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Abstract

The epoxidation of 1,3-butadiene to epoxybutene (EpB) was performed in a plug flow reactor using a boehmite-supported silver catalyst
with molecular oxygen as the oxidant. Unpromoted silver catalysts exhibited optimum catalytic activity at a silver loading of 15 wt%. Using
this experimentally determined silver level, a range of Cs nitrate loadings was incorporated on the Ag/boehmite catalyst to determine which
catalyst composition provides the optimum activity. For this study, two catalyst preparations were investigated: (1) simultaneous supporting
of silver and Cs nitrate and (2) initial supporting of silver followed by the sequential supporting of Cs nitrate. Reactivity studies have shown
that catalysts prepared by simultaneously supporting silver and Cs nitrate are not as effective at enhancing EpB production and catalyst
stability compared with catalysts prepared by the sequential supporting method. Adsorption microcalorimetrymfi€@es that a portion
of the Cs promoter is blocked when simultaneously supporting both Cs and Ag on the support surface. Adsorption microcalorimgtry of NH
and DRIFTS studies have shown that increased Cs loadings result in a reduction in the number of acidic hydroxyl groups present on the
catalyst, producing a catalyst that exhibits less deactivation with time-on-stream.
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1. Introduction ities are lower for processes that use moleculara® the
oxidant[5].
S - N Supported silver catalysts have been shown to epoxidize
Epoxidation is the electrophilic addition of oxygen across g|efins with nonallylic hydrogen when an alkali promoter
a carbon-carbon double bond, resulting in a three-memberg doped on the surfad@]. Certain alkali metal salts, in-
ring structure that can undergo further chemical transfor- cluding CsCl, RbCI, KCI, and CsNg) lower the desorp-
mations to produce desirable oxygenated products, suchtion energy of the olefin epoxide when doped to the cata-
as ketones, alcohols, and ethers. Much emphasis has beegyst surface, dramatically improving activity, selectivity, and
placed on research investigating the epoxidation of ethylene, catalyst lifetime[4]. In fact, Monnier determined that the
propylene, and 1,3-butadierig-5], because the epoxides addition of an optimum level of promoter increased the ac-
of these olefins are useful intermediates for the production tivity and selectivity from about 1% butadiene conversion
of high-volume industrial and consumer produf$ The and 50% selectivity for epoxybutene (EpB) to 15% conver-
preferred epoxidation mechanism uses moleculaa®an sion and 95% selectivity, respectively, for the epoxidation of
oxidant, because s inexpensive and also because capital 1,3-butadien4].
expenses for constructing commercial manufacturing facil-  The literature is replete with instances where adsorption
microcalorimetry has been used to improve understanding of
silver-based epoxidation catalysts. For example, initial stud-
" Corresponding author. Fax: +1-573-884-4940, ies were performed investigating the heats of adsorption of
E-mail addressdoskocile@missouri.ed(E.J. Doskocil). dioxygen, ethylene, and butadiene on silver supported on
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alumina[7]. Other studies investigating the enhancing role face hydroxyl groups for the as-received AIOOH was deter-
of Cs have used butadiene as a probe to show that the ratenined by heating a fresh sample in a flow of air to 400
of initial uptake of butadiene, along with the amount of ir- at a rate of 3C/min to encourage dehydroxylation to water.
reversibly adsorbed butadiene, was determined to decreaséess than 2.5% of the total mass was removed during this
with increasing levels of CsN§promotion[8]. Further- thermal treatment, indicating that significant dehydroxyla-
more, the adsorption of butadiene on the O-covered surfacetion does not occur. The boehmite has a near-neutral surface
of Ag/Al ;03 catalysts promoted with CsCl was almost com- condition, with a pH of an agqueous solution near 8, which
pletely reversiblg8]. More recently, NO has been used as helps reduce the acidity and basicity contributions of the
a probe for promoted silver catalysts, where uptake mea-support. In addition, the greater surface area of boehmite
surements have shown that surface oxygen enhanced NGQyrovides a catalyst surface with enhanced adsorption capa-
adsorption and that the presence of both Cs and Cl may de-ilities compared with the typically used aluminas, which
crease the surface concentration of nucleophilic oxy§gn have surface areas2 m? g1 and exhibit small adsorption
Despite all of these microcalorimetric studies, however, no yptake to probe molecules. Excess water was used to ensure
one has investigated the role of Cs in enhancing the surfacea more uniform surface loading, while aiding dissolution of
basicity and/or neutralizing support acidity for an epoxida- poth the AGN@ and CsNQ compounds. Once the temper-
tion catalyst. ature of the water reached roughly 3D, 2.779 g of AgNQ
Although significant progress has been made in improv- (99.89%, Baker), which corresponded to a silver loading of
ing the conversion and selectivity to EpB using Cs-promoted royghly 15 wt%, was added to the water and stirred. Imme-
Ag/Al 03 catalysts, the role of the promoter is not well un-  giately after the silver nitrate was completely dissolved, the
derstood. Optimum promoter levels rely on the promoter gesired amount of CsN§X(99.99%, Acros) promoter was
compound, the type of support, and the amount of silver on weighed and added to the solution. Once the CsM@s
the catalyst surface. Therefore, our efforts here were fOCUSEdcompIeter dissolved, 10.00 g of dry boehmite was added to
on investigating the role of Cs promotion on the epoxida- the solution, and the resulting slurry was stirred continuously
tion of 1,3-butadiene using a variety of AG/AIOOH catalysts p hand. Once no excess water was observed on the catalyst
promoted with CsN@. The goal of this investigationwas t0 g race, the beaker with the catalyst contents was placed in
determine an optimum CsNQoading and then probe vari- 5 gven and dried in air overnight at 90. Catalysts pre-

