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Abstract

Activity results forn-butane andh-pentane isomerization activity on a mesoporous and conventional sulfated zirconia are
presented as a function of pretreatment and reaction conditions. During both reactions, rapid deactivation occurs followed by
a low residual activity. The activity is shown to be a strong function of the extent of hydration of the catalyst. Regeneration in
oxygen must be followed by a step that results in the rehydration of the catalyst to recover the original activity. The optimal
activities of both a conventional and a mesoporous sulfated zirconia catalysts also depend on the drying procedure used. A
two-site model consisting of Lewis and Bronsted active sites is proposed to explain the two regimes of deactivation observed
on these catalysts. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction tion at low reaction temperatures, which is especially
desirable becausebutane is thermodynamically fa-
The application of sulfated zirconia (SZ) to the vored at lower reaction temperatures. Tipentane
isomerization of hydrocarbons was first reported by isomerization reaction has been previously studied by
Holm and Bailey [1], and has been the subject of several authors [8,9] on SZ and on WX3O; [10,11].
many investigations thereafter [2,3]. The isomeriza- There is a consensus that whilebutane isomeriza-
tion of n-butane has been extensively studied using tion is a bimolecular reactiom-pentane isomeriza-
conventional SZ as a catalyst, because SZ was firsttion is a monomolecular reaction. The addition of
considered to be a solid superacid [4]. However, more promoters such as Mn and Fe, greatly promoted the
recent studies have shown that the catalyst most likely activity whereas the addition of Pt decreases the rate
does not possess superacid strength [2,3]. Moreover,of catalyst deactivation.
the reaction has been shown to proceed via a less en- SZ is typically prepared by contacting an amor-
ergy intensive bimolecular mechanism on the catalyst phous hydrous zirconia powder with a solution of
surface [5,6,40]. Although SZ is not a solid superacid, sulfuric acid or ammonium sulfate followed by cal-
it is still catalytically active forn-butane isomeriza-  cination at temperatures varying from 500 to 650
Surface areas for active SZ range between 100 and

