I11. EFFECTS OF CATALYST-SUPPORT INTERACTION,

PARTICLE SIZE, AND SURFACE MURPHOLOGY

A. INTRODUCTION

Two areas which affect catalyst behavior have attracted increasing
attention over the last decade: catalyst-support interactions and the
role of catalyst morphology and structure on activity. Attention has
focused on both the fundamental and the practical aspects of these
areas, resulting in a better understanding of many catalytic reactions
and the development of new and improved catalysts. They are therefore
areas of considerable interest for this study. Progress in these
areas have benefited considerably from the ability to characterize
catalysts, in particular in terms of the surface area of the active
species. Characterization will be discussed in Section IV. In this —
section the most recent developments in structure sensitivity and catalyst-
support interactions will be highiighted, and general implications ofl

these developments discussed.

B. GENERAL COMMENTS

The surface area of a catalyst is increased By decreasing particle
size. The surface area of the small particles is maintained by sup-
porting them on high surface area substrates. Both the small particle
size and the support can induce physical and chemical changes in the
catalyst. These changes are closely relataed toc the catalytic behavior
of the catalyst particles. Changes in the particle size of a metal,

for example, lead to changes in the distribution of exposed faces,
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surface irregularities, steps and edges which play an important role
in certain reactions. Furthermore, the change in particle size may
Jead to changes in the phase properties of catalysts, in particular

in multiphase systems such as the multimetallic systems discussed in
Section II. These chemical changes become more significant as the
particle size decreases. They are paralleled by increasing inter-
action of the catalyst with the support, and more prominent roles of
additives in modifying the properties of the catalyst. The same holds
true for the support, which by virtue of its high surface area is
composed of very small particles (100-200 E), These two factors,
pamely catalyst-support interactions and the effect of particle size,
will be discussed separately. However, it should be noted that they
are closely related, as will become clear in many of the examples that

will be reviewed.

C. CATALYST-SUPPORT INTERACTION AND STABILIZATION

One of the most important concerns for catalytic reactions is the
loss of activity due to a decrease in active surface area by agglomera-
tion or catalyst loss. It is particularly severe in exothermic re-
actions such as methanation and methanol and Fischer-Tropsch synthesis.
In these reactions, loss of surface area of the catalytic material not only
leads to a decrease in performance, but also often results in a change
in product distribution. The problem is not limited to the active
catalyst. It extends to cataiyst support, which can sinter under
severe reaction or regeneration conditions.

In the last decade there has been an increasing attempt to prevent

surface area loss by the addition of stabilizing compenents to a
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catalyst system or by proper choice of cataiyst-support interactions.

These two approaches will be discussed separately.

o ¥

1. ADDITION OF STABILIZING COMPOQUNDS TQ CATALYST SYSTEMS

The use of compounds to impfove the thermal stabiTity of a
catalyst is not new. ih ammonia synthesis, for example, A]203 has
been used as a "structural promoter" of the Fe catalyst for many
years. it is believed to form small domains within the Fe particles, thus
preventing agglomeration {1). Examples of such structural promotion has
been encountéred in other systems {for example CrOalin the Ni catalyzed
dehydrogenation of isopropanol (2)). It is probably more prevalent
in multiple-compound catalysts than is currently recognized.

The emphasis in this area of structural stabilization has been
concentrated in the last few years on the addition of small amounts
of certain oxides to supports. Oxides tested include Cu0, M003, VZOS’
Cr,0 TiOz, $i0

23
of Cul, Mo0

2 cd0, Zn0, CaOz, and Mgl (3). While the addition

3 and V205 leads to a dramatic 1oss in surface area after
heating to 1000°C for 24 hours, Mg0, S0, and Cel stabilized the area

of the support. Surface areas as high as 30 rng,fg'1 at 1200°C have been
reported. Some of these additives also increased the crush strength

of the pellets, an important parameter for many catalytic applications.
As will be discussed later, it is believed that delay in the transforma-
tion totK-ATZCI3 is often responsible for the stabilization. In the case
of surface area loss in the presence of M003, the formation of aluminum
moiybdate ét 600°¢ and decomposition to‘x~A]203 and MoO3 at 800°C are

believed to be responsible for the severe surface area loss indicated

earlier (3).