ous Cs-promoted Ag-supported cata_l}_/st surfaces to elucic_iatepared through this “simultaneous” preparation procedure are
how Cs was enhancing catalyst stability and EpB production referred to herein as Cs—Ag/AIOOH.

on a surface acidity/basicity level when using this support.
We also investigated different methods for depositing the Cs
promoter to determine how conversion was affected. Finally, X )
we further analyzed the Cs-promoted Ag-supported catalysts As for the simultaneous catalyst preparation procedure,

using adsorption microcalorimetry of G@nd NH as probe  here 15 ml of DDI water was heated to S0 in a 200-ml
molecules to help determine the relative number and strengthP&aker using a stirring hotplate. Next 2.779 g of AgNas

of base and acid sites, respectively, on the catalyst surface@dded to the water and stirred. Once the AgNalt was
with the aim of gaining a better understanding of cesium’s completely dissolved, 10 g of dry boehmite was added to the

potential role in enhancing surface basicity and neutralizing Selution, and the resulting slurry was stirred by hand. Once
surface acidity at the catalyst surface. no excess water was observed on the catalyst surface, the

beaker with the catalyst contents was placed in an oven and
dried in air overnight at 90C.

2.1.2. Sequential promotion of Ag and Cs

2. Experimental Once the catalyst was dry, the catalyst was size-separated
to <40 mesh and transferred into a coarse-fritted glass calci-
2.1. Preparation of promoted Cs and Ag catalysts on nation tube for thermal treatment. The optimum catalyst pre-
boehmite treatment conditions suggested by Badani and Vanj@te
were followed to treat the catalyst. The catalyst was heated
2.1.1. Simultaneous promotion of Ag and Cs from room temperature to 25C in nitrogen (UHP, Prax-

Initially, 15 ml of distilled-deionized (DDI) water was  air) for 90 min, after which time an oxidizing atmosphere of
heated to 50C in a 200-ml beaker using a stirring hot- makeup air, consisting of 20%;QUHP, Praxair) in N, was
plate. This volume of water corresponds to a volume of about passed over the catalyst for 2 h. After this oxidizing step, the
2.7 times greater than the incipient wetness point for alu- catalyst was cooled to 26C in 30 min in flowing nitrogen.
minum oxide hydroxide, chemical name boehmite (Apyral Once the catalyst was at a constant temperature, a reduc-
AOH180DS, Nabaltec), which has a reported surface areaing atmosphere consisting of 20% KUUHP; Praxair) in N
between 15 and 18 fy—1. Boehmite, a monohydrate form  was introduced to the catalyst for 1 h. The catalyst was sub-
of alumina (AbOs - H20), is a common precursor for the sequently cooled to room temperature in flowing. Nhis
production of various aluminas. Using a TA Instruments Q50 yielded a boehmite-supported silver catalyst, denoted herein
thermogravimetric analyzer (TGA), the stability of the sur- as Ag/AIOOH.
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The Ag/AIOOH catalyst was now ready for the sequen- ter. The microcalorimetry unit consisted of an aluminum
tial addition of the CsN@ promoter. Once again, 15 ml  block with two integral thermoelectric enclosures (model
of DDI water was heated to 5@ in a 200-ml beaker = CR-100-1, International Thermal Instrument Co.). A high-
using a stirring hotplate. The desired amount of CsNO temperature silicone oil (Acros Organics) was used to ensure
was added to the water and the solution was stirred un-good thermal contact between the cell wall and the inner walll
til the promoter salt was completely dissolved. Next, the of the cavity of the microcalorimeter. The microcalorimeter
thermally treated Ag/AIOOH catalyst was added to the ynijtwas located in a well-insulated forced-air oven to isolate
solution, which was stirred by hand. Once no excess wa- the system from the environment.
ter was observed on the catalyst surface, the beaker with it the catalyst to be investigated was thermally treated
the catalyst contents was placed in an oven and dried ingyternal to the microcalorimeter system using the thermal
air overnight at 90C. Catalysts prepared via this "se- yeatment related to the specific preparation procedure, as
quential” preparation procedure are referred to herein as g, ineq in Sectior. 1 Immediately after completion of the
Cs/AgIAIOOH. reduction step, approximately 2.0 g of catalyst was trans-
ferred into a sample cell to form a catalyst bed a few
millimeters thick. The sample was subsequently outgassed
under dynamic vacuum at 28C for 8 h, then cooled to
room temperature for gas adsorption. Once pretreatment was