_— 120 /g and it has been observed to be catalytically
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to those used to prepare MCM-41 [12,13] have also 2. Experimental
been reported for mesoporous SZ [14-17]. However,
the hexagonal pore structure was lost upon calci- 2.1. Catalyst preparation
nation prior to catalytic testing [13] or has activity
similar or decayed to values lower than the con-  Details regarding the catalysts synthesis and chara-
ventional sample after 70 min. Knowles and Hudson cterization have been previously reported elsewhere
[18,19] reported a synthesis of mesoporous zirco- [23], hence only a brief description is presented here.
nia from a zirconyl chloride source with surface The conventional preparation [20] involves adding
areas of approximately 3004y, but no catalytic slowly 28-30% ammonia to 100ml of a 0.4 M so-
activity was reported. Several authors, as well as lution of zirconyl chloride (Aldrich) under vigorous
results in our group, have found that when attempt- stirring until the target pH of 10.0 was attained. Prepa-
ing synthesis with surfactant assisted methods, the rations at other pH values gave similar results [23] so
structure collapsed upon attempts to remove the sur-only the sample obtained at pH 10 was used in this
factant either by solvent extraction or calcination work. Two methods of digestion were used. In the
[15-17]. While attempting modifications of the syn- conventional method, the resulting slurry was stirred
thesis reported by Knowles and Hudson [18,19], we for 1 h at ambient temperature and then allowed to di-
observed that a high surface area zirconia could be gest unstirred and covered with a watch glass for 20 h.
formed in the absence of surfactant by refluxing a In the new method, referred to as the reflux method,
solution of zirconyl chloride and ammonium hydrox- the pH adjusted precipitated slurries were stirred un-
ide at high pH. Here we report the results of the der reflux at 90C during the 20 h digestion period.
synthesis, characterization and activity of a higher In both cases, the hydrous zirconia was recovered via
surface area SZ catalyst prepared from the digestion vacuum filtration and washed with excess water to
of freshly precipitated hydrous zirconia under reflux eliminate chloride ions, and then dried at 10
at 90°C. Sulfate addition to zirconia powders to prepare ac-
The n-butane reaction conditions and procedure tive catalysts was by incipient wetness. Incipient wet-
utilized in this work were initially chosen to match ness impregnation was used to control the amount of
those reported by Corma et al. [20]. Much of the cur- sulfate added. The catalyst was spread evenly in an
rent literature focuses on determining the mechanism evaporating dish and a sulfuric acid solution contain-
of the reaction and its means of initiation. Typical ing the desired amount of sulfate and the predeter-
conditions consist of low temperatures and dilute feed mined amount of water (distilled and de-ionized) was
streams. However, the work of Corma et al. [20] was added drop-wise via a pipette. The catalyst was then
aimed at exploring the activity of the material as a dried at 110C.
function of its physical characteristics such as surface
area and sulfur content. The objective of this work was 2.2. Catalyst characterization
to study the effect of pretreatment and reaction con-
ditions on the activity and deactivation of the meso-  The catalysts were characterized by X-ray diffrac-
porous SZ prepared by the reflux method. Reactions tion (XRD), BET surface area, N adsorption
at temperatures of 150 and 28Dwere studied. These isotherms, and scanning electron microscopy (SEM)
temperatures are typical for-butane anch-pentane (see Ref. [23] for details).
isomerization over conventional SZ catalysts [2,3,7,8].  X-ray photoelectron spectroscopy (XPS) measure-
The activity of these conventional catalysts has been ments were conducted in a Kratos SAM-800 spec-
reported to be directly affected by pretreatment pro- trometer with Mg kx radiation. The C 1s, Zr 3d, S
cedures [21,22]. Specifically, we report here results 2p, and O 1s, were analyzed. The reported binding en-
of the pretreatment on the activity of the mesoporous ergies were referenced to the C 1s binding energy of
and conventional SZ catalysts. A model of the catalyst 284.6 eV. Quantification of the relative amounts of S,
deactivation based on two sites is also presented. Theand Zr was performed using the peak heights and cor-
effect of the addition of Pt to the catalyst was also rection factors at the binding energies corresponding
investigated. to their oxidized states:% (~170.0eV), and Z¥+
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Table 1
Texture and XRD results for SZ catalysts

(~182.5eV). Sulfur analysis was performed by Gal-
braith Laboratories (Knoxville, TN).

Conventional  Reflux

2.3. Catalytic activity Total surface area (Pg) 117 269
Average pore diameter 43.7 66.6
Catalytic activity was measured duringC4 and Total pore volume (cc/g) ~ 0.13 0.45
Mesopore pore volume 0.098 0.400

n-Cs isomerization in ag in. ID, 19in. long quartz Micropore bore volume  0.031 0.071

fixed bed reactor wit a K type thermocouple located  yzp pore Tetragonal  Broad, low-intensity

in the center of the catalyst bed. Depending on condi- reflection reflection

tions 2 g or 1 g of catalyst, sieved to %10 mesh size

was loaded in the reactor. The reactor was heated with

a furnace controlled by an Omega temperature con- 3. Results

troller. The effluent lines were wrapped in heating and o

insulating tapes and kept at a temperature of Clo ~~ 3-1. Catalysts characterization

avoid condensation of heavier reaction products in the ) i ) )
lines. The flow of gases was controlled by electronic A detailed presentation of the texture and diffraction
mass flow controllers (Brooks 5850). The catalyst was properties of the_ catalysts has been p_reser_1ted in Ref.
activated in situ by heating to various temperatures [23: and the main results are summarized in Table 1.
and then cooling to reaction temperature under a dry Briefly the mesoporous material prepared by the reflux

stream of nitrogen (20 cc/min) or streams containing Method exhibits surface area in excess of 56m
controlled amounts of water vapor. prior to calcination, and in excess of 208/ after