32



Stabilization of dlumina by spinel forming elements has been
abserved in other cases as well. A study of the effect of Mo and Co
impregnated on alumina, for example, showed that the presence of Co
inhibits sintering {4). In contrast, Mo enhances sintering, and the
presence of both metals results in an intermediate effect. The tests
were performed in a temperature range of 700-900°C. It is interesting
to note that of the two transition metals, only Co forms a compound
(spinel) with Al,03. However, in general it is difficult to predict
the direcfion of the stability change of a material in the presence of
other ions. Often the presence of impurities enhances phase transfor-
mations with concomitant surface area loss. In the Ti0p system, for
example, the anatase-rutile transformation is accelerated considerably
by the presence of elements such as Cu, Mn, and Fe {8). Conversely,
the presence of 8203 in A1203 has been claimed to inhibit the formatien
of oX(-AT50, {6). 1In zeolite catalysts the question of stability has
been of particular concern, since many zeolite forms are temperature
sensitive, especially in the presence of water. Recently, patents have
appeared claiming ultra-stability, in some cases under hydrothermal
conditions. The addition of rare earth cations, fluorine ions, Mg, and
exchange of Nat for NH4+ in NaY and NaX zeolites are claimed to result
in zeolites stable to temperatures greater than 800°C (7, 8). This
is a considerable improvement over the untreated zeolites, whose sur-
face area and structural integrity decreased rapidly at temperatures
in excess of 500°C, in particular in the presence of steam. The new -
zeolites should have wider applicability, particularly in processes in

which the reaction or regeneration occurs at high temperatures in the
presence of steam. High stability can also be achieved by careful removal

of Al, in effect leading to a structural change: For example, Kerr (9} found
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that a hydrogen éeo]ite . Type Y- heated 2-4 hours at 700-800°C in an
inert atmnsphere where the chemical water remains in the environment
of the hydrogen zeolite, y1e]ds & new zeo11te thh remarkable therma]
stability, even capab]e of enduring temperatures as high as 1000°C. ‘
He showed that in the new structure approximately 25% of the aluminum
was present in the caticnic form (10). He also found that the removal
of aluminum from sodium Y zeolite through the use of dilute éoiutions
of ethy]enediaminetetféacetic acid produced a zeolite with improved
thermal stabjlity and increased_sorptive capacity (9). Furtﬁermore,
bed geometries which impede the remoya] of ammonia from ammoﬁium Y
zeclite during heatiné give an u]traétable zeo]ife. The mechanism of
stabilization is not comp1eté]y understond, but is attributed to the
removal of tetrahedrally coordinated aluminum. This causes a contraction
of the unit cell and an increased structure stability.

2. CATALYST-SUPPORT INTERACTIONS

The above discussion deals primarily with the thermal stabi]ity
of the support. As mentioned.in the introduction, another important
~factor in the stabiIizatiqn of catalysts is the effect of the support
on the active éata]yst phase. Two areas have been explored in this
regard: the choice of supports or support components to minimize
aggregation of the catalytic material, and the additien of a solid to
the support to eliminate or minimize TosS of the catalytic phase during
use or regeneratiﬁn.; Both are related, and rely on a chemical inter-
action of the components. This interaction results in a thermal stabilij-
zation of the catalyst and a change {n its catalytic properties. These
two effects will be discussed separately.

a. Thermal Stability’

The stability of a catalyst depends critically on the
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environment in which it is used. Thus, in an oxigjzing environment,
the stab111ty-of a.metalhsuch as Ni or Ag on an oxide support is
greatér than in a reducing ehvironment tll); This is due to ghe‘en-
hanced interaction of the oxidizéd surface of the metal with thel
support. Such a stabilization in an oxidizing eﬁvironment,_howevér,
may be overshadowed by a tendency of the metal-oxide fO'voIat11ige.
Ruthenjum catalysts are a particularly dramatic examp1e of this effect,
while %t is also seen to a lesser extent with the noble metals.

Among the latter, it is observed that Pt will agglomerate much more
severely in an oxidizing vs. reduciné environment (12, 13). This is
primarily due to the formation of volatile PtO,. However, it is also
argued that in a feducing ervironment some reductjon 0% the A]EOB |
surface leads to stronger Pt-AIéO3 interaction {11). The degree of
this interaction varies with the support., For Ni, for example, Geus
shows in his recent review that the energy of interaction varies from
1.5 keal g-atom ! for Ni/Bel to 7.3 kcal g-atom | for Ni/ThOp. It alsc
varies with the metal: 3.5 kcal g—at{:-m'-1 for Ag/AT505, 5.2 keal g-atom"l
for Ni/A1,0,, and 6.5 kcal g-atom 1 for Fe/A1,05. It should be noted
that the observed energies are of the order of typical physisorption
egnergies, thus pointing to rather weak interactions in these cases.

The studieslthat give data of the energetics of solid-state
interactions are very few, and it is therefore difficult to compare the.
above guoted energies with those of other systems. Most reportis are
qualitative. Several Russian authors have reported stabilization of
supported Pt catalysts by the addition of rare earth elements (14} or
even by the addition of Re {15). In the 1a£ter case, which involved
both Pt and Pd on $i0p, the degree of reduction of the Re was not esta5—

lished. When comparing Alp03 vs. $i0p. 7t should be noted that there
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is a distinct effect of the support on the dispersion. This has been
observed for several metals, including Pt (16) and Ru {17).