2.2. Gas-phase epoxidation of 1,3-butadiene

The gas-phase epoxidation of 1,3-butadiene was car-
ried out in a continuous-flow, fixed-bed reactor. Roughly ) . .
0.50 g of size-separated cataly$t30/—40) was supported completgd, the gas-dosing manifold was charged \.N'th co
by glass wool in a 0.25-inch o.d. stainless steel reactor tube(UHP’ Linweld) or NH; (anhydrous, 989+%; Aldrich).

sheathed by a 1-inch o.d. brass rod, which served as a heaf©' the studies involving CPadsorption, the initial mani-
sink to provide better temperature uniformity throughout the '0ld pressure was normalized to the mass of AIOOH present
reaction zone. in the sample. Manifold pressures were measured using

The thermal treatment steps outlined in Sec@ah2for a 615A high-accuracy Baratron absolute pressure sensor
the preparation of Ag/AIOOH were also used to activate (MKS Instruments). A LabView programmed virtual instru-
each catalyst before reaction. The oxidation/reduction treat- ment was used to control the sequential dosing of gas to the
ment steps decomposed the supported silver nitrate salt tosample and to record the evolved heat and manifold pres-
metallic silver and decomposed the CsiN© produce a Cs ~ sures needed to determine the total heat of adsorption and
oxide, which is believed to be the Cs species prodytéf the amount adsorbed. The dry catalyst mass was used to de-
Initial oxidation of the catalyst occurred at 250 in a flow termine the differential heats of adsorption as a function of
of makeup air over 2 h, and subsequent reduction of the CO; and NH; uptake per gram of boehmite and catalyst, re-
catalyst occurred at 20@ in a flow of 20% k in N for spectively.
1h.

Reactor conditions and reactant flow rates were similar to
those reported by Monnigb]. The reactor was operated at
atmospheric pressure and a constant temperature 6f00
A reactant mixture of 1,3-butadiene (8%, Aldrich), O,
and N» was passed over the catalyst bed, where nitrogen
acted as an inert diluting agent. A total feed rate of 100 sccm
was used. The ratio of 1,3-butadiene:®, molar flow rates
was 10:20:70. All stainless steel tubing downstream from
the reactor was heat-traced using flexible Thermolyne elec-
tric heating tapes to ensure that all products remained in the
vapor phase. The reaction was performed under differen- ) - e M
tial conditions with conversions:5%. The product stream DY taking 3.0 mg of each catalyst and diluting it into
was analyzed by flame ionization detection using a Ther- 2/ Mg of KBr to produce a 10% sample by weight, which
moquest Trace gas chromatograph (GC) fitted with a Su-WasS subsequentl_y ground into a fine, homogeneous pow-
pelcowax column, in which EpB was the primary organic der and loaded into the DRIFTS chamber. Under a flow
product identified. Sampling to the GC at 9.1-min intervals ©Of helium (160 sccm), the sample was heated at a rate of
was automated using an air-actuated six-port, two-position, 10°C min~* to 180°C and held at that temperature for 1 h,

2.4. Diffuse reflectance infrared spectroscopy

Diffuse reflectance infrared spectroscopy (DRIFTS) was
performed using a Thermo Nicolet Nexus 670 Fourier trans-
form infrared spectrophotometer equipped with a Smart
Collector and high-temperature, high-pressure in situ cham-
ber (Spectra-Tech). In the DRIFTS chamber, a series of
background spectra of KBr were taken from 50 to 260
under a helium atmosphere. Each sample was prepared