For n-C, isomerization, the reaction was conducted calcination. The XRD diffraction patterns of the meso-

at a WHSV of 1.5-3.0h! using 20 ml/min 99% porous material contained only broad low-intensity re-
n-butane and a catalyst bed of 2 or 1g. Impurities in flections in place of the distinct (111) reflection of

the feed consisted of isobutane and trace amounts c)ftetragonal zirconia characteristic of the conventional

propane. The reactor feed or effluent was analyzed sample. The pore volume is larger by a factor of three
using a Varian 3300 gas chromatograph using a 7 ft for the mesoporous materials versus the conventional

0.19% picric acid on Graphpac packed column (All- material, and the average pore diameter is larger by a
tech) and a FID detector. The column was held at factor of two in the mesoporous material. SEM micro-
50°C for 4 min and then heated at a rate of @&min graphs show two distinct morphologies: the conven-

to a final temperature of 16C and maintained until tional material consists of large particles whereas the
all Cs species were eluted. mesoporous material exhibits a morphology showing

For n-Cs isomerization He, flowing at a rate of smaller particles.
20 cc/min, was passed through a saturator containing
n-pentane maintained a0 by an ice bath. These 3.2. Catalysts activity
conditions result in am-pentane partial pressure of
approximately 0.2 atm and a WHSV of 0.6h The 3.2.1. n-Butane isomerization
reaction was run for 1 h and samples were taken for  Activity measurements were performed to com-
every 5min after the reaction was initiated. The same pare the activity of the mesoporous catalyst with the
analytical system was used for thgoentane isomeri-  conventionally prepared material. At first, reaction
zation reaction but the column was held at 400 conditions were extended from the work of Corma
Air, nitrogen, and oxygen were first passed through et al. [20]. In these initial experiments, 2 g of catalyst
an Alltech gas purifier consisting of CagGnd was loaded into the reactor and activated by calcin-
molecular sieve 5A columns in series. Ultrahigh pu- ing in situ to 550C for 3 h. The catalyst was cooled
rity helium was used as the carrier gas and as a diluentto the reaction temperature of 2%D in 1h under
gas for reaction studies and was passed through an20cc/min dry N flow. The reaction was conducted at
Alltech Oxygen Trapn-Butane was employed in its a WHSV of 1.5h! by passing a stream okbutane
received form. at 20 cc/min through the reactor. Fig. 1a shows the
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the experimental reaction results are not limited by
thermodynamic constraints.

These preliminary activity results clearly show that
under these conditions the mesoporous material is
catalytically active for the isomerization ofbutane.
However, the XRD results of the mesoporous cat-
alysts [23] show no sharp peaks and only a broad
hump indicating that they do not have long-range
order tetragonal phase crystallinity. The tetragonal
L phase has been previously associated with the activity
o 1020 ?.0 40 .50) 60 70 80 of conventionally prepared SZ [24,25]. The results

ime (min. obtained on the mesoporous SZ indicate that either

the crystallites are too small to be seen in the XRD re-
40 sults, or that long-range order tetragonal crystallinity
is not a requirement for catalytic activity on the Sz
catalysts. The crystallization of the zirconia from an
amorphous state to the tetragonal phase on conven-
tional catalysts could simply be a consequence of the
preparation method of the catalyst, i.e. the calcination
step, instead of a requirement for catalytic activity.