It was mentioned earlier that loss of catalyst due to
veiatilization of the oxide can be a sevére problem for some systems.
As will be seen in Part 2 of this study, this is also one of the
mechanisms that operates in the sintering of metals. In the case of
Ru, however, loss of catalyst in an oxidizing environment, and not
sintering, is of primary concern, in particular for the use of this
metal for NOx reduction in automotive exhaust. While the main reaction
occurs in a reducing environment, oxidizing transients cannoct be
avoided, The solution of this problem provides a good example of the
application of the solid state chemistry of the components of a catalyst
system, and the use of catalyst support interactions. Two supports have
been used: BaO and Mg0.. They highlight two different but related
effects. In the case of BaO, pioneered by the Ford workers {18), Ru
and BaQ interact under oxidizing conditions to form a ruthenate, BaRu03.
Under reducing conditions, Ru: returns to the metallic state and is
available for the catalytic¢ reaction. Other ruthenate forming compounds
have been used, including the rare earth oxides. The problem one en-
counters in these materials is durabi]ity,_part]y related to cycling
between ruthenate-and ruthenium metal. The use of MgQ overcomes this
problem. Mg does not form a bulk ruthenate. However, a sﬁrface inter-
action appears to occur between the finely dispersed Ru and the MgO
which inhibits sintering and minimizes RuOz volatilization (19, 20).
The presence of a surface rather than bulk effect insures ready avaii-

ability of the Ru and appears to avoid structural degradation.
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b. Surface Chemistry

In addition to changing thermal stability, additives and
supports can alter the chemistry of catalytic materials. This can
manifest itself in a change in reduction characteristics of the
catalyst and in catalytic activity as well. The former is particulariy
dramatic for non-noble metals. For Ni steam reforming catalyst, for
example, it is found that reducibility hecomes easier as the concentra-
tion of Ni on the support increases (21, 22). The limit, of course,
is unsupported Ni. To achieve reduction, lower Hp/H0 ratios are re-
quired for the unsupported material. A similar effect is observed in
the .thermal decomposition of chloroplatinic acid. Unsupported chloro-
platinic acid starts decomposing at 100°C, and is completely decomposed at
5500C {23). On the other hand, temperatures as high as 760°C are re-
quired for catalyst supported on alumina (13). The effect differs on
different supports, as seen in the study of the reducibility of
chlorgiridic acid on variocus oxides {24}. By following the photoelectron
spectra of the iridium chlorine compiex, the reducibility sequence
Znd < Si0p < Ti0p & A1,03 was observed. "It is interesting that this
is the same sequence as expected. from the acidity of the supports {25).

A change in the catalytic properties of a metallic catalyst as
a function of the support has been discussed in the literature for many
years, in particular through the work of Schwab and co-workers (26, 27, 28}).
The effect that was anticipated by these authors was the influence of the
electronic population of the oxide support on the metallic catalyst.
By varying the electron population of the support through doping, a
variation in the catalytic properties was expected. The results of this

work, however, showed that the effect of these variations was too small
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to significantly alter the catalytic behavior of the system. Never-
theless, an effect of dopant was seen on the activation energy for

the dehydrogenation of formic acid over nickel, copper, and silver {27).
The effect is especially detectable for thin metal layers. A similar
observation was made earlier by Selwood and co-workers (29, 30). Tﬁey
found that compounds deposited on substrates in thin layers are in-
fluenced in their properties by the substrate. In the work by Selwood,
the influence of the substrate on the structure of a thin oxide film
was examined. It was found that in several cases the overlayer as-
sumed fhe substrate structure, and exhibited a valence state that was
not the expected stable state of the particular oxide. However, more
than just the need for small dimensions is required, and the chemical
properties of the overlayer also influence this behavior.

-From the information summarized by Geus (11}, and discussed
earlier, it caﬁ be concluded that the effect of an oxide substrate is
most significant on an oxide catalyst. This agrees with Selwood's
observations. Other cases of this strong oxide-oxide interaction have
been reported recently. Ross and Delgass, for example, examined the
change in properties of europium oxide supported on Alg04 or 5105,
compared to the unsupported material {31). The test reaction was the
reverse of the water-gas shift reaction, and the chemical state of
europium was monitored by Mossbauer spectroscopy. The behavior of the
catalyst was dramatically different for the supported and unsupported
cases in one aspect: the effect of C0z pressure on the kinetics. The
rest of the kinetics, including a proposed surface oxidation-reduction
mechanism, was the same. Preliminary Massbauer information suggested

the presence of strong support interaction. Similar strong interactions
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have been reported by Ciminc and co-warkers {32) in an investigation
of N20 decomposition on a number of solid solutions of the oxides of
€o, Cu, and Ni supported on ¥Mgd and Zn0. However, while a strong support
effect is encountered in this investigation, the interpretation is
complicated by the participation of the so-called support in the
" reaction.

