schwarz and

(120,121), A schematic flow diagram of the

Cvetanovi¢ and Amenomiya
TPD experimental apparatus is given in figure 4.1, with details of the
equipment components presented in table &4.1.

The system was operated at atmospheric pressure using helium as a
carrier gas. A combination of high pertormance molecular sieve and
oxygen traps were used to remove the main impurities from the helium.
The gas flow was controlled by a consfant pressure flow controller
positioned after the sieve traps and measured on the vent side of the
reactor (i.e. after passing through the reactor and catalyst bed) by
rotameter. Calibration of the rotameter was made by bubble-flow
meter.

All the gas flow lines until aft.er the mass-spectrometer sampling
inlet were constructed either of 1/4" stainless steel, 1/8" stainless
steel or of 1/16" glass-lined stainless steel, with teflon tubing

(1/8") used for the vent gas lines. Stainless steel tube connection

fittings and valves were used throughout. To avoid any adsorbate or
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Figure #4.1: A schematic diagram of the temperature programmed
desorption apparatus. The notation used is as follows: CG= carrier
gas; AG= adsorbate gas; GP= gas purification; FCV= flow .control valve;
IV= injection valve; LS= liquid saturator;’ TP= temperature programmer;
MSV= micro-sampling valves; RV= restrictor valve; VC= vacuum chamber;
MS= quadrupole mass spectrometer; VP= vacuum pumping;
CM= computer; V= vent.
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desorption product condensation the lines both after the injection
valve to the reactor and downstream of the reactor to the mass spec-

trometer sampling inlet were trace heated to approximately 335-345 K.
(4.1.2) Design of the Reactor and Heating Furnace

A cross-sectional diagram of the reactor and the heating furnace
is given in figure 4.2. The réactor tube was constructed from 1/4"
and 10mm OD quartz glass tubing with a quartz glass sintered frit
welded in as a catalyst support. Measurement of the catalyst bed
temperature was made by a 1/16" diameter stainless steel sheathed Type
K thermocouple probe inserted vertically into the reactor. The 'output
from the thermocouple passed through an electronic ice-junction and
signal amplifier before being logged by computer. The reactor tube
was positioned inside a 20mm diameter quartz glass tube around which
nichrome heating wire was wound. The anhular air space between the
reactor tube and heating elements served two purposes. Firstly,' it
eliminated temperature fluctuations in the temperature heating ramp by
providing a thermal buffer zone between the reactor and heating wires
and- secondly, it allowed low pressure air to be blown down to rapidly -
cool the reactor after each experiment. The reactor could be cooled
from 800 K to 330 K in 2-3 minutes by this method. Into t-he annular
space another Type K thermocouble probe was positioned for reactor
temperature control and regulation of the linear heating ramp. The
heating wires were insulated by approximately 25mm of kaowool high
temperature insﬁlation, in turn enclosed by 64mm diametér brass tube.
The complete furnace and reactor arrangement were supported by a
laboratory clamp and stand. Connections at the reactor inlet and

outlet were stainless steel with ‘teflon and graphite ferrules.
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Figure 4.2: Cross sectional diagram of the reactor and héating
furnace. (Not to scale)
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(4.1.3) Adsorbate Injection Equipment

Injection of adsorbates into the carrier gas flow were made with
an injection valve upstream of the reactor. Various volume injection
ldops could be fitted to to allow control over the amount of adsorbate
injected and hence control of the adsorbate catalyst surface coverage.
The valve was connected to an electric actuator that could either be
operated manually or under computer control for multiple injection
sequences. Adsorbates in gaseous form were injected by direct connec-
tion of the appropriate gas cylinder or aerosol can to the valve.
Liquid adsorbates were contained in a saturator through which helium
gas was passed which then flowed through the injection valve. Con-
stant temperature control of the saturator temperature was achieved by
placing the saturator in a cold water flask. The lines from the
saturator to the valve and the valve itself were trace heated to

approximately 335-345 K to avoid adsorbate condensation.
(4.1.4) Reactor Temperature Control

The reactor temperature and rate of linear heating were controll-
ed by a PID controller constructed by the Departmental Electronics
Workshop. A 0-10 v voltage ramp generator was connected to the contr-
oller unit to provide a 1inear’ ramp signal, with a programmable power
supply wired to the reactor furnace. Temperature ramping. was commenc-
ed by activation of the voltage generator ramp and achieved by the
controller matching the thermocouple inppt voltage (from the thermo-
couple positioned in the annular space outside of the reactor) against
the input from the ramp generator. As the ramp generator output

increased linearly with time, the furnace temperature was also
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increased at a linear rate as the power from the power supply progres-
sively increased. Variation of the heating rate could be made by
adjustment of either the rate of the generated voltage rate or of the
temperature span of the ramp on the main controller. The controller
could also be used to maintain a constant reactor temperature by
resett_ing the voltage generator and adjustment of the temperature set

point.
(4.1.5) Desorption Product Sampling and Detection

A kathrometer (thermal conductivity detector) and sampling valves
for the mass spectrometer detector were positioned downstream of the
reactor and furnace for detection of the desorption products in the
carrier gas stream. The principal advantage of the mass spectrometer
was that it could discriminate between simultaneously desorbing masses
whereas the kathrometer detected only the overall desorption product
envelope. Operation of the kathrometer was also severely limited due
to its low sensitivity. As a result no significant use was made of
the kathrometer in this study and it will not be discussed further.

Two micro-sampling valves controlled the helium flow into the
mass-speétrometer detector chamber. The first valve was connected to
a low volume roughing vacuum chamber and the second with the main
vacuum chamber. A quadrupole mass spectrometer with a Faraday-cup
‘detector was used, and enabled high helium partial pressures to be used
within the chamber resulting in high detection sensitivities. The
total helium flow to the mass-spectrometer however reméined low and
did not cause a discernable decrease in the total helium carrier
flowrate. The mass spectrometer head was connected to a remote cont-

rol unit in turn interfaced with an Apple Ile computer.
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Table #4.1: The main experimental items used in the TPD apparatus.

apparatus item

model/grade

specifications

O,/H,0 trap

Messer Greisheim

< 0.1ppm O,,

gas flow controller

1/4", 1/8" tubing
1/16" glass-lined
tubing

adsorbate injection
valve

reactor tube’

reactor heating
reactor

type K thermocouple
probes

ice junction thermo-
couple compensators
PID ramp controller

programmable power
supply

voltage ramp
generator

kathrometer

kathrometer control
unit
mass-spectrometer
sample flow
control valves
diffusion pump

mass spectrometer
computer

A/D interface

D/A interface

Oxisorb cartridge
Porter Instruments
Model 1000 VCD
SS-304
SGE Eng (UK) Ltd

Valco 2-position GC
sample valve

constructed in
depar tment

TCLtd
Electroplan Ltd

constructed in
depar tment
Philips PE 1644

Wenking Model
VSG72

Servomex Model
DK 458

Servomex Ltd.

SGE BMCV Micro-
Control valves

Edwards Diffstak
VG Ltd Masstorr MX
Apple lle
U-Microcomputers

Applab

< 0.5ppm Hy

A-110 flow element,
max flow 110ml/min
seamless tubing

variable loop

volumes, elec-
-tric actuator
quartz glass with
quartz sintered
catalyst support
quartz glass wound
with nichrome wire,
kaowoo! insulated
1/16" SS sheathed
probes

electronic compen-
-sation units
variable temperature
start and span

40V, 10A max output

0-10v ramp generator
2.6ul internal
volume

0-8v bridge

PTFE seals

Faraday cup detector

12 bit, 8 channel
0-6.5v output
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(4.2) Experimental Methods

(4.2.1) Temperature Programmed Desorption
Experimental Method

(4.2.1.1) Adsorbate Injection

After catalyst pretreatment (described in chapter 5) adsorbate
dosage would be carried out at.the required .adsorption temperature set
by the furnace temperature controller. Dosing of the catalyst could
be accomplished in two WE—:I)'S: .

(i) by use of the injection valve either wifh manual opera-
tion of the valve actuator or by computer control for multiple injec-
tions. . Variation in the injection loop volume (approximately 25ul to
Iml) controlled the quantity injected. The same effect could also be
achieved by changing the concentration of the injected gas.

(ii) appropriate reconnection of the valve inlet tubing
allowed the valve to be used in a switching rather than a pﬁlse
injection mode enabling the ca}'rier gas to be changed from pure helium
to an alternative gas mixture, for example, the gas flow from the
satﬁrator. The alternative gas flow could be maintained for as long
as the valve remained in the 'inject' position thus subjecting the
catalyst to a steady flow of adsorbate over its surface for an indefi-
nite time length.

After adsorbate dosagé the catalyst would be left for a minimum
of 2-3 minutes to allow the background gas concentrations to return to

‘their baseline levels before temperature programming was commenced.
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(4.2.1.2) Experimental Technique

After dosage of the catalyst and before commencement of the
temperature programming, the helium partial pressure in the mass-
spectrometer was set by adjustment of the helium flow with the micro-
valves. A constant helium partial pressure (and hence constant flow
to the mass spectrometer) of 8x10~8 mbar was used for virtually all
the TPD experiments carried out. Because of the proximity of the
hydrogen peak at mass 2 to the large helium signal at mass 4, experi-
ments requiring an accurate record of hydrogen desorption used a
reduced partial pressure of 1.4x10"8 mbar and data was obtained with-
out computer scanning i.e. a direct reading of the mass 2 signal was
made.

Temperature programmed heating of the catalyst bed was begun by
activating the linear ramp generator. While the maj‘ority of experi-
ments used a ramping rate of 39+l K/min, rates as high as 108 K/min
and as low as 7.9 K/min were achieved by the controller. Figure 4.3
illustrates the excellent linear characteristics of the heating ramp
as measured by the change in temperature within tﬁe catalyst bed.

Computer control of the mass-spectrometer and logging of the
desorption data would also commence at this point (see section 4.2.2).
Table 4.2 details the atomic masses used to identify the various
desorption products. Further information on the cracking patterns of
some of these compounds is given in Appendix .

The maximum experimental temperature generally used was 800 K.
Once this temperature had been reached the ramp generator was switched
off which turned off the power to the reactor furnace and the low

pressure air flow turned on to cool the catalyst temperature to the
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Figure 4.3: Characteristics of the experimental linear heating rate as

measured by the catalyst bed temperature.
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adsorption temperature again. The experimental data would be saved to

disk at this stage.

A summary of the typical experimental parameters used is given in

table 4.3.

Table 4.2: The characteristic atomic masses used for mass
spectrometer desorption product detection.

desorption product characteristic mass(es) (amu)
hydrogen 2
wa’;er 18
carbon monoxide 28
carbon dioxide 44,28
methane | 15,16
propene 41,39
acetone | 43,58
2-propanol 45,43
I-propanol | _3_1,29
propionaldehyde 29(2)

(a)= after reference (108)
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Table #4.3: Typical Experimental Operating Parameters

parameter value
helium carrier flowrate 58+2 ml/min
linear heating rate ~39+1 K/min
‘catalyst sample weight 450-500 mg
adsorption temperature 315-345 K typically
maximum experimental temperature 800 K
injectioh loop volume 25 pl - 1 ml

(4.2.2) Computer Software for the Control of the Mass

Spectrometer and for Data Acquisition

All the computer programs for the control of the mass spectrome-
ter and for the acquisition of experimental data were written specifi-
cally for this study. Assembly language programming was used extensi-
vely because of the precise timing restraints for mass spectrometer

control and data logging.
(4.2.2.1) Control of the Mass Spectrometer Peak Scanning

For the complex desorption spectrum exhibited by adsorbate’s, ‘such
as 1- and 2-propanol, the ability to simultaneously monitor several
desorption masses is essential. '_I'o accomplish this computer software
was written that enabled up to 5 peaks to be scanned by the mass
sbectrometer each experiment.