For these samples, sulfur was introduced by the
immersion method. The sulfur content of the conven-
tional catalyst was 3.24 wt.% sulfur, while the meso-
1020 30 40 50 60 70 80 porous material contained 4.45wt.% S (all % refer to

time (min.) atomic weight). The mesoporous catalyst, with over
. . . . . twice the surface area compared to the conventional
Fig. 1. (a)n-Butane conversion versus time, (b) isobutane selecti- . . . _ L
vity and yield for a conventional catalyst and mesoporous catalyst. material prior to Su”at'ng and calcmlng, exhibits Only
Reaction temperature 250°C, WHSV = 1.5hL, an increase of approximately 37% in sulfur content
from the identical immersion treatment in sulfuric
acid. To test catalysts with similar sulfur content, a new
conversion versus time on stream for the conventional set of catalyst samples was prepared using incipient
and mesoporous catalyst prepared at pH 10. The datawetness. The same nominal amount of sulfur of 4.4%
of the conventionally prepared catalyst agree very was loaded onto the conventional and mesoporous
well with the published data of Corma et al. [20]. The catalysts. SZ catalysts described in the literature typi-
initial conversion { = 5min) of around 30% decays cally contain 1-5wt.% S [2,3,26]. After activation
to approximately 10% after 1 h on stream. The meso- by calcination at 550C in air for 3 h, sulfur analysis
porous catalyst is more active forbutane isomeriza-  indicated a loading of 3.7 wt.% for the conventional
tion achieving approximately a 50% higher activity material and 3.3wt.% for the mesoporous material.
after 1 h. The isobutane selectivity of the mesoporous These catalysts were used in the subsequent studies.
catalyst is comparable to the conventional catalyst
(Fig. 1b). However, higher yields of isobutane are still 3.2.1.1. Regeneration of sulfated zirconia catalysts.
realized due to the increased conversion. The resultsThe presence of water on conventional SZ catalysts
obtained at pH of 8.4, 9, and 11.4 are similar to those has been suggested to contribute to its unique activity
shown in Fig. 1. The-butanenh-butane ratio obtained  at low reaction temperatures [27,28]. We observed a
at 5min time on stream were 0.3 for the conventional similar hydration effect on the mesoporous catalysts
and 0.35 for the mesoporous catalysts. These ratiosupon regeneration after reaction at 160 Li and
are lower than the thermodynamic equilibrium ratio Gonzalez [29] have determined that calcining a deac-
of the two components equal to 1.4, showing that tivated conventional SZ catalyst in oxygen at 460
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@ f A plqt of the intensity of the strongest peak of each
resh Catalyst, T = 250°C | species (CQ an_d I-b_O) and the reactor temperature
‘ versus the heating time (not shown) show that the re-
moval of carbonaceous deposits from the catalyst as
e CO;, starts at about 35C and it reaches a maximum
e at 500 C. Regeneration is complete after 1 h at 300
L ehCuw T=10C Water is also evident during regeneration, and its
. ) < ‘ presence could be attributed to either the combustion
St A PO PR of the partially hydrogenated carbonaceous surface
-l & yst, b . .
OL};@L,{ s N species or further dehydration of the catalyst’s surface.
0 0 20 30 40 50 60 The conversion of the fresh catalyst at 16Ghows
Time on Stream (min.) a long induction period at this temperature, unlike
the high conversion followed by rapid deactivation
» ‘ T observed at 25@ (Fig. 1). Such induction periods
have been observed on conventional SZ catalysts at
low reaction temperatures [30]. The induction period
s has been hypothesized to be caused by a build up of
reaction intermediates on the catalyst surface [31]. It
U w is important to note the difference in activity profiles
between the fresh catalyst and its regenerated form at

‘{—
{
L
i
%
b
10,
/:i'”' ) . 150°C. The regeneration procedure in oxygen leads

After Regeneration and Hydrution<|

SL / ‘ to a change in the catalyst’s activity profile. Instead of
)

ol =2”

0 10

Conversion (mol %)
G
—_— O

20

Conversion (mol %)

‘ an induction period, the regenerated catalyst rapidly
20 30 40 50 60 deactivates to a much lower activity than the fresh
Time on Stream (min.) catalyst. While higher initial activity is attained in the