A final example of a support effect on catalytic activity
that is relevant to the present discussion is a recently completed
methanation study of Dalla Betta and co-workers {33). Catalysts
studied were Raney nickel and Ni supported on Zr0, and A1203. Steady
state data were obtained for these catalysts. It was found that the
activity per unit surface area of Ni foliowed the order Ni - Ni/A1203-
Ni/Zr0,. However, the reverse order was found for the sulfur tolerance
of these catalysts. The significant aspect of this study is that the
catalysts were compared on a specific activity basis, i.e. activitly
per unit area of nickel. In the absence of such a comparison, the
results would have been meaningless, in particular since the dispersion
of the various catalysts tested varied significantly. This poses a
question with respect to the effect ¢f particle size on the reaction,

which is the topic of the general area that will be discussed next.

D. EFFECTS OF SURFACE STRUCTURE AND PARTICLE SIZE

1. GENERAL CONCEPT

As mentioned in Section III-B, the support canw.influence the
behavior of a catalyst, in particular when the latter is present as
small particles. There is, however, an additional factor that has to

be considered in the examination of the cgtaTy{ﬁc behavior of small
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particles. It relates to the change in structure with particie size,
an effect that has been recognized by the catalytic chemist only within
the Tast ten years (34, 35). An extensive study of the structure of
small particles published by Van Hardeveld and co-workers (36, 37),
showed that the surface of & particle departs from its characteristic
Targe-particie morphology when it reaches 100 E, and that the most
marked changes occur in the 40-15 E range. The effect of particle

size in this range is a change in the coordination of a surface atom.
The equilibrium surface of a large crystallite of an fcec metal, for
example, has predominantly 9-coordinated surface sites. An atom ad-
sorbed on such a site has at most 3 nearest neighbors. As the particle
s5ize decreases, the number of these sites decreases. A 14 E crystal,
in fact, will have only 33 percent of such sites {38). As the number
of high coordination sites decreases, the number of sites which provide
5 nearest neighbors to an adsorbed atem increases to reach a maximum o~
around 20-25 R (37). This has a streng effect on the surface proper- |
ties of the crystaliite. It should be noted, however, that catalyst
par£1c1es are ndt necessarily at equilibrium under reaction conditions.
Thus, the existence of metastabie surface arrangements or surface
reconstruction due to impurities or reactants may also Jlead to
modifications in catalytic behavior. One example of the latter

effect will be discussed more extensively in Section VI, namely the
effect of small amounts of S impurities on the change in surface

energy of a catalyst, and therefore possible surface reconstruction
(39).

When one studies the effect of surface changes in
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catalysis, reactions fall into two categories, as originally classi-
fied by Boudart (38); facile and demanding. Facile reactions are
those that are not affected by structural changes of the catalyst in
the c¢ritical region of 20-1G0 E. Demanding reactions, on the other
hand, require special coordinations or arrangements on the catalytic
surface, and therefore depend on the morphology and structure of the
catalyst. Examples of these two types of reactions will be discussed

next.

2. SPECIFIC EXAMPLES OF PARTICLE SIZE EFFECTS R

The last decade, and in particular the last five years, have
seen considerable activity in the area of the structure sensitivity
of reactions. The interest has centered primarily on the effect of
particle size (34, 36, 38, 40, 41, 42-58). Only some studies were
directed at the problem more specifically in terms of surface struc-
ture (59-62).and the possibility of structural rearrangements with
changes in the conditions of the environment or pretreatment {63).

Many reactions do not depend on particle size. Among them
one finds hydrogen-deuterium exchange and the hydrogenatibn and
dehydrogenation of hydrocarbons {38). The hydrogenolysis of cyclo-
pentane has also been reported to be a facile reaction (38), however
most hydrogenolysis are structure sensitive {64,65). The reactions of
neo-pentane offer an example that illustrates the concept of struc-
ture sensitivity {65). In the presence of hydrogen, two parallel
reactions are expected: isomerization and hydrogenolysis to smaller
hydrocarbon fractions. Several arguments indicate that the isomeriza-
tion to isopentane requires special sites available only on (111)

planes or arrangement of sites leading te such planes (66, 34}. ‘When
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isomerization occurs on such sites, cracking is minimized. Therefore,
change§ in particle size that lead to (IIl) planes are expected to increase o~
the selectivity to isomerization. This is indeed observed on supported |
Pt catalysts (34), and is particularly dramatic after a heat treatment
that leads to a higher density of (111) surfaces. Such an effect of
surface reconstruction has been observed in other systems as well,
In the synthesis of ammonia, for example, the activity of a Fe/MgD
catalyst increases after treatment in nitrogen (63). The effect is
observed only for large particles {300 R) suggesting reconstruction
of surface sites that are not present in smaller Fe crystallites.