Normal operation of the mass spectrometer control unit to scan a

mass range used an internally generated voltage ramp to alter the mass
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number continuously with time. Modifications were made to the unit to
allow the input of a computer generated voltage ramp. Precise control
could then be made of the masses scanned by generation of only the
required portion of the ramp that defined each mass. A calibration of
the voltage against atomic mass number showed an excellent linear
relationship that allowed the required D/A output voltage from the
computer for a given mass to be accurately determined. These voltages
were generated using an 'Applab' D/A interface that allowed mass
scanning in the range 0 to 65 amu.

The maximum rate at which different masses could be scanned was
determined by the‘ time constant on the preamplifier in the mass spect-
rometer control unit. A time constant setting of 200mS was selected
as a compromise between good signal magnitude and low noise level and
the maximum scanning rate was set at one mass per second so that
sufficient time was left for the mass spectrometer signal to-settle
from a voltage 'jump' before 'scanning' through a mass peak. For a
given mass the initial voltage used was slightly below that of the
true peak value and the peak maximum determined by making 15 stepwise
incr-ements in the volfage (one every 30mS) so that the mass spectrom-
eter output' signal 'passed' through the peak as shown in figure &.4.
To reduce the signal noise, at each voltage step continuous readings
of the mass-spectrometer signal were made with the final eight read-
ings averaged at the end of the 30mS period. This result was then
compared to the previous highest signal value to determine if the peak
maximum had been reached and the maximum updated accor-dingly. After
the 15 steps thermocouple and kathrometer channel readings were made,
all three results were stored in computer memory and plotted on the

computer scréen both graphically and numerically to provide a visual
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Figure #4.4: Plot of the D/A output from the computer and the mass
spectrometer ion signal against time during computer control of the
mass spectrometer peak scanning.
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record of the progress of the experiment. After the set masses were
scanned a selected number of one second delay periods could be imple-
mented if a lower data acquisition rate was required. Since each mass
peak value had an associated thermocouple reading the accuracy of the
results was independent of the rate of data acquisition. A flow
diagram of the main steps of control/data acquisition program is given
in figure 4.5. The program was written in assembly language using
Applesoft Basic to select and define the D/A voltages. At the end of
an experiment the data could be saved to disk as a block of binary
along with pertinent experimental details such as the experiment

number, date, catalyst type and weight and the masses scanned.
(4.2.2.2) Data Analysis

The binary data for a given experiment was recalled from disk and
an analysis of the results for each of the scanned masses carried out.
The results for each mass were loaded into the Applesoft array var-ia-
ble space and analysis of the desorption spectrum carried out by
plotting on the graphics screen the mass spectrometer signal against
either sampling time or catalyst temperatufe. The raw data thermocou- -
ple readings were converted to temperature values by a two step pro-
cess, the first step converting the amplified A/D signal fo a mvolt
value (by a linear regression equation) and the second, converting
this mvolt value to an actual temperature using a machine code routine
that 'looked' up a data table within the computer memory (this method
being more accurate than making use of a second linear calibration
equation). A further correction was then appliéd to this temperature
to account for the reactor temperature and heating rate dependent time

lag between the thermocouple reading and the mass spectrometer signal
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control and data acquisition program.
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(2 K at low temperature decreasing to | K at high temperature for a
carrier flowrate of 58 ml/min). Both the mass spectrometer signal
data and temperature readings could be filtered to reduce signal noise

(131-133) .

levels. A 7-point least squares filtering algorithm
written in assembly language to accomplish this. Once plotted on the
computer screen the individual data point values (mass spectrometer
signal and temperature) could thén be read by use of a keyboard con-
trolled cursor.

(134) with either

Peak areas were determined using Simpsons Rule
with a horizontal or sloping linear baseline, allowing surface cover-
ages to be calculated by multiplication by the appropriate calibration
factor. Corrections to the peak areas for cracking fraction overlap
were made according to the method outlined in Appendix 3. The deconv-

oluted data for each mass could be stored on disk by using the space

in each data file provided by the unused kathrometer channel.
(4.2.3) Mass Spectrometer Calibration

The mass spectrometer was calibrated by the injection of a known
amdunt of adsorbate into the helium carrier stream, and after passing
the flow through an empty reactor, measuring the response of the mass
spectrometer. The method and rate of calibration peak scanning were
identical those used for collection of experimental data during a TPD
experiment (i.e. peak scanning at a rate of one reading per second),
as were the conditions of helium flowrate and mass spectrometer part-
ial pressure. Célibration factors expressediin terrﬁs of beak area per
quantity of injected adsorbate are summarised in table 4.4. Peak area
-3

units were 2.44x10 volt.sec, with overall accuracy of the given

calibration factors estimated to be in the order of +20%.
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Liquids were calibrated by the injection of an adsorbate satu-
rated helium flow. The amount of adsorbate injected was calculated
from vapour pressure data of the adsorbate liquid at the saturator
temperature i.e. saturation of the helium gas flow was assumed. Con-
densation of the adsorbate in the valve was minimised by maintaining
the saturator at below the ambient room temperature and by the trace
heating of the valve, injection loop and flow lines leading from the
injection valve. The water calibration factor was also determined ~
separately by ‘measurement of the steady-state uptake of water from a
saturated helium flow. Cross-checks of the reproducibility of the
calibration factors for gaseous adsorbates (e.g. CO, and propene)
could be made by injecting different composition of adsorbate/ helium

gas mixtures.

Table &.4: Mass spectrometer calibration factors.

(a)

adsorbate calibration factor
- water 16

co, ' 30

2-propanol 36

acetone ' 22

propene ' 42

I-propanol 23

propionaldehyde o 22 (est.)

hydrogen v 26,11(b)

(a)= units: 1012 molecules/ (2.44x10"3 volt.sec), helium
partial pressure of 8x10™° mbar 3

(b)= helium partial pressure of 1.4x107° mbar
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(4.3) Materials
(4.3.1) Zinc Oxide Catalysts

Three types of zinc oxide catalyst were used in this study:-
AnalaR grade ZnO supplied by BDH Chemicals Ltd, Poole, England (refer-
red to as ZnO), an older sample of AnalaR grade ZnO from the same
manufacturer and supplied by ICI New Science Group (referred to as ICI
low surface area ZnO) and a high surface area ZnO supplied by ICI
Agricultural Division (referred to as ICI high surface area ZnO).
Both AnalaR grade catalysts were prepared by ignition of Zn metal in
oxygen, while the high surface area ZnO was prepared by precipitation
from zinc nitrate solution followed by calcination. The behaviour of
the ICI low surface area ZnO as an adsorption and decomposition cata-
lyst had already been pa‘rt of an extensive TPD study by the ICI New

(25’83’98’99’108’115). Other studies have also reported

o(83,135,136)

Science Group
on the behaviour of a similar high surface area Zn
The manufacturers purity specifications for both AnalaR catalysts
were the same as given in table #4.5. The specifications for the ICI
high surface area ZnO are detailed in table #4.6 using information
supplied from ICI Ltd.
Puriss grade K,COj3 supplied by Fluka was used as the promote} for

the ZnO catalysts.

(4.3.2) Adsorbates

Gaseous adsorbates were either supplied in high pressure cylinder
(hydrogen and CO,), low pressure lecture size gas bottle (propene) or
in aerosol-type cans (hydrogen and CO,). Both the high pressure gas

cylinders were of BOC CP grade purity and the lecture bottle of
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Table #4.5: Manufacturers purity specifications for AnalaR grade ZnO.

specification level (%)
minimum assay after ignition 99.6
acid-insoluble matter 0.01
loss at 600°C 0.5
carbonate (CO3) 10.25
chloride (Cl) 0.001
nitrogen compounds (N) 0.0005
sulphur compounds (SOy) 0.01
arsenic (As) 0.0001!
cadmium (Cd) 0.002
calcium (Ca) 0.001
copper (Cu) 0.0002
iron (Fe) 0.0003
lea_d (Pb) 0.005
manganese (Mn) 0.0005
nickel (Ni) 0.0005
sodium (Na) 0.001
reducing substances (O) 0.0016




130

Table 4.6: Elemental analysis for the high surface area ZnO.
(Source: ICI Ltd.)

specification level (%)
zinc oxide (ZnO) 96.5
sulphur (S) ; : ' <0.02
chlorine (Cl) ' <0.02
sodium (Na,O) 0.12
% loss at 900°C 3.5

research grade purity. The aerosol can adsorbates were made up as
mixtures in helium or nitrogen.

Distilled and deionised water was used directly in the liquid
saturator without any further purification or treatment. The I-
propanol, 2-propanol and acetone were supplied by Fluka Chemicals and
were of puriss grade specification. No further purification was also
carried out before use of these chemicals. The manufacturers specifi-
cations for the water levels were 0.1% and 0.2% for the alcohols and -
acetone respectively; however, an increase in the amount of water
desorbed with the alcohols in particular showed that although water
levels remained low, there was an increase in the water content with
time after the opening of the storage bottles. Attempts at drying of

the alcohols with molecular sieves proved unsuccessful.
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CHAPTER 5
CATALYST PREPARATION AND CHARACTERISATION
(5.1) Catalyst Preparation
(5.1.1) Particulate Size Distribution

Studies have shown that intraparticular mass transfer effects can

cause significant distortion of a catalysts desorption behaviour(123'

125). A reliable test for the presence of mass transfer limitations
is to determine if there is any particle size dependence to the TPD
spectra(124).

To determine any particle size dependency in the TPD spectra, the
ZnO catalysts were sieved into discrete particle size ranges. The
same method of preparation used for all three catalyst types:- the as-
received fine ZnO powder was pressed into a friable disc using a 13mm
diameter die-press. Pressures in the range 2000 to 5000kg were used
for the two AnalaR grade catalyst samples, with the TPD behaviours of
these catalysts found to be independent of pelletising pressure
employed. A lower p.ressure (approximately 500kg) was used for the ICI
high surface area ZnO as the desorption behaviour of this catalyst was
found to be dependent on thekpelletising pressure. However, since
this catalyst was not involved in the major part of the experimental
programme, this dependency was not investigated further. For all
catalysts, the p'ressed discs were then crushed and sieved into discr-

ete particle several size fractions ranging from 150 to 1250um in

diameter.
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(5.1.2) Method of Alkali Promotion

The impreganation method used for the potassium promotion of the
ZnO followed that outlined by Smith and Anderson(”) and by earlier
work on higher alcohol synthesis(lz). Only the particulate ZnO was
used for promotion and not the as-recieved powder. Alkali promotion
was achieved by the addition of the required amount of K,CO3 in solut-
ion with distilled and deionised water. A minimum volume of solution
was added so as to form a wet slurry. The catalyst was then air dried
to remove excess moisture, with final drying and decomposition of the
carbonate taking place during the catalyst pretreatment stage (see
section 5.1.3).

