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good agreement. On sample M1, however, only 10% of the Ptsy s sites as
determined from CO chemisorption appear to be involved in the redox
cycles.

The discrepancy between the CO chemisorption experiment and the Mul-
titrack experiment for catalyst M1, can be explained by the large di erence
in applied H, partial pressure in the Multitrack experiment and in pre-
conditioning the catalyst before CO chemisorption. During the H, titra-
tion procedure in the Multitrack reactor the partial pressure of hydrogen
is extremely low, at least eight orders of magnitude lower than the H
partial pressure in the pre-treatment for the CO chemisorption experiment
(typically performed with pure Hy, at 553 K, for 2 h). Under Multitrack con-
ditions, 90% of the surface sites in catalyst M1 are apparently not a ected
by hydrogen, while these sites are reduced in the hydrogen pretreatment of
the CO chemisorption experiments.

Interestingly, the Multitrack results appeared very representative for the
behavior of the catalysts under realistic deNOx conditions, showing a signif-
icant increase in performance after sintering, in agreement with the higher
reducibility of catalyst M2 in Multitrack conditions. Several authors have
noticed an influence of the Pt dispersion on the performance of Pt-group
catalysts in HC-SCR.?425 Burch et al.?*?® presented an apparent hyper-
bolic relation between dispersion of the fresh catalyst and turnover fre-
quency (TOF) in HC-SCR over Pt/Al,O3; and Pt/SiO, catalysts. Cata-
lysts with a large Pt particle size exhibit a higher TOF than those with
small size. It was further shown by various research groups that highly
dispersed Pt catalysts undergo sintering in HC-SCR, which is proposed to
be an NO-induced process.?>2’29 It should be mentioned that a particle
size dependency on activity of Pt catalysts has not only been observed
in reactions involving the reduction of NO,% but also in many other oxi-
dation reactions. The rates of the oxidation of propene,3' methane,32734
benzene,3>3 and other hydrocarbons,®” are all increased as a function of
increasing Pt particle size, which we suggest, based on our Multitrack data,
is the result of a higher reducibility of the Pt sites involved in the reactions.

In summary, for Pt catalysts, prepared by impregnation, various prepa-
ration variables can be changed (as indicated in the paragraph discussing
impregnation techniques in general), but the most important factor for the
eventual particle size/performance of these catalysts is the heat treatment.
Heating rate and temperature of pre-conditioning of the Pt catalysts are
crucial.
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1.3.2 Precipitation vs. Impregnation by lon-exchange:
Au precursors, and the e ect of the method
of preparation and selected support on
performance in selective epoxidation of propene
over Au/TiO> catalysts

Au catalysts have received considerable attention recently because of the
extraordinary performance in the low temperature oxidation of CO and
high selectivities of over 99% in the direct epoxidation of propene in the
presence of hydrogen. The first reports of Haruta and coworkers®® have ini-
tiated many ongoing academic studies that focus on the mechanism of the
reactions (CO oxidation and propene epoxidation) and the e ect of the Au
particle size on the activity and selectivity in propene epoxidation.38—46 A
peroxide-like intermediate is proposed to selectively react with propylene to
yield PO. This was previously illustrated in Fig. 1.11. Also industrial inter-
est has been significant, as patents have appeared recently on improvements
of the Au/TiO, system, which mainly claim promoters of the catalytic sys-
tem to reduce hydrogen consumption. The most recent breakthrough
was reported by the Haruta group, applying mesoporous structures and
methylation of support groups.*”*° This improvement of the catalyst sys-
tem enhanced the PO vyield to about 10%.*” To obtain Au particles with
a high selectivity, and stability, the preparation procedure and support
appear to be of crucial importance.