A variation in the catalytic activity of demanding reactions
has been demonstrated quite clearly in several other examples. In
the elegant experiments of Somorjai, et al. (61), for example, the -
demanding nature of the dehydrocyclization of n-heptane was studied.
By using single crystals cleaved systematically to show various well TN
characterized surfaces and steps, these workers found that, in the
presence of hydrogen, the rate of this reaction is higher on stepped
surfaces of {111} orientation than on corresponding surfaces with (100)
orientation, The hydrogenolysis of ethane is_also a demanding reaction,
as shown by Sinfelt and co-workers for Ni and Rh (67, 68). For Ni, the
specific rate was measured over a number of supported samples with
particle sizes increasing from 29 to 88 R (67). A decrease in specific
activity by a factor of 20 was observed in this range, with the most
pronounced decrease occurring between 29 and 57 E. This is in Tine
with the discussions of Hartog (37) presented earlier. A similar -
effect of particle size was observed for Rh {68).

As seen from the discussion so far, the effect of particle
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size on activity is observed in a number of different reactions, inciud-
ing hydrogenolysis, fsomerization, and ammonia synthesis. There is
preliminary evidence that methanation, in fact, is also a structure
sensitive reaction {33). Dalla Betta, et al, found that the specific
methanation activity for Ru increases with increasing particle

size at steady state., It is not clear how tihe variation in

catalyst poisoning due to carbon formation as a function of.particle
size affects this conclusion. Studies of the poisoning effect of

HpS on these catalysts, however, tend to support the particle size
effect: the introduction of HpS alters the product distribution by
increasing the content of heavier hydrocarbons in the feed. The
authors suggest that this is an indication of increased carbon-carbon
bond forming activity with the interruption of the continuous metallic
surface, an effect that would be paralleled by smaller particles.

This phenomenon may have iiuportant implications in coal -conversion
reactions. These implications, as well as those of the other areas

discussed above, are presented in the next section.

E. PRACTICAL IMPLICATIONS
1. CATALYST SUPPORT INTERACTION AND STABILIZATION

The importance of this area cannot be overemphasized. The
jmprovement in the thermal stability of supports and the sintering
resistance of highly dispersed catalysts has broad implications for
most coal conversion related technology, from methanation and Fischer-
Tropsch to HDS and HON. 1In fact, catalyst sintering during reaction
is one of the most severe methanation problems. At the other side of

the spectrum, support sintering during regeneration, in particular in
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the presence of steam, is a potential problem of desulfurization
catalysts and many catalysts used in upgrading hydrocarbon Tiguids.

The effect of a support on activity and selectivity may,
on the other hand, be only of secondary impartance. The variation
of the activity of different metals is often so large that it
masks any improvements achieved by variation in the support
formuiation unless the support itself is an active participant in
the catalytic process; However, there are some reactions where the
change may be significant. In methanation, for example, it was
mentioned earlier that the support-has an effect on the sulfur
tolerance of Ni-catalysts without large effects on the -specific
activity. Such a selective weakening of the interaction of the
catalyst with a poison is a very desirable effect, and offers one
methad for improvement of poison sensitive catalysts.

2. EFFECT OF STRUCTURE AND PARTICLE SIZE

L

The effects of particle size are closely related to those
discussed above. In effect, as the particle size decreases, it is
likely that Support interactions become more important., However,
again the magnitude of the particle size effect on certain reactions
has to be kept in perspective. As pointed out by Sinfelt, for example,
for the hydrogensolysis of ethane. this is a minor contribution compared.
to the dramatic activity change encountered among different metals (64).
Therefore, the .importance of the particle size effect is limited to
increasing the understanding of the role of the catalyst in the re-
action, and has only indirect practical significance.

The difference between demanding and facile reactions, on the

other hand; is of great significance. This is particularly true in
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reactions such as hydrogenation, where the undesirable hydrogenolysis
reactions are much more structure sensitive. Small variations in
the arrangement of sites may, therefore, affect hydrogenolysis
considerably without much effect on hydrogenation activity. This
effect is, in fact, observed as was described in detail in Section II,
and has wide ranging applications to petroleum processing.

The effect of particle size on selectivity is also likely
to be important in methanation and Fischer-Tropsch. The work of
Dalla Betta, et al. (33) suggests a change in higher molecular
weight hydrocarbons with decreasing particle size for Ru. A maximum
is observed at 24 ﬂ, similar to the effect observed by Yates and
Sinfelt for ethylene hydrogenolysis on rhodium (68}. A picture
emerges where particle size has an effect on selectivity and
sulfur tolerance of the methanation catalyst. This is clearly an
interesting area for further research. Mhether'these concepts apply
to high pressure operation remains to be determined, in particular in
Tight of the recent work of Kreindel, et al. (63). The latter work suggests
that the effects of support interactions and particie size effects on
methanation activity are insignificant at high pressures. Therefore,
these Russian workers claim, only catalyst maintenance is important.