The effective potassiumr loadings for the three alkali promoted
catalysts made are given in table 5.1. The 0.085 wt% and 0.20 wt% K
loadings were confirmed by atomic emission measurements made on used

samples of these catalysts.

Table 5.1: The effective potassium loadings for the promoted zinc
. oxide catalysts.

K,CO3 added (wt%) ' effective K loading (wt%)
0.075 0.042
0.15 - 0.085

0.35 0.20
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(5.1.3) Catalyst Pretreatment
(5.1.3.1) Unpromoted Zinc Oxide

An in-situ pretreatment was carried out to desorb and decompose
any surface impurities on the fresh catalyst samples. The weighed
catalyst sample would be heated to 800 K under normal TPD experimental
conditions (i.e. of helium flowrate, heating rate, etc) and then
cooled to the required adsorption temperature for subsequent experim-
entation. The main desorption products observed from all three un[;ro—
moted catalysts during pretreatment were water and CO, plus smaller
amounts of CO and traces of O,. The desorption spectra obtained from
the heating of fresh AnalaR catalyst samples are shown by figures 5.1
and 5.2. Figure 5.2 for the ICI low surface area ZnO sample was
similar to that previously found by Bowker et a1(25) for the same
catalyst. The coincident water and CO, peaks in each spectrum indica-
ted the reaction limited decomposition of a common surface interméd-
jate. Nagao et a1(88) have shown that atmospheric water and CO,
combine to form a hydroxy-carbonate species on the surface of ZnO
during storage which decomposes to water and CO, on heating. The
coincident water and CO, peaks were then assigned to the decomposition
of such an intermediate, with the larger peaks from ICI low surface
area ZnO sample being a consequence of its greater age. The diffe-
rences in the water desorption profiles between catalysts is consider-
ed in chapters 6 and 8 and so will not be discussed at this point.
Subsequent heating of a sample after the initial treatment did not
evolve any further carbonate derived CO, or wat'er peaks, although a
small high temperature water peak was generally found due to the

adsorption of background water onto the ZnO surface.
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Figure 5.1: The desorption spectrum obtained from the pretreatment
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Figure 5.2: The desorption spectrum obtained from the pretreatment
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(5.1.3.2) Potassium Promoted Zinc Oxide

The pretreatment of the potassium promoted ZnO followed an inden-
tical procedure to that used for the unpromoted catalyst. For these
cétalysts the pretreatment desorption spectra were dominated by a
large CO, peak at approximately 553-573 K due to K,CO3 decomposition.
A typical pretreatment desorption spectrum for the 0.20 wt% K promoted
catalyst is shown in figure 5.3. There did not appear to be any
significant loss of potassium (39 amu) during the carbonate decompo-
sition process, which was confirmed by atomic emission measurements on
pretreated catalyst samples. XPS measurements showed the potassium
underwent redistribution over the catalyst surface during the pre-
treatment stage (see Appendix 4). Subsequent heating of a promoted

catalyst after this pretreatment did not evolve any further CO,.
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Figure 5.3: The desorption spectrum obtained from the pretreatment
of a fresh 0.20 wt% K promoted zinc oxide sample.
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(5.2) Catalyst Characterisation
(5.2.1) Surface Area Measurement

Catalyst surface areas were determined by a continuous flow
method{!37) and calculated according to the BET Equation“BS) (see
Appendix 2). The reactor and furnacé were replaced with a glass U-
tube containing the catalyst sample and the helium carrier gas by a
9.74% Ny in He gas mixture. The equilibrium quantity of N, physisorb-
ed onto the sample was measured when the tube was immersed in a flask
of liquid N, .by monitoring of the 28 amu mass spectrometer signal.
Table 5.2 summarises the results obtained for the surface areas of a
series of fresh and used catalyst samples. - The area determined for
ICI low surface area-ZnO was in good agreement with that reported by
Bowker et al{?%). Both the ZnO and ICI low surface area ZnO surface
areas were found to bo stable even after repeated experimental use.
In addition, the loss of surface area after alkali promotion was not
significant to within the accuracy of the measurements made. In
contrast however, the surface area of the high surface area catalyst
appéared sensitive to experimental usage and its surface area decreas-
ed significantly due to sintering eiffects. .This made estimation of

reliable surface coverages for this catalyst difficult.
(5.2.2) Transmission Electron Microscopy

The catalysts were analysed by TEM in order to characterise the
crystal morphology of the catalysts studied. Both the AnalaR ZnO and
ICI low surface area ZnO were found to have a well defined structure,
with "typical" crystallite dimensions for the former estimated to be

in the order of 250 nm across the polar surfaces by 300 nm along the
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Table 5.2: Catalyst specific surface areas.

catalyst description specific surface area

(m2/g,10.2)

fresh ZnO 4.6
used ZnO | 4.2
fresh 0.20 wt% K promoted ZnO 4.3
fresh ICl low surface area ZnO 3.3
fresh ICI high surface area ZnO 4342

used ICI high surface area ZnO : ~20

prism edges. The ICI low surface area ZnO crystals appeared to be of
similar dimensions that were consistent with those previously reported
by Bowker et a1(25), However, as would be expected with a "real”
crystalline solid, a significant fraction of the crystals observed
under the microscope were more irregular, ranging from near spherical
to long needle crystallite shapes.

| The presence of this significant amount of irregular crystallite
shapes made estimation of the relative fraction of the crystal sur-
faces difficult. For an ideal ZnO crystal shape, figure 5.4 shows the
fraction of total polar surfaces, for the 4.6-4.2+0.2 mzlg specific
surface areas measured, to be in the region of 30-40% of the surface
area. This is similar tob the 20% estimate of the fraction of total
polar surface fof ICI low surface area ZnO made by Bpwker et al(25),
with the slightly higher figure being in line with higher ZnO surface

area (4.6 m2/g compared to 3 mZ/g).
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The ICI high surface area catalyst crystal dimensions were obser-
ved to be much smaller than the AnalaR samples, consistent with the
higher specific surface area. Bowker et et(98) has previously report-
ed a similar high surface area ZnO as having crystallite dimensions in
the order of 15 nm across, with an aspect ratio of one and estimated
the fraction of polar surfaces to be in the order of 33% for this

catalyst.
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CHAPTER 6
ADSORPTION STUDIES ON ZINC OXIDE
(6.1) Adsorption on Unpromoted Zinc Oxide
(6.1.1) Water Adsorption on Zinc Oxide
(6.1.1.1) Thermal Desorption Spectrum

The desorption spectrum obtained after a saturation dose of water
onto ZnO at 340 K is given in figure 6.1. The several peaks observa-
ble in the spectrum are designated a, B, v, § and € with peak tempera-
tures as given in table 6.1. Although molecularly adsorbed forms of
water are possible, the desorption spectrum obtained is most likely
derived from adsorbed hydroxyl species since Atherton et a1{#3) has
shown only adsorbed hydroxyl species to be present on ZnO at 320 K.
Monitoring of the mass 2 and mass 32 signals during the desorption of
water after saturation coverage did not detect any desorption of
either hydrogen or oxygen inferring that the hydroxyl condensation
reactions leading to water desorption did not result in significant
amounts of either residual hydrogen or oxygen being left on the cata-
lyst surface.

Saturation of the catalyst by pulse injection of water resulted
in desorption that corresponded to an effective surface coverage of
#.91-0.4x10“’ H,O molecules/cm2 in goéd agreement with the measurements
of Morimoto et al{87). The same coverage was also obtained after
water was adsorbed from a continuous wa‘;er/helium flow over the cata-
lyst. Since the effective contact times of the water vapour with the

catalyst bed of the two methods (injection and steady-state flow)
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Figure 6.1: The water desorption spectrum after adsorption at 340 K to
saturation coverage on zinc oxide.

differed by nearly two orders of magnitude, the observed similarity in
the respective saturation coverages showed the adsorption of water
onto ZnO to be very rapid i.e little or no activation énergy barrier
existed at 340 K. Further evidence to support this conclusion was
provided by experiments where water was dosed at elevated temperatures
(up to 530 K). No change in the form of the water desorption TPD
spectra was found (other than the removal of the desorption states
below or at the adsorption temperature) inferring the absence of a}my
activated hydroxyl adsorption sites.

No significant changes in the desorption peak profiles were
observed with experimental use of a catalyst sample except for a
slight decrease in the coverage in the o state after a large number of
experiments (>15). This showed the catalyst structure to be stable to

repeated water adsorption and heating cycles as was also
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Table 6.1: The water desorption peaks after adsorption at 340 K to
saturation coverage on zinc oxide.

peak peak temperature
designation (K)

o 743+2

B | 668+5

Y 627+5

8 521+10

€’ 383+10

indicated by the stability of its specific surface area (see Chapter

5).
(6.1.1.2) Coverage Dependence

Experiments were conducted where the dose of water was var‘ied
from approximately 8% of saturation to full saturation coverage. The
changes in the resultant desorption spectra are summarised in figure
6.2.' At the lowest coverage the desorption spectrum consisted of a -
rise in the baseline signal beginning at approximately 655 K which
did not form into a peak. Adsorption of D,O confirmed this rise to be
due to desorption from surface adsorbed species rather than diffusion
of water from the catalyst bulk. As the water dose was increased, the
a adsorption sites (i.e. those with the highest peak temperature) were
selectively popuiated with the temperature of the o peék increasing
from 708+2 K at low coverage to 743+2 K at full population. Full
saturation of these sites (as determined by the point at which lower

temperature peaks began to populate) corresponded to a surface
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spectrum after adsorption at 340 K on zinc oxide.

coverage of 1.5+0.2 x1014 HZO/cmz. After this point as the dose was

increased further, lower temperature adsorption states were popula'ted

as shown by the development of peaks at 668+5, 627+5 and 521+10 K plus

a poorly resolved shoulder at 383+10 K.

A {further peak at approxima-

tely 365 K could also be populated but was not observed at the 340 K

adsorption temperature used.

Compared to the high temperature peak,

these new ‘desorption peaks were broad, ill-defined and distorted by

overlapping.

For the B peak, this is illustrated in figure 6.3 where

the o desorption peak has been subtracted from the saturation water

spectrum.

The broadness of these lower temperature peaks showed a

wider spread of desorption energies existed for their corresponding

surface sites compared to the sharp peak produéed from the a sites

i.e. the sites were energetically less well defined.
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Figure 6.3: The saturation coverage water desorption spectrum with
the a desorption peak subtracted.