Ezxperimental

Degussa P25 (80% anatase, 50m?/g), was applied as the TiO, sup-
port for the 1wt% Au-catalysts. TS-1 was synthesised either using
tetraethyl orthosilicate (TEOS), TPA-OH (tetra-propylammonium hydrox-
yde, Aldrich) and TBOT (tetrabutylorthotitanate) (Catalyst TS-1a),
or SiO, particles (Degussa Aerosil) rather than TEOS, keeping the
other ingredients and procedures similar (Catalyst TS-1b). An exten-
sive description of the preparation of the TS-1 supports can be found
elsewhere.39:48

AuCl3 was used as the Au source. Incipient wetness impregnation was
performed by adding the AuCls solution to the appropriate amount of TiO,
support, followed by drying at 375K (5 K/min), and calcination at 673K
(5 K/min) for 1 hour. In a homogeneous deposition precipitation method
(method HDP-1), a gradual increase of the pH of a AuCls/TiO; suspension
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(acidified to pH 3, and a TiO, amount of 100g/L) was brought about by
injection of a diluted NH,OH solution. In a pH-static precipitation method
(method HDP-I11), a solution of AuCls was injected at pH 10 (made basic
through NH4OH) into the TiO, suspension (100g/L). After precipitation,
the catalysts were filtered, dried at 375K in static air (5K/min) and cal-
cined at 673 K (5 K/min) for 1 h, again in static air. A more detailed descrip-
tion of the preparation can be found in Nijhuis.*®

Impregnation versus precipitation

Catalysts prepared by impregnation were found to be completely inactive in
the epoxidation reaction of propene.® Figure 1.13 shows a SEM picture of
an impregnated Au catalyst on TiO,, and a TEM picture of a precipitated
catalyst using method HDP-I1I (same TiO; support). A ready explanation
for the inactivity of the catalysts prepared by the impregnation method is
found in the large Au particle diameter, which exceeds 100 nm, and can be
even observed by SEM. This gold particle size is very large compared to that
of the precipitated catalyst, which can only be observed using TEM. From
Fig. 1.13, the Au size for the precipitated catalyst is estimated at 3-10 nm,
and particles are homogeneously dispersed throughout the catalyst sample.

Precipitation conditions

Catalysts prepared by method HDP-I, with a Au loading of 1 wt% or 3 wt%,
showed a very high activity for hydrogenation of propene to propane at
323K, in agreement with data provided by Haruta.** Also minor amounts
of acetone were produced. Catalytic activity for the formation of PO from

Fig. 1.13: Representative micrographs of the Au/TiO; catalysts prepared by impreg-
nation (SEM micrograph, Fig. 1.13(a)) and precipitation (HDP-II, TEM micrograph,
Fig. 1.13(b)).*8
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propene was not found. Haruta reports that the Au particle size strongly
a ects the reactivity and selectivity in the oxidation of propene in the
presence of hydrogen.! Only when the Au particles exceed 2 nm, and are
smaller than 10 nm, the desired conversion to PO is achieved. Apparently,
catalysts prepared by method HDP-I had particle sizes below 2 nm, inde-
pendent of the TiO, support used, or the speed of base addition. This
explains why mainly products of hydrogenation, rather than epoxidation,
were obtained. The minor amounts of acetone were most likely formed by
reaction of propane and oxygen.

Generally, catalysts prepared by method HDP-I1 with a TiO, “concen-
tration” of 50 g/L (or below), were not catalytically active in the oxidation
of propene below 373 K. This suggests that insu cient nucleation sites were
available for the genesis of a highly dispersed system. In agreement with this
tentative conclusion, upon calcination Au particles were sintered to sizes
larger than 10nm, thus explaining the low activity (confirmed by TEM
analysis, not shown).

When a specific concentration of 100g/L TiO, (anatase) was applied,
selective catalysts were formed. Apparently, this support density is high
enough to achieve su cient interaction between the precipitating Au
and the support. This resulted in the particle size distribution shown in
Fig. 1.13(b), which appears to induce selective propene epoxidation. Using
a feed of 10% propene, 10% H, and 10% O, in He with a flow rate of
50ml/min. at 353K, a propene conversion of 0.7% was achieved using
250 mg catalyst. The selectivity to PO was 99%. The hydrogen e ciency
amounted to an approximate 23%, the other product of hydrogen consump-
tion being water. Some other factors were also investigated. Lowering the
pH of the precipitation suspension resulted in a catalyst with a reduced
performance. Increasing the Au loading from 1 to 3wt%, yielded catalysts
with significantly decreased activity. In both cases larger Au particles were
obtained, explaining the decreased performance.