Sulfur impurities can affect not only the continuity of
avajlable sites on a surface, but aiso sufface structure, Thus, the
possibility of surface reconstruction, as suggested by Somorjai {39)
may be an important factor in the poisoning sensitivity of demanding
reactions. This is then another area concerned with structure and

particle size that should be considered.
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IV. CHARACTERIZATICN

A. INTRODUCTION

The preceding two sections pointed out that the increased

understanding of catalytic phenomena and the development of new
concepts in catalysis in.the last decade have depended on

the abiTity to characterize catalytic materials. 1In addition to being
important in these areas, characterization is a key part of catalyst
quality control, activity maintenance, and regeneration, The problem
of characterization, howevgr, is a complex one. Most catalysts are
composed of a number of materials that have individual functions, and
therefore require individual identification. Catalysts are usually
present as small particles that are beyond the reach of standard
materials-analysis equipment. Furthermore, heterogeneous catalysts
invelve surface phenomena, and therefore bulk parameters have only
Vimited utility in characterizing these systems,

In spite of the complexity, it is now possible to measure a large
number of physical and chemical properties for catalysts. Among these-
are total surface area, pore volume, pore size distribution, the sur-
face area of individual components of a catalyst (specific surface area),
surface composition, and, in certain cases, microscopic surface morphology.
The determination of total surface area, pore volume, and pore sizg dis-
tribution islnuw practiced routinely (1). and will not be treated in

this study.

Surface composition and morphology for materials of catalytic in-

terest have been extensively investigated over the Tast decade: The
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techniques that nave been explored were originally designed

to study the electronic properties of the surface and bulk of solids.
They, in fact, represent some of the most useful contributions of
surface science to the understanding of catalysis. They will be
treated in Part 2, as part of the effect of impacting disciplines on
catalysis.

The measurement of specific surface areas.is a topic of active
research in several laboratories, and has also seen considerable
activity in the last decade. It is the primary subject of this sec-
tion. The discussion emphasizes the status of surface characteriza-
tion of various types of catalyst, and expiores the impact of advances
in this area on catalysis in general.- Special consideration is given

to those areas which may impact on the catalytic coenversion of coal.

B. GENERAL DISCUSSION

Determination of the specific surface area of a catalyst involves
techniques that can distinguish between the variocus components of the
system. In tne case of a supported catalyst, it involves a
discrimination between the active catalyst material and the support.
Techniques such as x-ray diffraction {2}, transmission electron
microscopy (3), and gas chemisorption have been used for this purpose.

Using x-ray diffraction technigues, the width of a 1ine for a

particular structure can be related to the crystallite size of aggregates
of the compound. Thus, from Tine broadening, ¢cne can calculate the
average particle size. The technique has two Timitations, both of

which become important at low catalyst loadings. Unelof these limita-

tions is sensitivity. The support material usually interferes with
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the x-ray lines of interest, and this interference becomes severe at
low concentrations. The other limitation is particle size. Particles
below approximately 30-40 ﬁ cannot be detected. This is a severe
constraint since a large number of catalysts of interest have a con-
siderabie fraction of catalytic material that is smaller than this
1imit. For larger particles the procedure is routine.

The procedure far particle size determination by electron microscopy

is also straightforward and routine. Complications are primarily re-
lated to .sample preparation {to allow transmission) and resolution.
The latter is in the 10 E - 20 E range, although even this resolution
requires skillful operation and a sensitive instrument. Some problems
are also encountered in obtaining truly representative data by normatl
procedures.

Because of the Timitations of these technigues, the selective

adsorption of gases has been the most common and effective means for o~
the measurement of specific surface area. The technique relies on.the -
difference between chemical and physical adsorption. Gases are used
which selectively chemisorb on only cone component of the catalyst.

The technique will now be discussed in detail.

C. SURFACE AREA BY CHEMISORPTION

The use o%_gas adsorption for surface area determination of
catalysts has been investigafed primarily for metals. Other catalytic
materials have received only Timited attention., For this reason, metals
characterization wiill be discussed separately, followed by a brief
discussion of the more receﬁt developments in the surface area measure-

ment of oxides and sulfides.

e
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1. METALS

As can be seen from Table IV-1, most of the metals of catalytic
ipterest have been characterized by the selective adsorption of a
number of gases. The subject has been reviewed recently {26}, and
therefore will only be discussed briefly in this section.