. regenerated catalyst, its long term activity is lower.
Fig. 2. Fresh mesoporous catalyst and regenerated mesoporous . . . .
An additional regeneration experiment was run in

catalyst at7” = 150°C: (a) after calcining in situ under oxygen at ) )
500°C, (b) after calcining under oxygen at 5@and rehydration.  Which the mesoporous catalyst, after the regeneration

The fresh mesoporous catalyst &t = 250°C is also shown. step at 500C in oxygen and cooling to room temper-
WHSV = 1.5h™%, ature, was exposed to a stream of nitrogen that passed
through a saturator containing water at room tempera-

is critical in regaining the original activity. Calcining ture for approximately 3 h. The original experimental

in nitrogen to even a higher temperature of 35@lid reaction procedure, including pretreatment heating to
not regain the activity of the fresh catalyst. Fig. 2a 400°C, was repeated after this hydration step. Fig. 2b
shows conversion versus time results at “I5Gor shows that the activity profile at 190 was regained,

the mesoporous catalysts pretreated at°@00The although not completely, after regeneration and hydra-
data from Fig. 1 at 25 is included for comparison.  tion. It follows that rehydration of the catalyst is ne-
The conversion versus time results for both the fresh cessary after a regeneration procedure in order to
mesoporous catalyst and the regenerated catalyst argegain its original activity. Regeneration at 5@0
quite different at 150C than at 250C. After reaction and direct cooling to the reaction temperature clearly
at 150C, the mesoporous catalyst was regenerated leads to a rapidly deactivating and thus less active
by heating it in oxygen from the reaction temperature catalyst than regenerating at 5@followed by ex-

to 500C in 1h, and maintaining this temperature posure to water. The work by Li and Gonzalez [29]
for an additional hour. Afterwards, the catalyst was shows that the initial activity of a conventional SZ
cooled back to 150C and the reaction procedure was can be regained after regeneration, their regenerated
repeated. The effluent of the reactor was monitored catalyst was exposed to the atmosphere overnight,
during regeneration in an IR cell employed as a detec- presumably as a means of rehydrating the catalyst.
tor, which permitted to follow C@and HO evolution. However, these authors do not explicitly indicate the
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necessity of this hydration step in order to regain the co-workers [33,34] and Song and Kidd [22]. How-
same catalytic activity. ever, unlike the data of these authors, the effects of
To verify the effect of hydration on pretreatment, cooling the catalyst are also shown. Results are shown
experiments were conducted on the mesoporous mate-for both the conventional and the mesoporous catalyst
rial using the same catalyst bed at 200 and*Z58fter with similar sulfur contents. The amount of water on
calcining in oxygen at 50, and calcining in oxygen  the solids in the temperature range from room tem-
at 500C followed by a hydration step. In both cases, perature to 500C is reported agumol of water per
the hydrated forms are more active and the induction gram of catalyst. These values were calculated from
period observed at the lower reaction temperatures isthe difference of the weights of the catalyst at a cer-
not present at 200 and 28D. Only deactivation is  tain temperature to its weight at 560. Each point
apparent as the induction period happens much fasterwas allowed to equilibrate for 1 h so that a constant
at these elevated temperatures. Similar observationsweight was obtained. Extra dry nitrogen, containing
have been reported far-butane isomerization over only about 8 ppm water, was passed through an All-
conventional SZ [29,32]. These results indicate the tech dryer containing calcium sulfate and zeolite 5A
unique effect of water on the catalyst’s activity. In prior to passing it over the sample.
the subsequent comparisons between the mesoporous Upon heating, water is lost as previously reported.
and conventional catalysts, a regeneration procedureThe values of water content upon heating are higher
of calcining in oxygen to remove the carbonaceous than those reported by Kobe et al. [34] for a com-
deposits followed by a hydration step was employed. mercial MEI catalyst. However, they are similar to
those reported by Song and Kidd [22] who prepared
3.2.1.2. Effect of pretreatment proceduréDumesic their own conventional catalysts in the same manner
and co-workers [33,34] and Song and Kidd [22] as the catalysts used in the experiments displayed in
have independently examined the effect of water con- Fig. 1. Upon cooling, there is a significant amount
tent on the activity of conventional SZ catalysts in of water that is re-adsorbed onto the surface, espe-
n-butane isomerization. By varying the pretreatment cially in the 100-250C range where reactions on SZ
drying temperature on conventional SZ catalysts prior are commonly studied. Interestingly, even though the
to reaction to obtain various states of hydration these mesoporous catalyst has over twice the surface area
researchers reported that an intermediate drying tem-of the conventional catalyst, they both show almost
perature was necessary to achieve maximum activity. identical water desorption and adsorption profiles.
Fig. 3 shows the results of thermogravimetric The weight gain attributed to water re-adsorption for
analysis experiments similar to that of Dumesic and a ZSM-5 zeolite, under identical conditions is shown
for comparison.
To investigate the effect of cooling and thus water