Support effects

Many researchers have observed that the Au/TiO, catalysts rapidly deac-
tivate typically within 1h.3948 Deactivation can be prevented, if the TiO,
is supported on SiO,, or if TS-1 is used as the support.®® However, if a
silicalite-derived material containing Ti (TS-1) is used as the support mate-
rial, the preparation method of the support itself appeared to also largely
a ect the activity. A combined SEM and TEM study was conducted to
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analyse the various catalysts and to obtain insight into the reasons for the
low activity in propene epoxidation of some catalysts, and the high activity
and selectivity of others.

Two synthesis methods were applied to prepare the TS-1 supports
(TS-1la and TS-1b). It was found that, after deposition of Au by precipita-
tion method HDP-II, TS-1a was a good catalyst, whereas catalyst TS-1b
was totally inactive. In Figs. 1.14(a) and 1.14(b), TEM pictures of the
AuU-TS-1 samples are shown. The morphology of the two samples is quite
di erent. TS-1a consisted of very small crystallites (10 nm), agglomerated
to form 150 nm particles, whereas TS-1b consisted of 35 um crystals. The
size of the gold particles in the TS-1a sample with the small crystallites,
was estimated to be 3-15nm, which is not significantly smaller than those
observed on the edges of the large TS-1b crystals. However, titanium is an
essential factor in the activity of dispersed gold catalysts in the epoxidation
of propene. It was therefore hypothesised that, since the Au particles were
all located on the outside of the crystals, the Ti phase is located in the
interior of the support containing the large crystals.

Essentially the gold particles only “see” silica moieties, and do not inter-
act with the Ti-phase present. This hypothesis, however, could not be ver-
ified experimentally.

Concluding, this example is probably the best to show the dramatic dif-
ference between an impregnation procedure, homogeneous deposition pre-
cipitation (HDP), and precipitation at constant pH. Impregnated catalysts
are usually inactive, HDP leads to very small particles with hydrogena-
tion activity, whereas the use of precipitation at constant pH yields highly
selective epoxidation catalysts. Furthermore, the morphology of the TS-1
support was shown to play an important role in obtaining active catalysts.

Fig. 1.14: TEM images of Au supported on TS-1a and TS-1b, respectively.48
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1.3.3 Co-precipitation: Preparation of advanced
CaCOg3 supported Ag catalysts for propene
epoxidation by a novel co-precipitation route

Introduction

Direct oxidation of propene to propene oxide (PO) with high selectivity and
activity is yet to be achieved in heterogeneous catalysis, as was already indi-
cated in the description on the preparation of the Au catalysts. Obviously,
the most attractive reaction is the direct oxidation with oxygen, rather than
using the previously discussed mixture of oxygen and hydrogen:

/N
k1/4 HoC — CH2CH 33
O,H,C = CH3 CH3 i ks+Op
o
CO2 + HoO

Although epoxidation of ethene with O, over Ag catalysts has been indus-
trially applied for many years, the catalysts used for this process typically
show poor selectivity in the epoxidation reaction of propene, yielding mainly
CO; and water.

The low selectivity of these catalysts in the oxidation of propene is often
explained by the di erence in mechanism for the formation of PO from
propene and EO from ethene.®® In both cases, the reaction involves the
interaction of the alkene with an oxygen radical on the Ag-surface, yield-
ing an epoxide intermediate.51:52 In the case of propene, abstraction of a
hydrogen atom of the CH3 group of the epoxide precursor by reaction with
a neighboring oxygen radical on the Ag-surface results in the formation
of CO,, rather than PO (reaction pathway k2 is preferred in the above
propene epoxidation scheme). Due to the absence of the specific hydrogen
(CHgs group) in the ethene molecule, high selectivities can be obtained for
ethene.

The selectivity of Ag-based catalysts in propene oxidation is expected to
improve by the preparation of Ag sites without destructive neighboring oxy-
gen radicals. The formation of these isolated Ag sites might be approached
by preparation of very small Ag particles. This might be achieved using
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catalysts based on zeolites and mesoporous materials,>3:%* sol-gel prepara-
tion methods,>®-56 or alloying of Ag with, for example, Au.!* Unfortunately,
none of these methods has appeared to be successful in significantly improv-
ing PO selectivity in propene epoxidation. Another approach is based on
poisoning of a specific amount of Ag sites with either an alkali metal,>’—>°
or gas phase additives, such as NO or alkyl halides,>:5° which has been suc-
cessfully used in improving the selectivity of ethene epoxidation catalysts.
Recently the particular use of an calcium carbonate to support the Ag par-
ticles in combination with these “poisoning” promoters has been claimed
in a Canadian patent by Union Carbide (1,282,772 (1991)). This catalyst
does not necessarily contain a-alumina, commonly used in selective ethene
epoxidation catalysts. Besides the alkaline earth metal carbonate (Mg, Sr,
Ca, Ba) as the support material, another novel aspect is the specific use of
KNOg3, in combination with NO/NO, as gas phase additives, to enhance the
selectivity for the desired products in alkene epoxidation reactions. Again,
poisoning of a specific amount of Ag sites seems to be the reason for the
high selectivity of these Ag-based catalysts.