Valco gas-sampling valve. after which time a spectrum was recorded. To minimize
potential contamination from the He stream, a liquid ni-
2.3. Adsorption microcalorimetry of GGand ammonia trogen trap was placed on the inlet line to prevent trace

amounts of water from entering the system. Likewise, an
Adsorption microcalorimetry of acidic GOand basic oxygen trap was added to remove trace amounts,df@n
NH3 was performed using a Calvet-type microcalorime- the He.
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3. Resultsand discussion

T 24
©
(2]
3.1. Determination of optimum silver loading on boehmite = 2 —u—0.04-wt%
= 20 —A—0.10-wt%
. 18 —e—0.16-wt%
Minahan reported that the best support for Ag-supported v 0.22-ut%

catalysts is alumina, because of its low surface area and
low acidity, which minimizes the complete oxidation of the
olefin and epoxide produgt]. Monnier reported that a sup-
port with a surface area2 m?g~! is needed to prepare
an effective Ag-supported catalyst and that the optimum 8
silver loading on an unpromoted Ag-supported catalyst is 6
between 12 and 15 wt% silvgt1]. But performing stud- 4 MU 04
ies that involve adsorption of gaseous molecules is difficult oL \li.ﬁﬁf iﬁﬁgﬁ‘;‘ﬁﬁz':.:.=.1
when using these low-surface-area supports, because of the , . il
high sensitivity required to accurately measure the low up- 0 20 40 60 80 100 120 140 160
take associated with these surfaces, which in some instances Time on Stream (min)

can be<1 ¥ 9 .1' The higher surface ar?a of the bOEhmlt_e Fig. 1. 1,3-Butadiene epoxidation activity at 200 for various Cs—Ag/
used here provided a catalyst surface with better adsorptiona oo catalysts.

capabilities tharmw-alumina, but not so high that meaning-
ful comparisons to lower-surface-area aluminas cannot be
made.

Initially, several supported silver catalysts were prepared
with silver loadings ranging from 10 to 20 wt%, to verify
that the optimum silver loading on the Nabaltec boehmite
used here (which had a surface area roughly 10 times greater
than typically usedx-aluminas) was consistent with Mon-
nier's findings. These catalysts were subsequently investi-
gated for epoxidation activity. Silver loadings of 10 and
12.5 wt% on boehmite showed little appreciable activity to-
ward EpB production; a loading of 15 wt% Ag on AIOOH
showed the greatest reactivity. Likewise, pure AIOOH was
inactive for the epoxidation reaction. Moreover, silver load-
ings above 15 wt% exhibited less reactivity than the 15 wt%
Ag-supported catalyst. Thus a loading of 15 wt% silver on
AIOOH was verified as the optimum silver loading for this
AIOOH sample. On a per-mass basis, this optimum silver

Rate of EpB Formation (umol hr
=

used as the alkali promoter salt. As a result, the Cs nitrate
promotion levels between 0.04 and 0.22 wt% were initially
prepared via the simultaneous preparation method in this
udy.

Fig. 1shows how the rate of EpB formation changed with
time for each simultaneously promoted Cs-Ag/AIOOH cata-
lyst. The figure illustrates that all Cs—Ag/AIOOH catalysts
exhibited the same rate of EpB formation after approxi-
mately 80 min of TOS, which was about 2.5 pmolty..
Over this range of Cs promotion, which gives the optimum
catalyst for the epoxidation of 1,3-butadiene for Ag sup-
ported one-alumina, no enhancement in catalyst reactivity
was observed when the Cs promotion level was increased.
It appears that at these loadings, simultaneously supporting
silver and Cs on boehmite using the method described here

loading is consistent with the optimum silver loading ob- (the primary catalyst preparation m_ethod _described inthe_lit—
served orw-alumina supportf8,9]. After about 2 h of time- erature[1,8,12,13], does not effectively disperse the Cs in

on-stream (TOS), no Ag/AIOOH epoxidation catalyst inves- locations where the Cs promoter can enhance the stability of
tigated exhibited any activity for EpB production. the catalyst. Thus the Cs must be located in positions that

do not promote the silver, either being blocked by the silver
3.2. Determination of optimum Cs loading on Ag/AIOOH  itself or contributing to neutralization of surface acidity as-

sociated with the support. In either case, the Cs is not located

We investigated the effects of Cs promoter loading at the ©n the silver surface.