The most common sorbent is hydrogen. It is used extensively
to determine the surface areas of Pt {13, 14), Ni (6-8), Co (B), Fe (4),
0s. Ir, Rh, and Ru (25), Cu (6, 9), and, under special conditions,
Pd {21). Its only drawback is the need for careful reducticn of the
surface and subsequent desorption of the reducing gas. To overcome
this problem, Benson and Boudart (16} developed a technigue whereby
hydrogen is used to "titrate" oxygen atoms preadsorbed on the metal
surface. As indicated by Dalla Betta (15}, this procedure eliminates
the complications of chemisorption, and also increases the sensitivity
of the technigue. The technigue can bé used for those metals that
catalyze the Hp/0p reaction, which include Pt, Pd, Rh, and Ir. The
“titration" of piatinum has been studied mest extensively {15-19),
while the technigue has been applied only recently to Pd (22) and Rh
(24). Interpretation of fhe measurement on Rh is complicated by un-
certainties in the stofchiometry of the hydrogen-rhodium surface species
and evidence of partial bulk oxidation (24). The uncertainty in
stofchiometry is not as great for the other metals. However, it is an
important factor in the titration of Pt at high dispersions (small
partif]e size). In this region, changes in the oxygen stoichiometry
have been reported (18, 19). Chemisorption of Hp is therefore still
the most reliable procedure for highly dispersed catalysts. In the

case of palladium, formation of a bulk hydride is avoided by operation
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TABLE Jv-1
SURFACE AREA MEASUREMENT OF METAL CATALYSTS

Chemisorbed
Metal Gas Conditions Reference
Fe Hp 250C, 100 Torr 4
¢o 250C, 100 Torr 4
Co Hy 250C, 100 Torr 6
c0 _ ~1950¢ 5
Ni Ho 250C 6,7,8
co 250C 7
Cu H2 2500 6,9
N20 900C, 200 Torr 10
' 250C, 500 Torr 11
Co 259C, 100 Torr 6
Ru Hp 250¢C 23
c0 250C 20
Rh Ho 250¢ 24
02 -80 to 300°C 24
co 250¢C 24
Ha/0p 250¢ 24
Pd Ho 70°C, 1 Torr 21
Ho/02 1009C, P< 350 Torr 22
D2/0; 100°C, P <1000 Torr 22
Ag 02 1809C, iC Torr 12
N0 1500C 12
Os Hp 250¢ 25
co 250¢ 4
Ir Ho 250C 23
co 259C 23
Pt , H 250¢ 24
C 250C 24
Ha/ 05 250 24
05 250¢ 24
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at higher temperatures (100°C) and the use of Dy to avoid formation of
the %—Pd-H phase (22).

Carbon monoxide is another gas used often in the measure of

selective surface areas. In certain cases it is preferred over Hs.
An example is Cu (6, 9) for which Hy adsorption is slow. However, in
all cases the primary limitation of the use of €0 is its ability to
adsorb in a linear and bridge mode, and to adsorpticn at ratios greater
than 1:1 on small particles, thus leading to uncertainties about
the correct stoichiometry (6, 20). Furthermore, considerable
adsorption occurs on the support, thus reguiring corrections that
are cften as high as the chemisorption on the metal in dilute
systems.

Oxygen chemisorption has had only 1imited application, since
many of the metals of interest form bulk oxides at room temperature or .
above. It has been used extensively, however, for the determination
of the surface area of silver catalysts used in catalytic oxidation {12)}.
In this particular case, the chemisorption is run at high temperatures
{175-200°C) to minimize formation of the unstable silver oxide.

An alternate technique to measure surface area by oxygen chemi-
sorption has been investigated recent]y.(lo-lz). It invoives using
N0 as an oxygen source, via the decomposition to Na and adsorbed
oxygen. It has been used for measurement of the surface area of Cu
(10, 11), as well as Ag {12}. In the case of Cu, is is surprising that
1t does not ]eadlto bulk oxidation, especially in view of the instab-
ility of the N20 molecule relative to N and atomic oxygen. The
absence of bu1k ‘oxidation has been claimed below 100°C {10), an effect

that is 1ikely to be kinetic, as pointed out by the authors.
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In summary, it is apparent that most metals of catalytic interest
can be characterized by selective chemisorption, with some techniques
more established than others. Hydrogen has been used most extensively,
winile CO and oxygen are used only in specfal cases. The situation 1s very
different for oxides, as will be discussed next.

2. OXIDES

In sharp contrast to metals, the charaﬁterization of oxides
by adsorption techniques has received only limited attention in the
Titerature. The selectivity in gas chemisorption is much more 1imited,
making the measurement procedures complex. The most common adsorbent
that has been used in the past is CO. Dependence of the adsorption
isotherm on sample preparation and pretreatment {reported, for example,
for Co304/S102 (27)) makes CO adsorption data often unreliable. How-
ever, few alternative techniques have been proposed.