As many as 10 patents have been assigned to ARCO Chemical, all
describing improvements of the Union Carbide Patent for the epoxidation
of propene. Selectivities as high as 50% have been claimed, in the range
of 2-5% conversion, based on a 10% propene and 5% oxygen feed. The
following modifications have been claimed:

1. KNO3 promotion is claimed without the presence of NO/NO, in the
gas phase (US 5,625,084).

2. A molybdenum promoter is claimed to enhance the selectivity of the
system (US 5,625,084).

3. The presence of approximately 10% CO, is claimed to significantly
improve the selectivity of the catalyst. A selectivity of 58% has been
reported using a feed of 10% propene, 5% oxygen, 200 ppm ethyl chlo-
ride and 10% CO; in the feed (US 5,625,084).

4. US patent 5,686,380 includes the use of other supports, such as «a-
alumina, in addition to alkaline earth metal carbonates. At least 50%
by weight of the support should be an alkaline earth metal carbonate.

5. US patent 5,703,254 claims a combination of gold and silver, rather
than silver alone, as the active phase in the epoxidation catalyst. Other
components of the catalytic mixture (potassium, calcium carbonate)
were not modified.
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6. US patent 5,763,630 claims silver catalysts supported on other alka-
line earth metal compounds than carbonates, such as calcium titanate,
tribasic calcium phosphate, calcium molybdate, or calcium fluoride, as
well as the magnesium and strontium analogues. Such supports pro-
vide significantly higher selectivity to the desired epoxide than would
be expected from the performance of related materials. Selectivities are
lower than those reported in the original Union Carbide patent.

7. US patent 5,770,746 describes the same catalyst formulation (KNOg,
CaCOgs, Ag, and promoting amounts of Mo) but claims that a pre-
treatment in ethylchloride (or other C;—Cq organic chlorides) for a
time su cient to incorporate chloride in the catalyst formulation, elim-
inates the necessity of the alkyl chloride in the feed stream when the
catalyst is contacted with the propene/oxygen/NOyx mixture.

8. US patent 5,780,657 describes the same beneficial e ect of the presence
of chlorine in the catalyst, but claims the incorporation of chlorine by
the addition of an alkali, alkaline earth, or transition metal chloride to
the impregnation solution, rather than a gas phase halide pretreatment.

9. US patent 5,856,534 describes the same catalyst formulations, but
claims that a pretreatment in CO, eliminates the necessity of CO,
in the feed stream when the catalyst is contacted with the propy-
lene/oxygen mixture. Di erences in activity and selectivity before and
after CO, pretreatment are very small, however.

10. US patent 5,861,519 claims alkaline earth metal compound-supported
silver catalysts containing tungsten and potassium promoters.

11. US patent 5,864,047 claims alkaline earth metal compound-supported
silver catalysts containing rhenium and potassium promoters.

The specific method of preparation is impregnation of the carbonate
by a solution containing silver ions and organic complexing agents, such
as ethene diamine, oxalic acid, and ethanol amine. The patent discloses
the formation of a slurry, which is spread on a flat surface and roasted
to remove organic precursors and reduce the silver. The potassium nitrate
is added by impregnation after reduction of the silver precursor to the
metallic state, but may also be included in the silver precursor solution. The
procedure is rather tedious and involves two di erent impregnation steps.
Recently we have developed precipitation methods (US patent 6,392,066)
to obtain active catalysts based on the compositions claimed in the Union
Carbide and Arco patents. We have found that the inclusion of lanthanum
nitrate, or other rare earth metal nitrates, in the precipitation solution is
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essential in order to obtain active alkaline earth metal carbonate supported
silver catalysts by this preparation procedure. Furthermore, the inclusion
of promoting amounts of CI~ and K* or Na™ in the precipitation solution
significantly enhances the selectivity in propene oxidation.