optimum 15 wt% silver loading. The promoter loading level It appears that the surface composition remains compara-
is the primary factor affecting the conversion to epoxide and ble regardless of the initial amount of Cs nitrate during the
catalyst stability. Although a certain interaction effect be- catalyst preparation over this range of Cs promotion. The
tween the Ag loading and Cs promotion level could occur, large number of silver particles may block much of the Cs
determining the exact optimum catalyst composition using promoter when the two species are incorporated onto the
boehmite as a support is beyond the scope of this work. An support simultaneously, or the Cs may be far removed from
optimum Cs loading stabilizes the Ag-supported catalyst and the silver, interacting with the support by neutralizing sur-
optimizes its selectivity to the epoxide product, reducing the face acidity associated with surface hydroxyl groups as other
deactivation observed with an unpromoted catalyst. Badanialkali and alkaline earth oxides do at these lower loadings
and Vannice[2] and Monnier et al[11] reported an opti-  [14-17] Thus the loading of Cs nitrate was not effective
mum Cs-promotion level for Ag-supported catalysts in the at promoting the silver surface when deposited simultane-
range of 400-1200 ppm (0.04-0.12 wt%) whenever CsCl is ously with silver nitrate during the catalyst synthesis over
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Fig. 3. Determination of the optimum Cs-promotion level for the epoxida-

Fig. 2. 1,3-Butadiene epoxidation activity at 20D for various Cs/Ag/ tion of 1,3-butadiene at 20T for Cs/Ag/AIOOH catalysts.

AIOOH catalysts.

350

Initial Rate : |

the expected optimum promotion levels that used lower sur-
face arear-alumina.

Consequently, we prepared Cs/Ag/AIOOH catalysts with
CsNG; promotion levels between 0.04 and 0.41 wt% to de-
termine whether the sequential loading of silver followed
by Cs nitrate resulted in more effective Cs-promoted cata-
lysts for epoxidation over a similar range of Cs promotion.
Fig. 2 shows how the rate of EpB formation changed over
time for each sequentially prepared Cs/Ag/AIOOH catalyst.
As CsNQ promotion levels neared 0.16 wt% Cs, the rate
of EpB formation was comparable to the rate exhibited by
every simultaneously promoted catalyst investigated. But at Promotion
higher Cs promotion levels, a clear reduction in catalyst de- ) . P
activation during TOS was observed when using the sequen- 0 1 2 3 4 5
tial preparation procedure that was not observed for the si- Cs Promotion Level (wt%)
multaneously prepared catalysts. Furthermore, after 160 m|n
of TOS, the rate of EpB formation increased to a value near ;
15 pmol i g2, for a Cs loading of 0.41 wt%, which was
almost three times the rate exhibited by each simultaneously
prepared Cs—Ag/AIOOH catalyst investigated. Thus it ap- rates. Eventually, the addition of too much Cs (i.e., around
pears that sequentially supporting Cs nitrate after support-19.0 wt% Cs; not shown) produced a catalyst with no epox-
ing silver more efficiently promotes the silver surface when idation activity, most likely due to the larger amounts of Cs
preparing a silver-based epoxidation catalyst. blocking the active silver sites.

We prepared additional Cs/Ag/AIOOH catalysts with Fig. 4 summarizes the rates of EpB formation for each
higher levels of Cs (0.80-19.0 wt% Cs nitrate) using the Cs/Ag/AIOOH catalyst investigated after 3 (initial) and
sequential preparation method, to determine the optimum 140 min of TOS. The initial rate of EpB formation fol-
Cs promotion level for maximum EpB production and lowed a linear relationship with increased Cs loading up to
minimum deactivation when using the higher-surface-area 1.5 wt%. At loadings above this value, the initial rate be-
AIOOH support.Fig. 3 shows how the rate of EpB forma- gan to level off. In contrast, the rate of EpB formation at
tion was affected with TOS for each sequentially prepared 140 min of TOS followed a Gaussian-shaped relationship
Cs/Ag/AIOOH catalyst in this range of CsN@romotion. with increased Cs loadings. Analysis of this curve indicates
Up to a Cs loading of 3.1 wt%, increased Cs loadings that a Cs nitrate promotion level of roughly 3.4 wt% ap-
resulted in an increase in the rate of EpB formation at pears to be the optimum Cs level for sequentially prepared
longer TOS. However, Cs promotion above this level re- Cs/Ag/AIOOH catalysts for the Nabaltec boehmite used
sulted in a decreased rate of EpB formation for longer TOS here. To produce a stable silver-based epoxidation catalyst,
(e.g., 4.7 wt% inFig. 3), despite exhibiting higher initial  the higher surface area of the AIOOH support used herein