s T ; ? uptake, two different cooling periods were used after

3000 | § Bt e the catalyst was first pretreated at 4Q0in a dried
—=—Mes SZ upon heating i i

- 8 ottt i nltrogen stream passing through a d_ry(_er (AIIteph). In
" ZSM-5 upon cooling the first case the reaction was run within 20 min after

2000 { cooling to 150C from the pretreatment temperature

(rapid cool). In the second case the catalyst was cooled
slowly over a period of 1 h and maintained at the reac-
tion temperature of 15 for 1 h prior to reaction un-
der the nitrogen flow (slow cool). The rapidly cooled
e — | catalyst has a high activity initially and deactivates
0 100 200 300 400 500 within 10 min to a lower, more sustained activity. How-
IempemmE i) ever, the catalyst that was equilibrated with the dry
Fig. 3. Thermogravimetric analysis of conventional and meso- nitrogen stream prior to reaction instead, shows much

porous SZ during heating and cooling. Water adsorption onto ze- |OWer initial activity and an induction period prior to
olite ZSM-5 upon cooling is also shown. a sustained residual activity that is only slightly lower

1500

1000 £

umol H20 / g catalyst

500 |
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30

than the rapidly cooled case. These results indicate
that the re-adsorption of water significantly affects the
active sites responsible for the activity at early times
on stream on the conventional catalyst. The results are
consistent with the effects of adsorbed water observed
in the regeneration studies of the mesoporous catalyst
(Fig. 2). Thus, it is evident that the pretreatment tem-
perature and the rate of cooling are important and must

N
W

< Mesoporous, 3.3w1%S, dried at 300°C |

@) ~°~ Conventional, 3.7wt%s3, dried at 300°C
™ Mesoporous, 3.3wt%S, dried at 400°C

[So
o
X B ——0
cm

—_
(=}

Conversion (mol %)
—
W

be well defined to obtain reproducible results. The re- 5 e s
actions must be run on equilibrated catalysts that have R S
achieved steady-state levels of hydration thus insur- % 0 20 30 40 50 &
ing that the active state of the catalyst is not changing Time on Stream (min.)
when reaction measurements are initiated.

The effect of the pretreatment drying temperature 35 :
on the mesoporous catalyst in comparison to the con- oll ® > Comenions, 12055, drd s 00C
ventional catalysts was examined next for the reaction | xez‘o’*’zms j:::;:::ez : iggg
temperature of 15@C at WHSV of 3. The opti- 5t AX& +Mesogmus: 44wiS, dried at 500°C. |