Precipitation of carbonate supports: experimental

Precipitated catalysts were prepared by a HDP procedure. Base injection
into a precursor solution was performed using the equipment described in
Fig. 1.8. The base used consisted of a solution of 60g/L K,CO3, which
was injected under vigorous stirring at 5mL/min in to a 250ml solu-
tion of precursor. A reference catalyst was prepared by using only 5g
Ca(NO3), - 4H,0 and 2.5g AgNO;. The pH changed as a function of the
amount of base solution injected and the amount of remaining Ag™ and
Ca®* present in the solution. When the precipitation rate equals the rate
of base (carbonate) injection, the pH attains a constant value (see para-
graph 1). AgCO; is precipitated before CaCO3 at pH 7, followed by CaCO3
initiating at pH 8.5 and continuing at a steady state level at a pH of 7.5.

The procedure including structural promoters (rare earth metal
nitrates), was conducted as follows. A 4g/L KOH and 46 g/L K,CO3 con-
taining base solution was injected at 5mL/min. into a HNO3 acidified cat-
alyst precursor solution (pH 3) of 2.5g AgNO;, 5g Ca(NOs3); - 4H,0, and
1g La(NO3)3 - 6H,0, The precipitation was completed in 50 min and injec-
tion of the basic solution was ended at a final pH of 10. Please note that
we also changed the composition of the base solution by adding KOH to
the K,CO3 solution.

The precipitates were filtered (not washed), dried and calcined at 600 K
(heating rate 10 K/min.) for only 10 minutes, su cient to reduce the Ag pre-
cursor without decomposition of the nitrates incorporated into the catalyst.
A yellowish/brown catalyst was obtained.

Results and discussion

An overview of the e ect of the precipitation variables on morphology,
chemical composition and performance in selective propene oxidation is
given in Table 1.1. The precipitated catalysts without La addition to the
solution showed a much lower selectivity than the selectivity of the catalysts
prepared by impregnation reported in the Arco patents, which is 40-50%
in comparable experimental conditions. At most, a selectivity of 8% was
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Table 1.2: Analytical data for various precipitated Ag/CaCO3 catalysts. The K, La,
Ca and Ag quantities were determined by ICP analysis.

Catalyst Sel. XRD SEM K La Ca* Ag

Base Case 8 Ag CaCOag3: Cubes and 0.07 — 645 48
CaCOs3 spheres
Ag: Round particles

Adding La 11 Ag CaCOg3: Cubes — less  0.38 8.2 54.7 413
LaO>CO3 defined, bigger
CaCOs3 Ag: Round, smaller,
needle structures

Adding KOH 9 Ag CaCOg3: Cubes — very 0.07 — 645 45
CaCos well defined
Ag: Round particles,
sintered
KOH and La 31 Ag CaCOg3: Cubes — less  0.33 8.2 52 40.2
addition CaCOg3 defined, bigger

Ag: Small round web
agglomerated particles,
like structure

*Percentage given as weight percent CaCO3. The composition usually adds up to
108-112%. This indicates that part of the Ca in the precursor solution precipitated as
Ca(OH),, and is converted to CaO, rather than CaCOg, upon calcination.

obtained, at 6% propene conversion (see Table 1.2) for these precipitated
catalysts.