- One alternative to CO adsorption on oxides has been proposed
by Shelef and co-workers. It involves NO chemisorption, and has been
used to measure the surface area of oxides of iron (28), chromium {29),
copper (30), and nickel (31). The techniﬁue relies on the observation
that the adsorption of NO on a number of oxides follows a Freundlich-
type isotherm. This behavior permits calculation of monolayer coverage
by plotting the logarithm of the gas uptake against the logarithm of
the equilibrium pressure at various temperatures, It is a promising
technique for oxide characterization, and should be extended to other
systems,

An oxide catalyst that is of great importance for coal conver-
sion is cobalt molybdate supported on A1203. There have been very few

atiempts to characterize the selective surface area of this catalyst (32-34).
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Most of the studies of gas adsorption have been directed at a study

of the chemistry and kinetics of the interaction rather than a
determination of surface area (35-38). In one recent attempt to relate
gas adsorption to catalytic activity (32), the thermal desorption

of hydrogen from Co0-Mo03-A1,03 catalysts was compared with

thiophene hydrogenolysis activity. Of the various hydrogen

bonding states observed, only the weakly bonded hydrogen

showed a relationship to thiophene hydrogenolysis. It is uniikely,
therefore, that hydregen adsorption will become a routine technique

for the characterization of this catalyst. Other gases, inciuding

HsS and NO, should be explored.

D. SURFACE ACIBITY

In contrast to the determination of the specific surface area,
the acidity of oxides has been studied extensively over the last two
decades. Parameters that have been measured include acid strength,
acid amount, acid type (Brgnsted or Lewis), and acid distribution.
Measurement techniques are routine and reproducible. They have been
described in detail in a number of recent review articles (39-42), and
will therefore not be discussed in this section. However, it should
be stressed that surface acidity is an important aspect of the charac-
terization of coal conversion catalysts, in particular for Tiguefaction
and upgrading of coal 1iquids {43). It therefore has considerable
importance in the development of catalytic coal gonversion processes,

and will be discussed in detail in Part 3 of this study.
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E. IMPACT OF CHARACTERIZATION IN CATALYSIS

Any comparative study of the catalytic activity of materials is
meaningless in the absence of specific surface area measurements. This
was shown quite clearly in the study of Vannice {(44), who re-examinead
the methanation activity of a number of transition metals. Prior
activity data, which did not have.the advantage of the surface area
measurement techniques developed in the last decade, veported the follow-
ing activity sequence (45): Ru> Ir» RhS Ni 9 Co% 0s> Pt > Fes Pd.
By contrast, Vannice found a different sequence when the rate data were
corrected to unit surface area of the metal studied: Rus» Fed» Ni 3
Co» Rh~Pd > Pt » Ir. The most dramatic difference was found for
Fe, which was considered by the early workers to be a poor methanation
catalyst. It reflects the difficulty in preparing iron cataiysts of
high surfacé area (46}, and focuses attention on the rea) nature of the
activity problem in this particular case: the need to find methods for
stabilizing high surface area iron catalysts.

Many other examples of systematic comparisons of activity reported
in the last decade rely on careful measurement of surface area. The
extensive work of Sinfelt and collaborators on the hydrogenolysis and
hydrogenation activity of transition metals is perhaps the most ex-
tensive study of this kind {25, 47). This work has helped to highlight
the dramatic difference in the activity of metals for these two re-
actions, thus increasing the understanding of the behavior of these
metals for many industrial processes.

In addition to these comparative studies, characterization has
been responsible for the progress of several new ideas and concepts

developed over the last decade. The areas discussed in Section III
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belong to this category. Determination of catalyst-support inter-
actions, structural and chemical promotion, catalyst stabilization,
and structure sensitivity would have been impossible in the absence
of techniques for obtaining activity information on a peréunit area
basis. This is true for the syntheéis of new catalytic materials as
well. As discussed in Section V, evaluation of new materials may be
misieading in the absence of selective surface area information. For
a long time, for example, it was believed that nickel horide was a
more active hydrogenation catalyst than nickel and that chromia in-
creased this activity considerably (48}. Mears and Boudart, however,
showed that on a Ni surface area basis, NipB and Ni have the same
activity {(44). The effect of chromia was only a surface area effect:
the activity per unit surface area of unpromoted and promoted nickel
boride catalysts was constant over a seven-fold range of surface areas.
Elucidation of such surface area stabilization effects. and con-
versely, poisoning and sintering effects are an important aspect of
coal conversion catalysis. It is therefore surprising that such Timited
attention has been given to the characterization of oxide catalysts.
in particular in terms of selective surface area. In the case of HDS
and HDN catalysts, this is a particulariy important problem. To date,
catalyst deactivation studies have been Timited to studies of the changes
in total surface area and pore volume distribution. Effects of selec-
tive poisoning, sintering, and possible chemical change of the active
catalytic surface have not been investigated. Lack of catalyst charac-
terization has also limited the understanding of the effect of promoters
on the activity. - As will be emphasized in Part 3, this is an area of

catalytic coal conversion that reguires more research.
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