(6.1.1.3) Determination of the Heats of Adsorption

(6.1.1.3.1) Extent of Readsorption Within the
: Catalyst Bed

- Before the energetics of the hydroxyl desorptions could be quan-
tified, the extent of readsorption that occurred within the catalyst
bed during a TPD experiment had to be determined. Readsorption ef-
fects produce large distortions in TPD peaks by broadening and raising
the peak temperatures and, unless accounted for in the TPD results
analysis, large inaccuracies in the detérmined desorption energetics
can be introduced(122,124,125,127) (see chapter 3). The extent of
réadsorption can be qualitatively determined by the dependence of the

(120)

desorption peak temperature on carrier gas flowrate Experiments

‘were conducted where the helium carrier flowrate was varied in the
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range 26 to 164 ml/min with the other experimental conditions other-
wise standard.. The log-linear plot of flowrate against peak tempera-
ture for the a state (figure 6.4) was linear and indicated(120) thaq
conditions of free readsorption existed within the catalyst bed over
the complete range of experimental flowrates tested. Similar tempera-
ture shifts were also observed for the other water desorption states
in the same flowrate range.

The results established that quantitative analysis of the water
desorption spectra measured the heat of adsorption rather than .the
activation energy of desorption, with thé difference being the activa-

tion energy of adsorption(zq).

(6.1.1.3.2) Intraparticular Mass Transfer Effects
A reliable test for intraparticular mass transfer gradients can

be made through varying the catalyst particle size(lzl*).

Catalyst
particle sizes ranging from 215 to 925 ym were investigated. Table
6.2 shows the a water desorption peak temperature to be independent of
the catalyst particle size. Therefore, to within experimental error
limits, intraparticular mass transfer effects were not significant.

Table 6.2: The influence of catalyst particle size on
the o water desorption peak temperature

mean catalyst particle size peak temperature(a)
925 ' 474
925 _ 472
510 473
510 . 473
215 473
215 ' 471

(a)=peak temperature corrected for sample mass (see section 6.1.1.3.4)
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Figure 6.4: Plot of the extent of readsorption within the catalyst
bed as shown by variation in the o water desorption peak temperature
from zinc oxide with helium carrier gas flowrate.
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(6.1.1.3.3) Heat of Adsorption by Heating-Rate Variation
Method

The prev‘ious sections showed the water desorption spectrum to be
readsorption limited, but not to be distorted by mass transfer eff-
ects. These results established the validity of using the variation
in peak temperature with heating rate to measure the heat of adsorp-
tion, according to the method described in section 3.4(2“. However,
since this methoﬁ of analysis is sensitive to error in the measurement

(130), meaningful results were only

of the desorption peak témperature
able to be obtained for the sharp a desorption state' where the peak
position could be accurately measured. The peaks of the lower temper-
ature desorption states could not be determined with sufficient accur-
acy. From the plot of B/Trﬁ against 1/T, (figure 6.5) for the a peak,
a value for the heat of adsorption of 151+10 kJ/mol was obtained.
(6.1.1.3.4) Heat of Adsorption by Catalyst Mass Variation
Method

As described above, the water desorption spectrum was readsorp-
tion, but not diffusion, limited. In an analogous manner to the
method described above, the variation in the vpeak temperature with
catalyst sample mass was able to be used to determine the heat of
adsorptionA according to the method described in section 3,4(128),
Agaih this analysis could only be applied to the a desorption peak
since the position of the lower temperature states could not be deter-
mined with sufficient accuracy. For the a state a plot of the depen-
dence of peak temperature on catalyst weight (figure 6.6) yielded a
heat of adsorption value of 166+10 kJ/mol, in good agreement with the

result obtained by the heating rate variation method.
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(6.1.1.3.5) Heats of Adsorption by Redheads Method

Estimates of the heats of adsorption for the lower temperature

(24,129) yith a

desorption states were made by the Redhead Equation
'pSeudo' preexponential value calculated from the experimentally
determined heat of adsorption for the o peak i.e. the preexponential
was effectively scaled to take into account readsorption effects. The
preexponential factor calculated in this manner was found to be 5x10°
s~ 1. The heats of adsorption for the water desorption peaks deter-
mined by this method are given in table 6.3; because of the assump-
tions involved in application of the Redhead Equation (see section

3.4), these results should only be interpreted as order of magnitude

estimations of the true values.

Table 6.3: Estimates of the heats of adsorption for water desorption
from zinc oxide using Redheads Method.

desorption peak heat of adsorption(®)
(kJ/mol)
o 161
B 144
Y 135
§ 111
81

M

(a)= determined using a preexponential of 5x10% sfl
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(6.1.2) Carbon Dioxide Adsorption on Zinc Oxide
(6.1.2.1) Thermal Desorption Spectrum

The desorption spectrum obtained after a saturation dose of CO,
at 325 K is given in figure 6.7. The several peaks in the spectrum
were designated a, B, Yy, 8 and € respectively. Their corresponding
tempeiratures are given in table 6.4, along with estimates of the heats
of adsorption calculated using the Redhead Equation(24’129) (these are
based on a preexponential factor of 103 5'1(25) that assumes- no
readsorption; .although not quantified, as for water desorption, the
CO, peaks were also indicated to be readsofption limited, so the
values for the heats of adsorption will be overestimates of the true
heats). The poorly defined state at approximately 720 K shown in
figure 6.7 was only observed from some ZnO samples, while the a peak
was also not found on all ZnO samples tested. This effect appeared to
be possibly related to the quantity of background water adsorbed on
the catalyst surface. Monitoring of the mass 28 signal during the
desorption of CO, showed only the CO contribution from the CO, mass
5pe¢trometer cracking pattern to be present i.e. no CO itself appeared
to be desorbed. A small amount of water afso evolved due to adsorp-
tion of background water present in the CO, and helium carrier gases.

| The saturated surface coverage corresponded to approximately

2, although the coverage associated with the ¢

400x10!2 molecules/cm
peak was found to be sensitive to the adsorption temperature used and
on the time period between adsorption and heating, as shown in figure
6.8. A further time dependent effect was observed, also shown in

figure 6.8; if a catalyst saturated with CO, was left for a longer

time period, a positive shift in the o and B peak temperatures
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The carbon dioxide desorption spectrum after adsorption at
325 K to saturation coverage on zinc oxide.
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Figure 6.8: Time dependence of the CO, desorption spectrum after
adsorption at 325 K to saturation coverage on zinc oxide. Time
between adsorption and heating: (a)= 3 minutes; (b)= 30 minutes.
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Table 6.4: The carbon dioxide desorption peaks and heats of adsorption
after adsorption at 340 K to saturation coverage on zinc oxide.

(a)

peak desorption adsorption
designation temperature energy
(K,+5) (k3/mol)
o 655 - 182
B 617 171
Y . 535 147
s - 451 124
€ 375 102
(a)= based on a preexponential= 1x10!3 s-1

occurred accompanied by an apparent increase in the coverage assoc-
iated with each peak.

Adsorption of CO, at an elevated temperature (approximately 530
K) did not reveal the forrhation of any additional adsorption states,
with the only effect being to remove thg low temperature peaks from

the desorption spectrum.
(6.1.2.2) Coverage Dependence

The changes in the desorption spectra as surface coverage was
varied from 10% of saturation to full surface saturation are summari-
sed in figure 6.9. The particular catalyst sample used in this series
of experiments was found not to form a. distinct a peak as described
above. At the lowest dose adsorption was confined to the most stable

B sites. Saturation of the B sites occurred at a coverage of
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Figure 6.9: The coverage dependence of the carbon dioxide desorption
spectrum after adsorption at 340 K on zinc oxide.
approximately 10% of the full saturation coverage. As the dose was
increased the remaining surface sites were progressively populated in
reverse order to their desorption temperature, analogous to the cover-
age dependent behaviour for water adsorption (section 6.1.1). No
breakthrough of CO, was detected during adsorption until surface
saturation was attained indicating a rapid adsorption with a low
activation energy barrier. No coverage dependence was observed with

any of the CO, peak temperatures.
(6.1.3) Propene Adsorption on Zinc Oxide
(6.1.3.1) Thermal Desorption Spectrum

After propene adsorption at 330 K to saturation coverage the
desorption spectrum of figure 6.10 was obtained. Propene desorbed in

a single peak at 403 K with an estimated heat of adsorption of 110
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Figure 6.10: The propene desorption spectrum after adsorptioﬁ at
330 K to saturation coverage on zinc oxide.
kJ/mol (by Redheads method(24’129) again based on a preeexponential
factor of 10!3 s-! (25)). Although no other significant desorption or
decomposition products were observed, the detection of small quan-
tities of mass 15 (indicative of the CH; fragment) and water (propene
to \.)vater molecular ratio of approximately 10:1) coincident with the
propene, indicated the possibility of a minor side reaction accom-
panied by a surface reduction. The presence of a further high tem-
perature water peak at 716 K (coverage uox10!2 HZO/cmz) suggested the
presence of water impurities in the injected propene. The almost
complete absence of a high temperature CO, desorption peak showed that
surface oxidation did not take place as reported by Davyciov et al(llg)
0l2

(see chapter 7). The saturated propene coveragé of 90xl! molec-

ules/cm? was in reasonable agreement with the figure of 60x10!2

2 [(118).

species/cm* reported by Davydov et a
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(6.1.3.2) Propene and Water Coadsorption

The effect of propene coadsorption with water was investigated by
the sequential adsorption of propene and water. Various predosed
hydroxyl surface coverages were used ranging from approximately 10-15%
of hydroxyl surface saturation to full surface saturation. Adsorption
of water to a low hydroxyl coverage such that only adsorbed hydroxyls
into the a state (see section 6.1.1) did not effect the propene desor-
ption spectrum, which indicated no site competition i.e. adsorption
sites were independent. Predosing to a higher hydroxyl coverage such
that adsorption into the B and Yy adsorption sites also occurred reduc-
ed the amount of propene desorbed, while preadsorption of water to
full saturation coverage before propene adsorption resulted in only a
0l2

small amount of propene desorption (approximately 5xl! molecules

Jarf).

(6.1.3.3) Propene and Oxygen Coadsorption

Sequential injections of propene and oxygen were made at 330 K to
test for any evidence of oxidation, for example, as reported by Davy-
dov et allll8) ang Nakajima et alll19) e resulting propene desorp-
tion spectra were found to be the same as after adsorption of propene-
only indicating that the presence of adsorbed oxygen did not result in
any propene oxidation to form the carbonate/carboxylate complex (as
would be shown by CO, evolution at high temperature- see chapter 7).
Extended oxidation treatment of the catalyst (2 hours at 458 K follow-
ed by 2 hours at 623 K in 10% O,/He gas flow) followed by propene
adsorption at 323 K also failed to show any evidence of oxidation, as

did coadsorption of oxygen and propene at high temperature (443 K).
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(6.1.4) Hydrogen Adsorption on Zinc Oxide
(6.1.4.1) Thermal Desorption Spectrum

Unlike water and CO, (sections 6.1.1 and 6.1.2), hydrogen did not
easily adsorb onto the surface of ZnO indicative of the effective
sticking coefficient for dissocjative hydrogen adsorption being low.
Since the hydrogen adsorption sites on ZnO are known to be easily

(27,40) i{he presence of any water

poisoned by adsorbed hydroxyls
impurity in either the hydrogen or in the carrier flow would h%we
resulted in hydroxyl adsorbtion, and, therefore, contributed to the
effective depletion of sites available for hydrogen adsorption. The
rate of adsorption was so low that experiments, where pulse injections
of pure hydrogen were made into the carrier flow, could not detect any
subsequent hydrogen desorption during catalyst heating. However, by
use of the valve as a flow switching device it was possible to pass a
pure hydrogen flow over the catalyst surface for several minutes, énd
thereby increase the contact time of the hydrogen with the ZnO surface
so that a detectable quantity of desorption was found during TPD.