To modify the morphology of the catalyst system, lanthanum was added
to the precipitation solution. As indicated in Table 1.1, this induces K
incorporation in the catalyst formulation, whereas the morphology of the
silver particles was also a ected. However, a high selectivity was still not
obtained. Changing the base composition from a K,CO3 solution to a mixed
KOH/K,COj3 solution, did not e ect the performance either, although the
cubic crystals of CaCOg3 were better defined, and the Ag particles were
somewhat sintered compared to the preparation using the K,COj3 solu-
tion without KOH. High selectivities were obtained by using a combination
of the KOH/K,;CO3 basic solution and La in the precursor solution. A
selectivity of 31% to PO was obtained, which is close to the performance
of the Arco catalysts. Variation of the amount of La a ects the obtained
selectivity; 7wt% La gave the best selectivity. Addition of La also slightly
enhanced the activity of the catalyst.
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The catalysts prepared with La surprisingly contained a higher amount
of K than those prepared without La. We suggest that La enhances potass-
sium uptake as the catalyst forms, because part of the La precipitates as
a mixed potassium lanthanum carbonate, i.e. KLa(CO3)2. A similar com-
pound has been reported for sodium in the literature.®* A second important
observation is that the presence of both La and K in the catalyst does not
necessarily induce a high selectivity, unless KOH is also employed in the
basic K,CO3 solution. Omission of KOH from the basic solution results
in a similar chemical composition (compare cases 2 and 4 in Table 1.2)
but a much less selective catalyst. This is most likely a consequence of
the precipitation procedure itself. Without KOH in the base, a step-wise
precipitation occurs, in which La (and K) is entirely precipitated first, fol-
lowed by Ag (as the carbonate), and Ca (as the carbonate). With addition
of KOH, a simultaneous precipitation of La (and K) and Ag occurs (indi-
cated by the beige coloring of the precipitate), apparently increasing the
interaction between the La (and K) and the Ag. This hypothesis is cor-
roborated by EDAX-analysis, which shows that La was always associated
with Ag in the catalytic composition if a KOH/K,COs3 base composition
had been used. Furthermore, SEM analysis showed that only the combina-
tion of the two modifications (OH-addition to the base and the presence
of La in the precipitation mixture), causes a unique web-like structure of
the silver particles, supported by CaCOgs crystallites that did not show
a high degree of ordering. Relatively large CaCOj3; clusters were formed,
that had a less defined cubic structure than observed in the catalysts pre-
pared without La. These results suggest that a more amorphous structure
of CaCOs leads to higher PO selectivity. The web-like structure of sil-
ver in the La-containing catalysts might provide increased surface area for
increased activity and an open pore structure of the active sites for increased
selectivity.

As a final note on these advanced catalysts, it should be mentioned
that replacing Ca by Ba, and adding CI to the preparation mixture yields
the best catalyst obtained to date. The Ba-containing catalyst shows ini-
tial selectivities of up to 58% towards PO. Unfortunately, the selectivity
decreased with time on stream and reached a steady state level of about
45% at 3% conversion at 235°C after 3 hours. It should be noted that the
45% selectivity found for the Ba-containing catalyst is higher than obtained
for the impregnated catalyst. Besides the addition of ClI to the catalyst, the
synergy between BaCO3, Ag and La(OH)COg3 also seems to be even better
than the synergy between CaCO3, Ag and La(OH)COg3. Further research
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should be directed to a better understanding of the remarkable performance
of these catalysts in the selective epoxidation of propene, and the individual
role of each of the promoters in the system.

1.4 GeNeraL CONCLUSIONS ON THE PREPARATION
oF MeTaL CATALYSTS

In this chapter, an overview has been presented of the common techniques
for the preparation of catalysts in the laboratory. It was by no means meant
as being a complete guide to the preparation of metal catalysts, but the
authors hope to have given some basic principles, as well as some case
studies that provide new, and useful information to the reader, especially
interested in the preparation of Pt, Au and Ag catalysts. Of the preparation
techniques mentioned, impregnation is often the easiest to apply, but in
the example of the Au catalysts, it was shown that only by precipitation
of the precursor at fixed pH could selective catalysts be obtained. In the
case of the advanced Ag catalysts, the used preparation procedure in the
literature (impregnation with organic precursors) could be simplified by
precipitation, using promoters that steer the precipitation sequence and
capture alkali ions from the solution, incorporating these in the catalysts.
We hope to have shown using the example of the Pt catalysts, that not
only do the conditions for the impregnation or precipitation itself (such
as pH of solutions, suspension densities, rate of base addition, stirring of
the suspension etc.), but also the applied drying procedures and, even more
importantly, the heat treatment have a profound e ect on the behavior and
structure of the catalysts eventually obtained. It is the hope of the authors
that future publications in the catalysis literature will pay more attention
to the preparation procedure used, to allow a better comparison of catalysts
in di erent laboratories, and to obtain improved catalysts for the desired
applications. As a final note, the authors wish to include a few important
references for catalyst preparation for further reading on the preparation
of supported metal catalysts.52765
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