300 -

250 |-

200 |-

150

Level of

Rate after 140 min .
Optimum

time-on-stream

Rate of EpB Formation (umol hr' gcat™)

Fig. 4. Effect of Cs-promotion level on the EpB rates of formation for var-
ious Cs/Ag/AIOOH catalysts. The initial rate of formation of EpB is taken
after a time-on-stream of 3 min.
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appears to require a greater amount of Cs promoter com- e AIOOH
pared with those catalysts that us@lumina as the support, 120 L Q v Ag/AIOOH
despite the fact that an identical silver loading of 15 wt% is . = 0 016wthCs
optimal when using either support. Thus more Cs per square*"—; 100 '9 3 <’> : 2 g'gg"m.f’ Cs
. - .80-wt% Cs
meter of surface area would be needed for supports with E 2
higher surface area to produce uniform Cs-induced electric £ _ | O Jo <
fields (as proposed by Linic and Bartefd8]) that stabilize H * <«
the transition state responsible for epoxidation compared & 60 L v o ¢
with combustion. In fact, Monnier et gl19] have shown, § L *°
using X-ray photoemission spectroscopy, that an even distri- < wl © °
bution of Cs on a supported silver surface is necessary for .g .
producing an effective silver-based epoxidation catalystwith 2 | v
minimal deactivation. 5
1 1 1 1 1 1
3.3. Adsorption microcalorimetry of GGand NH; %o 4 8 12 16 20 24 28

CO, Uptake (umol g, )
After determining the optimum Cs promotion level for
the Cs/Ag/AIOOH catalysts, we conducted further investi- Fig. 5. Effect of Cs-promotion and catalyst preparation method on the dif-
gations to better understand the role of Cs as a promoter. Wederential heat of adsorption as a function of £0ptake at 25C for var-

performed adsorption microcalorimetry on various simulta- ious epoxidation catalysts, normalized to the mass of AIOOH. Open sym-
bols correspond to catalysts prepared via the “simultaneous” preparation

nePUSIY and Sequentia”y (.?s-promoted Ag/AIOOH catalysts method and filled symbols correspond to those prepared via the “sequen-
of identical composition using C{as a probe molecule. We  tja)” method.

chose CQ as the probe because this slightly acidic molecule

adsorbs on the basic Cs oxide sites created during the oxidiz-taple 1

ing atmosphere catalyst pretreatment $8€p21], providing Initial heats of CQ adsorption, normalized to the mass of AIOOH, for var-
an indication of the strength and degree of exposed Cs ox-ious simultaneously and sequentially Cs-promoted Ag/AIOOH catalysts
ide sites located at the surface. To better understand whether Initial A Hags(kJ/mol)
Cs reduces the surface acidity of the support, we normalizedcs-promotion Simultaneous Sequential
the adsorption microcalorimetry results herein to the mass of (wt%) (Cs—Ag/AIOOH) (Cs/Ag/AIOOH)
the AIOOH present in the sample. 0.00 100.2

We initially used CQ to probe the surface of both 0.16 1026 997
boehmite and a 15 wt% Ag/AIOOH catalyst before Cs incor- 935 1074 1215

1236 1186

poration, to determine whether the presence of Ag enhanceso'
CO, uptake, as reported by Liu et §22]. The initial heat

of adsorption, normalized to the mass of boehmite presentthe initial CQ, heat of adsorption for every catalyst char-
in the sample, was roughly 100 kJ mélfor each sample,  acterized was roughly between 100 and 120 kJthoThe
indicating that incorporating silver on the surface does not adsorption capacity of the catalysts is small, because of the

enhance the adsorption strength forCBordawekar et al.  low surface area of the boehmite; thus the catalyst surface
[16] reported a similar value of approximately 100 kJ rrol is completely saturated with GGafter only a few doses. It
for the initial heat of adsorption of GQon alumina. In ad- is noteworthy to state that these microcalorimetric studies