mum pretreatment temperature of 3@0agrees with
the published reports for the conventionally prepared
catalysts. The results differ in that induction periods
are observed rather than just deactivation as reported
by Kobe et al. [33,34]. For the mesoporous catalyst,
a higher temperature of 400, instead of 300C for > k
the conventional catalyst, leads to the higher activity. 0
Pretreatment drying at 50Q was also performed and 0
led to lower activity than that obtained when the cata-
lyst was pretreated at 400. These are clearly hydra-  Fig. 4. Conversion oh-butane atl' = 250°C over both conven-
tion effects since the two catalysts have similar sulfur tional and mesoporous catalysts pretreated at their optimum drying
contents. Despite having over twice the surface area, €mPeratures, 300 and 4@
the maximum conversion attained by the mesoporous i, Fig. 1, the conventional catalyst dried at 3D
catalyst at 150C, approximately 2.5%, is significantly gy pibits similar activity as the mesoporous catalyst
lower thgn the maximum conversion obtained overthe dried at 300 and 40C. The mesoporous catalysts
conventional catalyst, approximately 8.0%. In addi- qgrjeq at 400C shows only 1-2% higher conversion
tion, the induction period on the mesoporous catalyst \an the other two catalysts. Isobutane selectivities
is much longer compared to that on the conventional gre gimilar with the conventional catalyst being incre-
catalyst. _ mentally (1-2%) higher. A pretreatment temperature
The optimal pretreatment drying temperature for o¢30x°C, while optimal for the conventional catalyst,
each catalyst was used to evaluate their activity at roqits in a slightly less active mesoporous catalyst.
the reaction temperature of 23D used in the pre-  gimijar results on a mesoporous catalysts with 4.4% S
liminary activity studies. Likewise, the conventional  ghqws that the increased sulfur content does not lead
catalyst was dried at its optimum pretreatment drying ¢, 5 significant increase in conversion at the optimal

temperature of 30C. The mesoporous catalyst was  ,etreatment conditions. The hydration effects appear
also_drled at the optimum temperature for t_he CON- {4 he more important than sulfur content (Fig. 1).
ventional catalyst (30() as well as at 40@. Fig. 4

shows that both conventional and mesoporous cata-3.2.2. n-Pentane isomerization

lysts with similar sulfur content have no induction

period at this higher temperature, and deactivate as3.2.2.1. Unpromoted sulfated zirconiaThe isomeri-

in Fig. 1. Fig. 4 shows that, in contrast to the results zation of n-pentane was first studied on the conven-

—
(=}
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Conversion (mol %)
— )
o S
X r

10 20 30 40 50 60
Time on Stream (min.)
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35

(@ conversion in all these runs and level off at approxi-
~©~Conventional SOMZrO2 (dried at 300°C) 0
S 0F A . S0 o0 dred a 00° mately 75%.
T O\' N esoporaus SO, Zr0, e n’ The mesoporous catalyst exhibits a higher activity
= \\\\ Mesoporous SO/240, (dried at 400°C) for n-pentane isomerization compared to the conven-
=} \ .
200 tional catalyst, when pretreated at 400 The n-
g . .
250\ pentane conversion on the mesoporous catalyst is
< \ higher than that on the conventional catalyst b
£ 10 \ > yst Dy
g \ roughly a factor of two up to 20 min on stream. There-
o . .
T st T ] after, the conversion obtained on the two catalysts
o e ———yy begins to converge and the differences in conversion
0 10 20 30 40 50 60 appear only slight after 1 h. After less than 15 min

Time on Stream (min.) on stream, both conventional and mesoporous cata-

lysts dried at 300C vyield similar conversion. In

100 ® : ; ; the n-butane isomerization reaction, the mesoporous
catalyst was much less active than the conventional
80 | . : catalyst when pretreated at 3@

60 3.2.2.2. Platinum promoted sulfated zirconiaAlth-

ough the mesoporous catalyst is initially more active

Isopentane Selectivity (mol %)