The steady-state adsorption of hydrogen in this manner over a 10
minute period at a temperature of 340 K resulted in the formation of a
single hydrogen desorption peak at 400+8 K (figure 6.11), With an
effective coverage of approximately 20x1012 Hz/cmz.- Based on a pre-
exponential factor of 1013 -1 (25), the heat of adsorption of this
peak was estimated to be 109 kJ/mol by Redheads method(2%129),  No
other hydrogen desorption peaks were detected. Monitoring of the
water signal showed that some water desorption from the a sites (see
section 6.1.1) also occurred at 723 K with an effective hydroxyl

coverage corresponding to approximately 15% population of the a sites.
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Figure 6.11: The hydrogen desorption spectrum after adsorption at

340 K on zinc oxide.

A blank experiment showed that this was not significantly greater than

the small amount of water desorption due to the water impurity present

in the helium carrier gas. Adsorption‘of hydrogen in the same manner

but over a 225 minute period resulted in a reduced amount of hydrogen

at 397 K and a significantly larger amount of water desorption such

that saturation of the o sites was achieved.

Because of the difficulty in achieving hydrogen adsorption, no

investigation was made of the coverage dependence of the hydrogen

desorption spectrum.
(6.1.4.2) Effect of an Increased Adsorption Temperature

Increasing the adsorption temperature to 375 K resulted in the
formation of a desorption peak at the slightly higher temperature of
433 K. However, there was no change in the quantity of either the

hydrogen associated with this peak, or in the amount of high tempera-
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ture water desorption. A further increase in the hydrogen adsorption
temperature to 520 K gave no hydrogen desorption and only the water
desorption peak was formed. The quantity of water desorbed was,
however, significantly greater than after a low temperature hydrogen
dose (by a factor of approximately 2.5) suggesting that at elevated
temperature, hydrogen adsorbed and reacted with the ZnO surface to
form strongly bound hydroxyl species with lattice oxygen that desorbed
as water at high temperature, in a manner previously noted by

1(139) i.e. surface reduction occurred. After this

Marshneva et a
reduction treatment, no change was observed either in the desorption
spectrum for hydrogen after low temperature adsorption, or in the TPD

behaviour of both water and CO,.

(6.2) | Adsorption on Potassium Promoted Zinc Oxide
(6.2.1) Water Adsorption on Promoted Zinc Oxide
(6.2.1.1) Thermal Desorption Spectrum

- The presence of the potassium promoters at all three loadings
investigated was found to have a significant effect on the water
desorption spectra. The desorption spectra obtained from the three
promoted cétalysts (0.042 wt%, 0.085 wt% and 0.20 wt% K loading respe-
ctively) after a saturation dose of water at 340 K are shown in figure
6.12. |

In the high temperature region, a hydroxyl desorptior} in the 750
K peak was selectively reduced as potassium loading increased. At the
0.042 wt% K loading, where there appeared to be still a significant

number of a sites remaining, the o peak was reduced in temperature to
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Figure 6.12: The effect of potassium loading on the water desorption
spectrum after adsorption at 340 K on promoted zinc oxide.
(a)= 0.20 wt% K; (b)= 0.085 wt% K; (c)= 0.042 wt% K; (d)= unpromoted.

725 K indicative of a destabilising effect caused by the presence of
the alkali. For the higher 0.085 wt% K loading the a peak was comple-
tely absent from the spectrum, and as the loading was increased fur-
ther to 0.20 wt% K, the B peak normally underlying the o desorption
peak was also diminished in size.

In the low temperature region the potassium promotion caused an
increase in the amount of water desorption with peaks formed at 388 K
and 533-541 K. The low desorption temperature of the first peak
indicated that it was probably due to molecularly rather than dissoc-
iatively adsorbed water, particularly since adsorption of atmospheric
water into this state appeared to continue during storage of pretreat-
ed catalysts as shown by a significant increase in the size of the

peak at 388 K. This result also indicated that saturation of this
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state was not achieved in the TPD experiments. The coverage associat-
ed with both peaks increased with potassium loading with the largest
peaks producea for the 0.20 wt% K loading.

The total amount of water desorbed, after a fixed exposure at 340
K (by injection of water/He) was found to reduce with increasing
potassium loading as shown in figure 6.13. This appeared to be a
consequence of the reduction a;ssociated with the @ and underlying B
hydroxyl desorption peaks, with this decrease not being matched by an

increased amount of desorption in the lower temperature region.
(6.2.1.2) Coverage Dependence

The coverage dependence for the water desorption spectra from the
0.085 wt% and 0.20 wt% K promoted catalysts are shown by figures 6.14
to 6.15. Coverages were varied from approximately 10% of saturation
up to full surface saturation. Both catalysts were found to behave in
a manner that was analogous to the behaviour shown by unpromoted ZnO
i.e at low coverage only the most stable surface sites were populated.
As described above, the effect of potassium promotion was to remove
the o sites from both desorption spectra. As the potassium level was
further increased to 0.20 wt% K, a reduction was also apparent in the
B peak. The B peak temperature for both catalysts appeared to de-
crease with increasing water covérage, indicative of a decrease in the

heat of adsorption.
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Figure 6.14: The coverage dependence of the water desorption spectrum
after adsorption at 340 K on 0.085 wt% potassium promoted zinc oxide.
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Figure 6.15: The coverage dependence of the water desorption
spectrum after adsorption at 340 K on 0.20 wt% potassium
promoted zinc oxide.
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(6.2.2) Carbon Dioxide Adsorption on Promoted Zinc Oxide
(6.2.2.1) Thermal Desorption Spectrum

The influence of potassium loading on the CO, thermal desorption
spectrum is shown in figure 6.16. The potassium promotion was found
to cause two main effects:- increased desorption at high temperature,
and decreased desorption in the low temperature region. The coverages
associated with all three low temperature peaks (y, 6§ and €) were
progressively reduced as alkali loading was increased. At the 0.042
wt% K loading the larger reductions were in the y and € states, with a
smaller decrease in the 6 peak. The overall coverage in the low
temperature region was in the order of 300x1012 molecules/cmz, altho-
ugh an accurate determination was not possible due to desorption
contributions from the higher temperature states and a rising baseline
(see below). Total coverage at this loading was approximately
500x1012 molecules/cm?. Increasing the potassium levels to 0.085 wt%
and 0.20 wt% further reduced the coverage in the y and € peaks but the
main change occurred with the & peak which, at the highér loading, was
no ‘longer present in the desorption spectrum. At 0.20 wt% K the
coverage associated with the low temperature peaks had reduced to
16»Ox1012 molecules/cmz, with the total coverage being 300xl()12
COZ/cmz. At this loading the € peak temperature had increased to 415
K, and the y peak decreased to 520 K. Although the B peak was still
apparent at the 0.042 wt% K promoter level, it was removed from the
spectra of the t§vo higher potassium loadings. T}he o staté was enhanc-

ed by the alkali promotion although the peak temperature decreased to

644 K at the 0.20 wt% loading.
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Figure 6.16: The effect of potassium loading on the carbon dioxide
desorption spectrum after adsorption at 340 K on promoted zinc oxide.
(a)=unpromoted; (b)=0.042 wt% K; (c)=0.085 wt% K; (d)=0.20 wt% K.

The poorly resolved state at 720 K on the unpromoted ZnO became
very prominant on the 0.042 wt% and 0.085 wt% K catalysts, with an
approximate coverage of 22x10.12 molecules/cmz. Its peak temperature,
initially at 726 K on the 0.042 wt% K catalyst, increased to 763 K for
the 0.085 wt% loading. Increasing the alkali loading to 0.20 wt% K
resulted in a significant reduction in this peak and a slight reduc-
tion in peak temperature to 755 K. At all potassium loadings the CO,
baseline signal was found to increase at higher temperature which
indicated that more stable adsorption states may have remained on the
catalyst surface at the experimental maximum of 800 K. Oﬁ unpromoted

ZnO a similar rise was not found with the baseline remaining level.
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(6.2.2.2) Coverage Dependence

The coverage dependence of the CO, desorption spectra obtained
from the promoted catalysts are shown in figures 6.17 to 6.19. Alth-
oﬁgh the peaks of the desorption spectra obtained were significantly
different to those obtained for the unpromoted ZnO, similar trends
were observed in the coverage dependent behaviour. In common with the
unpromoted ZnO, the highest temperature sites were populated first,
\;Jith population of the lower temperature peaks only occurring at high
coverage.

(6.3) Carbon Dioxide and Hydrogen Coadsorption
on Unpromoted and Promoted Zinc Oxide

(6.3.1) Unpromoted Zinc Oxide

The coadsorption of CO, and hydrogen bn ZnO has been reported by
Bowker et al(25) to lead to the formation of an adsorbed formate
species, which decomposes on heating to evolve CO,, CO and hydrogen
(25'27). Experiments were carried out where CO, and hydrogen were
sequentially adsorbed onto unpromoted and potassium promoted zinc
oxide at temperatures ranging from 325 K to 475 K to determine if the
presence of the potassium promoter affected the formation of formate.

After low temperature (325 K) sequential adsorption of CO,,
followed by hydrogen onto unpromoted ZnO, the resulting CO, desorption
peak profile was found to be the same as previously obtained after
CO,-only adsorption (section 6.1.2). No hydrogen desorption was ob-
served. Increasing the adsorption température to 427 K and 475 K

resulted in the formation of a progressively larger CO, desorption

peak at 602 K, at a similar temperature to CO, evolution previously
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Figure 6.17: The coverage dependence of the carbon dioxide desorption
spectrum after adsorption at 340 K on 0.042 wt% potassium promoted
zinc oxide.
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Figure 6.18: The coverage dependence of the carbon dioxide desorption
spectrum after adsorption at 340 K on 0.085 wt% potassium promoted
zinc oxide.
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Figure 6.19: The coverage dependence of the carbon dioxide thermal
desorption spectrum after adsorption at 340 K on 0.20 wt% potassium
promoted zinc oxide.

attributed to formate decomposition on zno(25,27), This peak would
therefore also appear to be due to decomposition of a formate surface
species. Hydrogen was also evolved coincident with this CO, peak,
along with a small quantity of water. No CO desorption (not account-
able in the CO, cracking pattern) was detected at fhis temperature.