dition, as seen irFig. 5, the total uptake for the 15 wt%  would be significantly more difficult to perform for a cata-
Ag/AIOOH was less than that for pure boehmite, indicat- lyst produced using am-alumina support with<2 nm? g1
ing that some of the surface adsorption sites for, Goe surface area, because the total uptake would be significantly
blocked by this loading of silver and that G@oes not ap-  lower, perhaps even resulting in a surface saturated with
pear to adsorb on silver in significant quantities. Because noonly one dose, and energetic changes as a result of Cs in-
enhancement of the initial adsorption energy was observedcorporation would be quite difficult to resolve. As shown
and no increased CQuptake was found, it appears thattitra- in Fig. 5, CO, uptake was approximately 3 times greater
tion of surface oxygen on the silver surface does not occur, for the highest Cs-loaded catalyst investigated (0.80 wt%
and that we are able to effectively investigate adsorption en- Cs/Ag/AIOOH) compared with the unpromoted Ag/AIOOH
hancements due solely to the incorporation of Cs. catalyst and boehmite. In fact, the general trend was that
Table 1summarizes the initial heats of adsorption of CO, uptake increased with increased Cs loading, indicating
CO; on each catalyst investigated using adsorption mi- that the Cs promoter is indeed located at the surface. This
crocalorimetry. We normalized the initial heats of adsorp- trend was observed for higher loadings of Cs promotion as
tion of CO, for every catalyst to the mass of the boehmite well (not shown).
support. We determined that G@ad an initial heat of ad- Simultaneously and sequentially promoted Ag/AIOOH
sorption of 102.1 kJ mott on boehmite. As seen ifable 1, catalysts with Cs loadings0.16 wt% had roughly the same
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initial heats of adsorption as boehmite (i.2100 k¥mol), 9 TN
indicating that Cs oxide sites at these lower loadings were 4 AIOOH
possibly being blocked by silver or were neutralizing resid-  go | : ;?3:4: g:
ual acidity associated with the boehmite support. Further- < o ut o A7-wt%Cs
more, when the Cs loading for simultaneously and se- g,o | L
quentially Cs-promoted Ag/AIOOH catalysts approached 2 A a
0.35wt%, a clear increase was observed in the initial heats of = . | J<> A
adsorption compared with an unpromoted Ag/AIOOH cata- £ u . A A L,
lyst. ;_gso L e ON A
The sequentially prepared Cs-promoted Ag/AIOOH cat- § © o
alyst exhibited an initial heat of adsorption of about 120 kJ 8 Q’& A
1 . . . a0} o giCH
mol~, which was higher than that for the simultaneously o Yo
prepared Cs-promoted Ag/AIOOH catalyst. We have shown
that this higher adsorption energy corresponds te @@ or . . . N 2 .
sorption on supported Cs oxide sif@8] and indicates that 0 5 10 15 20 25 30 35
the entire dosing volume of CQwas adsorbed on Cs oxide NH; Uptake (umol g

present at the surface. However, the observed 107.4 k3'mol

heat of adsorption for the simultaneously promoted cata- Fig. 6 Effect of Cs-promotion on the differential heat of adsorption as a
lyst at an identical Cs-promotion level indicates that roughly function of NFs uptake at 25C for Cs/AG/AIOOH catalysts.

one-third of the dose adsorbs on Cs oxide and the remain-

ing CO, adsorbs on the Ag/AIOOH. Therefore, sequentially molecule, to probe surface acidifyig. 6 illustrates the ef-
prepared catalysts appear to have a higher level of externaffect of Cs loading on Nhi uptake for epoxidation catalysts
surface promotion than simultaneously prepared catalysts aforepared by the sequential preparation procedure. The figure
this identical loading of Cs, indicating that the simultaneous clearly shows a reduction in the total uptake of Ntlsorp-
preparation procedure does not effectively disperse Cs ontion sites with the incorporation of Cs on the catalyst surface.
the active silver surface, thus explaining the similar epox- A loading of 1.6 wt% Cs reduces the total uptake of J\NH
idation activity observed for the simultaneously prepared by roughly 25%, but does not reduce the strong initial heat
catalysts investigated herein. Our results confirm the DFT of adsorption of 90 kmof* observed on the as-received
calculations of Linic and Barteau showing that surface Cs boehmite. Only after we reach the Cs loading that corre-
is necessary for the promotion to have the greatest effect onsponds to the optimum epoxidation catalyst (3.1 wt%) do

reactivity[18]. we see a reduction in the initial heat of adsorption to a value
At higher Cs loadings~0.80 wt% Cs and greater), the of 75 kJmot™. Clearly, the Cs promoter has a neutralizing
initial heat of CQ adsorption remained around 12¢/kibl effect on the surface that is important for the production of

for both preparation methods, indicating that some break- an optimum silver-based epoxidation catalyst. The 3.1 wt%
through Cs-promotion level is reached between 0.35 andloading also corresponds to the lowest total uptake fog NH
0.80 wt% Cs, where an adequate amount of Cs is presenffor (asFig. 6 clearly shows) a higher Cs loading of 4.7 wt%
at the catalyst surface from the simultaneous preparationproduced an increase in the total amount of\idisorbed
procedure to measure via adsorption microcalorimetry of compared to the 3.1 wt% Cs catalyst.
COy. At higher Cs-promotion levels (which includes the
experimentally determined optimum epoxidation catalyst), 3.4. DRIFTS investigation of hydroxyl stretches
total CO, uptake is comparable between the two preparation
methods as measured using adsorption microcalorimetry, in- The effect of Cs loading on the hydroxyl groups asso-
dicating that most of the Cs species are located at the catalystiated with boehmite is illustrated iRig. 7. As this figure
surface when either preparation method is followed to pro- shows, the intensity of the hydroxyl stretches at 3313 and
mote with higher amounts of Cs. The higher initial heats of 3126 cnT! decreases with increased Cs loading, indicat-
adsorption observed for these Cs-promoted catalysts clearlying an interaction between the Cs and —OH gro{#H.
indicate that basic sites exist on the surface of the most ac-The DRIFTS in the hydroxyl region faz-alumina, which
tive catalysts and that these sites help enhance the stabilityis the ideal support for silver-based epoxidation catalysts,
of the Ag-based epoxidation catalyst and do not solely neu- shows an insignificant amount of hydroxyl stretching com-
tralize surface acidity, as has been suggeg2éf pared with the boehmite-based epoxidation catalysts, indi-
This is not to say that Cs has no role in neutralizing sur- cating that minimizing the exposed hydroxyl groups plays an
face acidity when producing an effective silver-based epox- important role in producing an optimum silver-based epoxi-
idation catalyst. Although the role of Cs as a promoter can dation catalyst. Coupling the DRIFTS and microcalorimetric
easily be seen from adsorption microcalorimetry ofCthe observations, it can be inferred that the Cs promoter func-
effect of Cs loading on surface acidity can be better under- tions both as a neutralizer for exposed surface —OH groups
stood by using adsorption microcalorimetry of jlt basic that exist as strong acid sites and as a promoter on the sup-



150 E.J. Doskocil, G.M. Mueller / Journal
3313
l 3126
= 1.6-wt% Cs
2 3.1-wt% Cs
§ 4.7-wt% Cs
g G'Alez
<
| |

4000 3500 3000 2500

Wavenumber (cm™)

Fig. 7. Diffuse reflectance infrared spectra (DRIFTS) indicating the reduc-
tion in the number of hydroxyl groups due to increased Cs-promotion for
Cs/Ag/AIOOH catalysts heated to 18G.

ported silver surface. The fact that more Cs is needed to
produce a catalyst using a boehmite support with reduced
deactivation than when using aralumina support can be
clearly linked to the number of surface hydroxyl groups ex-

isting as acid sites on the support surface of choice. These

exposed acid sites allow cracking and polymerization, sig-
nificantly reducing the effectiveness of the epoxidation cata-
lyst and causing catalyst deactivation.

4. Conclusion

We used two different preparation methods to prepare Cs-
promoted Ag/AIOOH epoxidation catalysts: (1) loading the
silver nitrate and Cs nitrate onto the support simultaneously
and (2) loading the silver onto the support, then sequentially
loading the Cs nitrate. The simultaneously promoted cata-
lysts prepared in this study exhibited similar epoxidation be-
havior, indicating that the higher Cs levels in the higher pro-

moted catalysts were not located near the surface, where the

| of Catalysis 234 (2005) 143—-150

lysts approached 0.35 wt%, a higher initial heat of,Gd-
sorption was observed for the sequentially prepared catalyst
compared with the simultaneously Cs-promoted Ag/AIOOH
catalyst, indicating that the sequential preparation method
more effectively disperses the Cs-promoter on the catalyst
surface. Therefore, effective alkali promotion of Ag/AIOOH
catalysts should be done using sequential promotion tech-
niques to more efficiently disperse the promoter salt in the
synthesis of epoxidation catalysts on the silver surface. Ad-
sorption microcalorimetry of Ngland DRIFTS investiga-
tions of the hydroxyl region indicated that neutralization
of surface acidity associated with the AIOOH structure is
necessary to produce an effective catalyst with limited deac-
tivation with respect to TOS. It appears that for silver-based
epoxidation catalysts, Cs promotion plays a role in both the
neutralization of the support surface and the promotion of
the supported silver surface.
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