A strong temperature dependence to the formate synthesis reaction
was indicated by the variation in the coverage of the 602 K CO, and
hydrogen peaks (see figure 6.20). The coverages, given in table 6.5,
showed the CO,:hydrogen to be approximately 3:1, compared to the 2:l
ratio predicted by the formate stoichiome‘-(ry (HCOO(a)). . The presence
of a small quantity of water after adsorption at 475 K, coincident
2

with CO,, and a further coverage of approximately 55x1012 HZO/cm

associated with desorption at high temperature, indicated the
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Table 6.5: Surface coverages associated with formate decomposition
at 602 K after CO, and hydrogen coadsorption on zinc oxide.

coadsorption surface coverage ( 1012 molecules/cmz)
. temperature
CO, hydrogen water
(K)
325 0 | 0 0
430 37 11 0
475 63 21 2

possibility of hydrogen desorbing as water after recombination with
adsorbed hydroxyls present on the surface due to impurities injected
with the adsorbate gases. This temperature dependence in formate
synthesis was consistent with previous observations reported by Bowker

et al{?3),  The maximum formate coverage of 63x1012 cm~2

was greater
than the 30x10!2 found by Bowker et al after coadsorption on ICI low

surface area ZnO.
(6.3.2) Promoted Zinc Oxide

Corresponding CO, and hydrogen coadsorption experiments were
carried out 6n potassium promoted ZnO (0.085 wt% K loading) to invest-
igate the effect of potassium 'promotion on formate synthesis. The
adsorptions were carried out at temperatures of 326 K, 423 K and 475
K. The CO, desorption profiles obtained, shown in figure 6.21, indic-
ated no evidencé of formate decomposition, since the profiles were the
same as previously obtained after CO,-only adsorption on the same

0.085 wt% K promoted catalyst (section 6.2.2).
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Figure 6.20: The carbon dioxide and hydrogen desorption spectra
obtained after carbon dioxide and hydrogen coadsorption on zinc oxide

at various temperatures. (a

)= 325 K; (b)= 430 K; (c)= 475 K.

25
N
<
Q
- .
[} S .'
o L]
-y . .
v -. ..
= et IS o, N o ..-
< ...m- eescecssseone® . S . .
% . ..D ...&...'. 0.. :.o .n ...:' . (O)
= * o pC] R4 o o e
m : .a '.‘:-‘ ... ..O .. . '.
: . o.'. ..,’ ..o A . o...
b s 3 i, R nanatt GO :b;
> J 3 .':‘3'.“'.:-" .:'“-o......r"'.‘. ..°'. “eete
Q . . o p
x * . ..' g ggut® ™
- : . K)
[& ] ') . o
g .: '. .'..
G ;
n ’ s
1)) s
< ..
= v
9 ) ’ ! R Y
300 400 s00 600 700 800

TEMPERATURE (K)

Figure 6.21: The carbon dioxide desorption spectra obtained after
carbon dioxide and hydrogen coadsorption on 0.085 wt% K promoted zinc

oxide at various temperatures.

(a)= 325 K; (b)= 430 K; (c)= 475 K.
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(6.4) Discussion of Results
(6.4.1) Unpromoted Zinc Oxide

The presence of several peaks in the water desorption showed that
there were a number of adsorption sites, with different heats of
adsorption, present on the ZnO surface. This result was consistent
with the results reported by previous IR spectroscopic studies(27’
85,91) that have identified several different forms of adsorbed
hydroxyls, an_d with pro;;osed adsorption models that predict greater
than one possible form of hydroxy!l surface coordinafion on Zno(gs).
Of particular interest in the desorption spectrum was the thermafly
stable o peak at 743 K. A recent TPD study by Roberts and Griffin
(27) has reported the formation of a similar high temperature water
desorption peak from ZnO, and assigned this to hydroxyl adsorption on
Type 1 hydrogen adsorption sites associated with the polar surfaces
(40,41) (this is discussed further below). A sirhilar water deso'rp-
tion peak at 753-803 K has also been observed by Ahkter et al(83) from
the Zn polar single crystal surface. Using IR spectroscopy, Atherton
et 51(43) have also placed- the most stable adsorbed hy’droxyls on the
Zn polar surface, while the adsorption model of Tsyganenko et al(86)
predicts a triple coordination of the hydroxyl oxygen to Zn polar
surface cations that results in a stronger bonding mode than is asso-
ciated with the non-polar surface (see figure 6.22 and below).

The coverage dependence of the water spectrum established that
saturation of tﬁe o sites occurred at an effective covérage of 1.5+
0.2x10'% water molecules/cm?. 1f a 10.5 &2 hydroxyl cross-sectional

area is assumed(9l), this corresponds to a surface coverage equivalent

to 16% of the total available catalyst surface area. This is in good



172

H
SS 1010
H H
(0001
H H
<00o1)

Figure 6.22: Hydroxyl bonding modes on the surface of zinc oxide.
From reference (139).

agreement with the fraction of Zn polar surface estimated at 15-20%
(see section 5.2.2). Accordingly, the o hydroxyls sites are assigned
to be located on ihe Zn (0001) polar crystal surface. The propene
desorption results also support this assignment since an independence
waé found between the a hydroxyl adsorption sites and the surface .
sites for propene adsorption on the non-polar surface (see below).

The heat of adsorption of 155:10 kJ/mol determined for the o peak

(27),  The similarity of

was in good agreement with Roberts and Griffin
this value to estimates of the energy required for reduction of the
ZnO lattice(“"o) further shows the hydroxyl oxygen to gain a stability
»approaching thét of lattice oxygen.  This is consistént with the

1(86) which 'predicts tetrahedral

bonding model of Tsyganenko et a
coordination of the hydroxyl oxygen to the Zn polar surface atoms so

to be positioned in the space between surface Zn atoms and to form an
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effective extension of the bulk structure (figure 6.22). The slight
increase in the peak temperature as the a sites were populated indi-
cates an increase in adsorption energy, possibly associated with a
stabilisation of the Zn polar surface structure as it became more
completely covered by hydroxyls. It also showed that repulsive inter-
actions between adsorbed hydroxyls were not significant.

The remaining hydroxyl adsorption sites, corresponding to the
observed B, Yy, § and e desorption peaks, are associated with the
remaining crystal surfaces i.e. the non-polar and O polar surfaces
since the total coverage in these peaks (3.#10.6x1012 HZO/cmz) was too
high for them to also be located on the Zn polar surface. However,
adsorption onto the O-polar face would have been limited due to the
strong steric hindrance effects of the outward layer of surface oxygen
atoms shielding the sub-surface Zn atoms, and to the repulsive effects

of the surface oxygen and hydroxyl dipole moments(l“).

Hydroxy!
adsorption on this plane is likely to be confined to defect sites
only, such as those produced by surface oxygen vacancies formed to
maintain surface charge neutrality. Since defects produced in this
manner will occupy 25% of the O polar surface (or the order of 5% of
the total catalyst surface area), as a first approximation it can be
assumed that the remaining hydroxyls are adsorbed on the non-polar
surface, with negligible contribution to the desorption spectrum from
the O polar surface. |

On this surface, each adsorbing water molecule will produce the
équivalent of two surface hydroxyl species (due to the coplanar struc-

(43,‘44)),

ture of the Zn-O pairs so the resulting coverage of 6.8+

1.2x1012 hydroxyls/cm2 will occupy 74+13% of the total available
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catalyst surface area. This result is in good agreement with the 60-
70% fraction .of actual available non-polar surface and shows that full
saturation of non-polar surface was reached.

The desorption spectrum did not resolve the apparent contribution
from any hydroxyls adsorbed on defect sites on the O polar surface.
However, if limited adsorption did occur associated with these sites,
then it is likely thaf the strength of adsorption would be similar to
that of hydroxyls on the Zn polar surface (as suggested by t.he results
of Atherton et al(“)), so the resulting desorption peak may have been
'lost' in the larger a peak.

The presence of the three broad peaks, assigned to desorption
from the non-polar surface, is consistent with the Tsyganenko model
where more than one hydroxyl bonding mode (and hence adsorption
strength) is predicted to form on this surface (figure 6.22). In
addition, the broader nature of these desorption peaks correlated with
the occurrence of more extensive interhydroxyl hydrogen bonding, as
predicted by Morishige et al{®1) and Atherton et al{*3). These inter-
actions could be expected to increase the range of desorption ener-
gies, hence increasing the desorption peak width.

Roberts and Griffin{27) have recently assigned ithe o peak to be
due to hydroxyl adsorption on Type I hydrogen sites, while the Type I
sites have earlier been associated with ion vacancies formed by polar

(40,41,46)

surface reconstruction Such a site competition effect

between adsorbed hydroxyls and Type I hydrogen was evidenced in the
present results by the lack of fast hydrogen adsorption, characteris-

(40).

tic of the Type I mode However, the high hydroxyl coverage

obtained for the o peak demonstrates clearly that adsorption is not
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limited to surface defect sites only, but that it involves the exten-
sive bonding of hydroxyls onto the cation layer of the Zn polar sur-
face until an.overall one-to-one relationship is achieved at saturat-
ion. Since it has been reported that adsorption of water on perfect
single crystal ZnO surfaces, in the absence of vacancy defects, gives
only nondissociative molecular adso‘rption(“'lz), the possibility is
raisea of the vacancy defects acting as specific sites for water
dissociation, and from which, surface migration of hydroxyls onto
neighbouring cations takes place.

The COzl desorption spectra also demonstrate the existence of well
defined svites for CO, adsorption on the s‘,uriace of ZnO. The results
show these sites to be independent of the a hydroxyl adsorption sites
on the Zn polar surface since the CO, desorption spectrum was not
affected (with the possible exception of the a CO, peak) by the pres-
ence of adsorbed o hydroxyls. Therefore the main CO, adsorption sites
are assigned to the non-polar (1010) surface of the ZnO. This assign-
ment is consistent with the results of other CO, adsorption and TPD
studies in the literature:- Runge and Gopel(gz) in a comparison of the
prdberties of (10T0) single crystal and polycrystalline ZnO surfaces
concluded the properties of CO, adsorption are determined by the non-

(50)

polar surface, while another TPD study by Cheng and Kung also

obtained similar CO, peaks from the non-polar surface. Satjssey et

a1(32) identified the involvemént of Zn2*02-

ion pairs by IR spec-
troscopy and, using the same technique, Atherton et al{#3) found the
CO, IR spectroscopic bands to be unperturbed by the presénce of stable

hydroxyl species (i.e. those on the polar adsorption sites); both

these results are consistent with adsorption onto the non-polar sur-
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face. The CO, desorption spectra obtained in the present study are
similar to those reported by Runge et al, with the B, y and S peaks of
the present s'tudy identifiable in the spectrum from Runge's poly-
crystalline ZnO (although because the spectrum of Runge et al was
obtained during continuous CO, flow, the y peak was more prominent).
The peaks temperatures also correspond to the CO, desorption peaks
observed by Cheng and Kung(jo) from non-:polar ZnO crystal surfaces.
These workers also identified a further high temperature .peak from the
Zn polar surface that appears to correspond with the o peak observed.
The o sites found in the present study could then correspond to a
limited adsorption on the Zn polar surface; this will be discussed
further in section 6.4.2.

The CO, saturation coverage of 400x1012 molecules/cmz, equivalent
to 18.5x10!8 molecules/gram of catalyst, which when compared to the
approximate 17-20x1018  available non-polar ion pair sites/gram (assum-
ing 60-70% fraction non-polar) shows, to a first approximation (and
including the limited quantity of o sites), that sufficient pair sites
are available, within the experimental error limits, for the non-polar
surface to adsorb the detected quantity of CO, with full saturation of
the (1010) surface being achieved. Although it has been suggested by
Saussey et al(52) that the CO, adsorption sites might be associated
with edges, steps and vacancies that exposed more reactive Zn ions,
this coverage is too high for the adsorption sites to be limited to
defect features and implies, as with water adsorption, that CO, adsor-
ption is associafed with the extensive nondefective surféce structure.

The form of the adsorbed CO, is not appare'nt directly from the
desorption results themselves. The adsorption dependence on the non-

polar surface implies a dependence on Zn-O pair sites for CO, adsorp-
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tion.  Carbonates have been identified by IR measurements on adsorbed
C02(52) and imply the involvement of lattice oxygen as proposed in the
bonding models of Gopel et al(gz). Runge and Gopel found the peak
héight ratios of the B and Yy peaks to be strongly dependent on the
surface oxygen vacancy concen.tration and proposed the B peak to be due
to strong adsorption of CO, molecules on surface vacancy sites to form
"ZnCO5" surface complexes, aﬁd the v state to be due to "CO%'" complex
formation. In the present study, saturation of the B peak occurred at
a coverage of  approximately. 10% of saturation, equivalent to 8% of the
(107T0) surface area. This figure is in good agreement with the 10%
non-polar surface defect concentration determined by Runge and
Gope1(82)

(50) also observed

It is interesting to note that Cheng and Kung
effects on the CO, spectra that were related to the time between the
last high temperature heating and CO, exposure, in a manner similar to
that found for ZnO in the present study. Cheng and Kung suggested
this to be due to the presence of background water on the ZnO surface,
although this seems unlikely, since the effect was observed to occur
at relatively low hydroxyl coverages. The results found that this
effect appeared not to be dependent on the time between when the CO,
was adsorbed on the surface and the catalyst heated, but on the time
period only, independent of at what stage the CO, adsofptioh occurred.
It would then seem that it may be related to a time dependent change
of the actual ZnO surface rather than a stabilisation of the adsorbed
CO, itself. .

The results of water and propene coadsorption also clearly estab-

lish an independence between the propene adsorption sites, and the a
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water sites located on the Zn polar surface. On this basis it
appears that propene is adsorbed only on the non-polar surface of ZnO.
This assignme‘nt is consistent with the work of Dent et al{!!7) thay
showed Zn-O ion pair sites to be required for the dissociative adsorp-
tion of propene to form the mw-allyl species and associated surface
hydroxyl. The saturation coverage of 90x1012 molecules/cm2 correspon-
ded to approximately 25% satur‘a‘tion of the ion pair sites available on
the non-polar surface, although since some desorption of propene
occurred at the 340 K adsorption temperatures, a higher population
closer to surféce saturation may have been obtained if a lower adsorp-
tion temperature was used. The figure of 25% saturation is, however,
in good agreement with the 30% coverage reported by Dent et al(117),
These workers concluded that the sites for m-allyl formation may be
associated with crystal edges or edge type surface defects.

The lack of evidence for any significant oxidation of the adsor-
bed propene intermediate is contrary fo the findings of Davydov et
al(llg). However, since Nakajima et al(“9) have shown that adsorbed
propene does not appear to interact with the lattice oxygen of ZnO in
the absence of gaseous oxygen, this result may have been due to an _
absence of gaseous oxygen in the helium carrier gas.

The slow adsorption process observed for hydrogen on ZnO is
co.nsistent with adsorption into the Type Il sites designated by

various workers(“o’“’“6’57).

The Type I hydrogen adsorption sites,
characterised by rapid hydrogen adsorption(uo), were absent from the
hydrogen desorpfion spectra, suggesting the small coverége of surface

hydroxyls, due to background water adsorption onto the ZnO surface,

was sufficient to poison the Type 1 sites for hydrogen adsorption (as
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noted above). The observed hydrogen desorption from the Type II sites
must then be due to adsorption on the non-polar surface, consistent
with the modéls of Fubini et al(57) and Ghiotti et a1(64) that have

placed the Type II sites on this surface.

(6.4.2) Potassium Promoted Zinc Oxide

Single crystal studies -have shown potassium ions to be more
strongly held on the polar surfaces of ZnO than the non—polar““).
In particular, the ions are very strongly bound to the O polar surface
where impurify stabilisation effects lead to a one third monolayer
coverage required for charge stabilisation(lw) (see also Appendix %
and chapter 8). On the basis of these results from single crystal
surfaces, the potassium promoter might be expected to be preferential-
ly, and more strongly, adsorbed on the polar surfaces of the poly-
crystalline ZnO studied.

If the density of available ion sites on the Zn polar surface is

ol> ions/cmz(so)

assumed to be 1.IxlI , and the effective density of the
corresponding adsorption sites on the O polar face is one third this
figdre (since only a 1/3 monolayer is required for charge stabil-

(“”[‘)), then approximately (10-14)x10138 polar

isation on this surface
adsorption sites would have been present per gram of ZnO (assuming the
fré,ction of polar surface is 30-40%). Saturation of these sites will
require the addition of 0.12-0.16 wt% K,COg3, if it is assumed that all
the potassium is located on the polar sites. The actual water desorp-
| tion spectra obtained from the 0.15 wt% K,CO3 loading (0.085 wt% K)
catalyst has shown the a water peak from the Zn polar surface to be

selectively removed from the desorption spectra in a manner consistent

with “the alkali ~distribution weighted toward the polar surfaces as
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assumed by this calculation.

As a corollary to this calculation, assuming an jon density of
1.4x1013 ions/cm2 on the non-polar surface, and that saturation by
pétassium of the polar sites (O and Zn) is attained, then the highest
loading of 0.35 wt% k2C03 (0.20 wt% K) will give only approximately
50% saturation of the non-polar surface sites i.e 30-35% of the total
catalyst surface area will still consist of unpromoted surface sites
located on the non-polar surface.

Therefore, the experimental results present a consistent picture
of the distribution of the potassium promoter, showing that at low
potassium loadings (0.042 wt% and 0.085 wt% K) the alkali is concent-

rated toward the polar surfaces. The presence of potassium ions on
(144)

and a
2+

the O polar face will result in impurity stabilisation
reduction in the number of oxygen vacancies. Since the Zn ions
exposed at these oxygen vacancies are probably the sites for hydroxyl
adsorption, the addition of potassium will decrease the availability
of sites for water adsorption. On the Zn polar surface, the presence
of OK™ groups will also effectively prevent the dissociative adsorp-
tion of water. Overall, the addition of potassium appears to deacti-
vate the polar surfaces by the blockage or removal of adsorption
sites. As the alkali loading increases a larger proportion of non-
polar surface sites are occupied by K* or OK~ species. The effect of
potassium on this surface, however, is not as clearly resolved. The
higher alkali loading of 0.20 wt% potassium, as well as demonstrating
a complete absence of a sites, also appears to show some loss of B

sites associated with the non-polar surface, consistent with a block-

age effect where adsorbed potassium reduces the available hydroxyl
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adsorption sites. It is not possible to clearly associate the larger
amount of low temperature water desorption solely with desorption from
the non-polar‘ surface; indeed, the single crystal results of Akhter et
a1(85) show a water desorption peak at 503 K produced from the Zn
polar surface similar to the 533-54]1 K peak of the present study. The
results of Akhter et al suggest that the 533-541 K peak could be
evolved from the Zn polar surface. This raises the possibility of a
form of water adsorption, either molecular or dissociative, where
bonding occurs onto OK~ species located on the Zn polar surface.
Similarly, the 388 K peak'could also be due to adsorption, possibly
molecular, on potassium ions located on the non-polar surface. A
molecular type of adsorption, in particular, could be surface indepen-
dent, so the 388 K peak could contain contributions from all ZnO
crystal surfaces present. |

On unpromoted ZnO, CO, appeared to adsorb mainly on the non-polar
surface, with only a small coverage possibly associated with the Zn
polar surface. Adsorption of COz‘on the lowest alkali loaded catalyst
(0.042 wt% K) gave a desorption spectrum that was not dissimilar to
tha;c obtained from the unpromoted catalyst (with the exception of the
additional peaks evolved at higher temperature discussed below). The
reduction in surface coverage associated with the non-polar surface
sites (approximately 25% lower than from unpromoted ZnQO) suggests that
only a relatively small amount of alkali is present on this surface at
this loading. This is consistent with the alkali distribution weight-
ed toward the vpolar surfaces, and in ‘line with resul-ts for water
adsorption on the promoted catalysts. As the alkﬁli loading is increa-
sed, CO, adsorption on the non-polar sites can be seen to progress-

ively reduce, indicative of the higher alkali coverage resulting in
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CO, adsorption site blockage. At the highest 0.20 wt% K loading the
reduction in CO, coverage on the non-polar sites is consistent with
the calculated 50% loss of surface Zn-O pair sites due to adsorbed
pétassium.

Both the B and y desorption peéks were suppressed by the alkali
promotion. The B sites on the unpromoted ZnO have been previously
associated with surfaée anion vacancy defects on the unpromoted ZnOQO.
The potassium would be expected to adsorb on these more reactive
defects sites -first, as found on single crystal surfaces(143,144)

The o state was enhanced by the alkali promotion. This peak is
assigned to adsorption on the Zn polar surface by comparison to the

single crystal TPD results of Cheng and Kung(5o).

It is interesting
that Cheng and Kung note the presence of potassium contaminants on the
surface of their single crystal surfaces as not affecting the desor-
ption spectra. However, the prominence of the CO, peak from the Zn
polar surface suggests their results are, in fact, influenced by the
alkali, as is also indicated in the water desorption spectrum from the
same surface (noted previously).

The su_rface‘formate has been previously reported as an inter-
mediate in the synthesis of methanol on ZnO(zj). Although the results
showed the formate to be produced on unpromoted ZnO through coadsorp-
tion of CO, and hydrogen, obn potassium promoted ZnO no evidence for
the synthesis of the formate was found. This suggests that it is
unlikely for the. formate to be an important intermediate in the syn-

thesis of higher alcohols with potassium promoted ZnO since the alkali

clearly suppressed its formation.
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CHAPTER 7
PROPANOL DECOMPOSITION ON ZINC OXIDE
(7.1) 2-Propanol
(7.1.1) Thermal Desorption and Decomposition Spectrum

A typical desorption spectrum obtained after a saturation dose of
2-propanol (2-PrOH) onto unpromoted ZnO catalyst is shown in figure
7.1. The main desorpt'i-on and decomposition products, their peak
temperatures and surface cbverages are summarised iﬁ table 7.1. The
main desorption products (2-propanol, acetone, propene and CO,) can be
classified according to the surface reactions they represent:

(i) reversible desorption (2-propanol),

(ii) dehydrogenation (acetone),

(iii) dehydration (propene) and

(iv) oxidative decomposition (CO,).

In addition to these major products, minor amounts of a number of
other hydrocarbons were also detected (possibly propane, ethane and
ethébne) although precise -identification' and quantification of these
products could not be carried out because of the small quantities
involved and the considerable overlap of their mass spectrometer
cracking fractions. However, compared to the main decomposition
routes they represented minor reaction pathways only.

The spectrum in figure 7.1 differed significantly to that obtain-
ed after 2-PrOH adsorption on both the other ZnO catélysts used in
this study (ICI low and high surface area ZnO) in that additional
propene, water and CO, desorption peaks were observed. These differ-

ences are discussed further in chapters 8 and 10.
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Figure 7.1: The desorption spectrum after adsorption of 2-propanol at
330 K to saturation coverage on zinc oxide. The ‘acetone and propene
peaks have been corrected for cracking fraction overlap with
2-propanol. No correction has been made for differences in
the mass spectrometer sensitivities.
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Table 7.1. The desorption products, peak temperatures and
surface coverages following 2-propanol adsorption to
saturation coverage at 320 K on zinc oxide.

desorption peak surface
product temperature coverage
(K,+2) (IOlzmolec/cmz)
2-propanol B 376 21
o o 42] 20
acetone 441 37
propene Y 412 27
‘ B 487 160
o 589 150
Cco, 750 150
water _ 412,446,480 55
592 5
711,748 125
hydrogen 419 7
447 150
478 11
750 _ 55
methane 757 -

Two overlapping‘but distinct 2-PrOH desorption peaks (designated
o and B) were observed with peak temperatures at 421 and 376 K. The
amount of reversible desorption relative to the quantity of decomposi-
tion products formed was less» than 10% of the total desorption
products.

A complex desorption pattern was found for propene with three
separate peaks being formed, designated a, B and y at 589 K, 487 K
and 412 K r'eSpectively. Water was found to desorb in varying amounts
with each of the three propene peaks. Estimates, for the two main

peaks, of the ratios of propene to coincidently desorbed water gave
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values of 1:20 for « propene and 1:4 for B propene respectively. The
major part of the water formed (approximately 60%) by these dehyd-
ration reactio-ns was desorbed at higher temperatures at approximately
711 K due to readsorption within the catalyst bed, since any water
evolved with the propene was below the normal water desorption temper-
ature (see section 6.1.1). Hydrogen also appeared to be desorbed at
temperatures similar to the B aﬁd Y propene peaks (419 K and 478 K),
and also appeared just detectable with the o propene. Estimates of
the propene to hydrogen molecular ratios were >100:1 for a propene,
15:1 for B pr.opene and #4:1 for Y propene. Like the ratios given for
water, these values should only be treated as being very approximate,
particularly for vy propene where the hydrogen was evolved at a temper-
ature close to the peak produced after hydrogen adsorption and may
have been due to hydride recombination reactions unrelated to the
dehydration process.

At similar temperatures to that of propene formation, small quan-
tities of hydrocarbon mass fragments not accountable in bthe propene
cracking fraction were also found to desorb. These were identified as
possAibly propane plus traces of ethene and methane. More propane than
ethene appeared to be desorbed with the a than the B peak, while
methane was only detected With the a peak. No hydrocarbons desorbed
with the 7y state. No peaks at 30 amu were found showing that ethane
was not formed. Trace quantities of 54 amu (possibly butadiene) were
also detected with the B peak, plus similar amounts of 56 amu (possib-
ly isobutene) wifh_ the o and B peaks. |

Acetone desorbed in a single peak at 441 K é'lthough, in addition,
there appeared to be a small amount of acetone evolved coincident with

the o propene at 589 K. Hydrogen was found to desorb coincident with
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acetone at 447 K. The estimated amount of hydrogen at this temperat-
ure was significantly greater than acetone evolved by a factor of
approximately 4. A small amount of water was formed at a similar
temperature to acetone. Although the quantity of water was variable
(for example compare figures 7.4 and 7.17), the acetone to water
molecular ratio was in the order of vl#:l.‘ Small quantities of possibly
ethene and propane were also evolved coincident with the ace-
tone/hydrogen peaks.

The formation of CO,, methane, hydrogen, and other products at
high temperature (approximately 750 K) was indicative of an oxidative
decomposition surface reaction. In addition to the main desorption
peaks of the CO,, Hz and CH, evolution at 750-757 K, also observed
were minor quantities of water, 27 and 26 amu (possibly ethene) plus
small amounts of 43, 41 and 39 amu (possibly acetone and propene).
Since all these products were evolved at the same temperature it
showed that they were derived from the reaction limifed decomposition
of a common surface intermediate. The number of detected desorption
products reflected a relatively complex stoichiometry for the oxida-
tion product' precursor on the catalyst surface.

Mokwa et al{®7) also observed the formation of CO, at high tem-
pei—ature after ethanol adsorption on sintered ZnO and proposed the
formation of a surface acetate, while previous studies of oxidation
processes on a variety of oxide catalysts have also identified the

(103,111-113)  _f1er alcohol

formation of carboxylate type complexes
adsorption. Thus the evolution of CO, and related products would
appear to be due to the decomposition of an adsorbed carboxylate type

species. Table 7.1 shows the total amount of propene formed to be in
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excess of the total water indicating that an overall net consumption
of hydroxyl oxygens may have taken place in formation of the carboxy-
late. The spéctra were found to be reproducible over a number of exp-
eriments without any intermediate reduction treatment of the catalyst,
although long term use (>15 alcohol desorption experiments) did result
in a gradual reduction of the o propene and CO, desorption peaks.
This long term stability of the catalyst indicated the net surface
reduction rate to be low, providing further evidence to there being a
direct involvement of hydroxyl oxygen in the oxidation process. These
points are discussed further in section 7.4.

The total surface saturation coverage excluding the water was

Ol 2 molecules/cm2

determined to be appl_'oximately 570x1 compared to the
figure of 220x1012 molecules/cm? obtained by Bowker et alll15) This
discrepancy arises from the contributions of the additional propene
and CO, desorption peaks that corresponded to an additional coverage
of 330x1012 molecules/cmz. These points are considered. further in

chapter 8.
(7.1.2) Coverage Dependence

The selectivity of the alcohol decomposition was found to be
strpngly dependent on the initial 2-PrOH dose; for 2-PrOH coverages in
the range 6% to 50% of surface saturation only propene, water, hydro-
gen and CO, desorption peaks were observed. Acetone evolution did not
occur until the initial 2-PrOH c§verage exceeded 50% of full saturat-
ion, with reveréible 2-PrOH desorption peaks only appéaring as the
coverage exceeded 63% of full surface saturation.

The coverage dependence of propene formation is shown in figure

7.2. The three propene states were populated in reverse order to
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Figure 7.2: The coverage dependence of the propene desorption spectrum
as a function of 2-propanol dose on zinc oxide.
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Figure 7.3: The coverage dependence of the acetone desorption spectrum
as a function of 2-propanol dose on zinc oxide.
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their desorption temperatures, with only the o peak present for cover-
ages below approximately 10% of saturation.

Acetone was observed to desorb as a single main peak for 2-PrOH
doses greater than 50% of saturation (figure 7.3), with a decrease in
the acetone peak temperature from 459 K at 50% saturation to 446 K at
full saturation occurring. A further minor acetone peak at approxima-
tely the same temperature as the a propene was also apparent. Assoc-
iated with the main acetone peak was a coincident hydrogen desorption
peak, with additional hydrogen peaks at temperatures slightly above
(478 K) and bélow (419 K) this main peak. Although acetone desorption
did not occur at low surface coverages, hydrogen desorption in these
three peaks was in fact observed. This point is discussed further
be low. |

At low 2-PrOH dose (K10-15% of saturation) water desorbed only at
high temperature forming two overlapping peaks; one coincident with
CO, at 753 K and the other at approximately 713 K. Figure 7.5 shows
that this high temperature water desorption increased with 2-PrOH
dose, with further water desorption occurring coincident with the a
propene and in smaller peaks associated with the 8 and vy propene and .
acetone states. The temperature of the small high temperature shoul-
der at 753 K state remained independent of 2-PrOH coverage while that
ofithe main high temperature peak decreased from an initial 719 K at
low 2-PrOH coverage to 700 K at full saturation.

The oxidative decomposition reaction as evidenced by CO, desorp-
tion also occurred from the lowest 2-PrOH ‘dose used, the ahount of CO,
progressively increasing until surface saturation (figure 7.5). At
low coverage two CO, peaks could be resolved; a sharp peak at 752 K

superimposed over an underlying broader peak at approximately 698-708K
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Figure 7.4: The coverage dependence of the water desorption spectrum
as a function of 2-propanol dose on zinc oxide.
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Figure 7.5: The coverage dependence of the carbon dioxide desorption

spectrum as a function of 2-propanol dose on zinc oxide.
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Saturation of the underlying state appeared to be reached at low
coverage while desorption from the sharp peak continued increasing
until surface‘saturation was reached. No change in the CO, peak
temperature with coverage was found.

For doses above 63% of surface saturation, population of the two
reversible 2-PrOH states occurred in reverse order to their desorption
temperature (figure 7.6). The peak temperatures of both states remai-
ned invariant with coverage.

Hydrogen desorption was observed at all 2-PrOH doses as shown in
figure 7.7. in the high temperature region, a peak at 751 K was
evolved coincident with CO, formed from carboxylate decomposition. In
the low temperature _region, population of the three peaks appeared to
occur simultaneously. In particular, the peak at 446 K was present at
low coverage before acetone evolution was observed. However, the
results for low coverage acetone adsorption on the same catalyst
(section 7.3) would suggest that any acetone formed after low coverage
2-PrOH adsorption would be dehydrated to propene on vacant dehydration
sites. Comparison of figures 7.1 and 7.4 shows the watef peak assoc-
‘iate.d with acetone formation after a saturation 2-PrOH dose also to be
present at low 2-PrOH coverage, further suggesting that acetone may
have been formed but readsorbed on dehydration sites.

Figure 7.8 summarises the dependénce of the product surface
coverages as a function of the initial 2-PrOH dose. Dominant on the
graph is the large amount of propene produced relative to the other
desorption produéts. In section 7.1 it was ﬁoted that hydroxyl oxygen
appeared to be consumed in the surface oxidation process to leave an
apparent excess of propene; clearly according to the figure this trend

was followed at all surface coverages.
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Figure 7.6: The coverage dependence of the 2-propanol desorption
spectrum as a function of 2-propanol dose on zinc oxide.
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spectrum as a function of 2-propanol dose on zinc oxide.
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(7.1.3) 2-propanol and Water Coadsorption

Water was used as a probe molecule in "selective poisoning"

experiments(l”). 2-PrOH and water coadsorption experiments were
conducted to investigate site competition effects between adsorbed
hydroxyls and the alcohol derived surface species and the results used
to determine the crystal face dependence of the surface reactions.
Water proved to be a useful coadsorbant since its adsorption characte-
ristics were found to be well defined on ZnO (see section 6.1.1). One
ml volumes of water were progressively added to approximately 25-30 ml
of 2-PrOH in the liquid saturator and a saturation dose of the diluted
alcohol made. Although a maximum dilution of 40% water was used, no
further changes to the TPD spectra were found for a dilution factor
greater than 15%.

The changes in the water desorption spectra with increased alco-
hol dilution are shown in figure 7.9, where a comparison to the desor-
ption spectrum after the adsorption of water-only is also made. As
dilution was increased the profile of the high temperature desorption
peak can be seen to approach that of the peak obtained after water-
only adsorption on the same catalyst, with the presence of coadsorbed
water significantly increasing the quantity of water desorbed at
approximatély 713 K. This confifmed the high temperature water peak
found after alcohol adsorption to be due to hydroxyl reéombination
rather than to be a decomposition product of an alcohol derived sur-
face complex. -In the low temperature region the amount of water
produced did not alter as significantly, although increases can be
seen in the water péak produced at a temperature similar to acetone

and in the desorption at approximately 373 K.
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Figure 7.9: The water desorption spectrum after 2