40 : : ] the rapidly deactivating nature of the SZ catalysts
™ Conventional 50 /O, (dried at 300°C) negate the expected benefit of increased surface area
207 % Mesoporous SO,/Z0, (dried at 300°C) | | of the mesoporous catalysts. It was therefore decided
" Mesoporous SO, /Zr0, (dried at 400°C) to study the reaction in the presence of Pt, which has
00 0 20 30 4 50 6 been used as a stabilizing promoter durmgutane
Time on Stream (min.) isomerization [35], to investigate if the mesoporous

i ) o ) catalyst could sustain its increased initial activity.
Fig. 5. (a) anver5|on ofi-pentane and (_b) selectivity to isopen- Conventional and mesoporous SZ catalysts were
tane versus time on stream on conventional and mesoporous SZ. . . ;
Reaction temperature 250°C. both prepared with 4wt.% sulfur loading as in pre-
vious experiments. Platinum was loaded onto the
catalysts via the incipient wetness technique using
tional and mesoporous catalysts prepared with 4wt.% a solution of HPtCk. An amount corresponding to
sulfur loadings. The pretreatment temperatures found 1wt.% Pt was added and the catalysts were then
to be optimal forn-butane isomerization [23] were calcined at 550C, in flowing air for 3h. The same
used: 300C for the conventional catalyst and 4@ reaction conditions were used as previously, except
for the mesoporous catalyst. In addition, the meso- for a reduction step in which the catalyst was exposed
porous catalyst was also pretreated at°80The re- to a stream of 20cc/min hydrogen at the reaction
sults are plotted in Fig. 5a and b in termagpentane temperature after pretreatment drying and prior to
conversion (5a) and selectivity to isopentane (5b) reaction. Also, hydrogen was used as the carrier gas
versus time on stream. Both the mesoporous andinstead of He. Reactions were run on both catalysts
conventional SZ catalysts are active foypentane after pretreatment at their optimal drying conditions
isomerization. As in the case ofbutane isomeriza- and pretreatment was also performed at “&8D@o
tion, initial conversion is high but then the catalysts investigate its effect with platinum present. Fig. 6a
quickly deactivate to a much lower conversion within and b show the results for these experiments for the
20 min. When the mesoporous catalyst is pretreated conventional and mesoporous catalysts, respectively.
at the same temperature as the conventional cata- The results are quite different for the Pt loaded cata-
lyst, 300°C, it yields a lower conversion at 5min on lystfrom those of the unpromoted catalysts. In the case
stream as compared to when it is pretreated at@00  of the Pt promoted catalysts, on both mesoporous and
Selectivities to isopentane increase with decreasing conventional catalysts, the rapid initial deactivation is
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30 (@ ‘ i — 100 temperatures for extended periods of time produced
S . - | even less active catalysts.
g% [T st 290 To study the effect of sulfur loading mesoporous
g % ; { 80}3 catalysts with sulfur loadings of 2, 3, 4, 6, and 10 wt.%
5§71 |7 E were prepared by adding the necessary amount of
g ; @ 0.5 M HxSOq to incipient wetness on the hydrous zir-
O 20} 170 & . . . .
P — — 2 conias. All of the catalysts with varying sulfur loadings
% ol N R ’f60 éﬁ were prepared with 1wt.% Pt. At low sulfur loadings
a tpmm[mﬁm Drying Temperature: 300°C of less than 2%, the surface areas measure around 100

0 L Pretreatment Drying Temperature: S00°C [T = 250°C; and 300m/g for the conventional and mesoporous

0 20 40 60 80 100 120 catalysts, respectively. For S loadings of 3 and 4%
Time (min.) the areas are 330 and 266/ for the mesoporous
catalysts and 100 and 65fg for the conventional

50 N : : 100 catalyst, respectively. The trend is that the BET areas
& | T 1 decrease with increased sulfur loading. Similar results
PR e ' 190 on the effect of S loading on the surface area were re-
E ; I8 ported by Farcasiu et al. [25] on conventional SZ cata-
‘g 30 — 180 2 lysts. XRD patterns, indicative of the tetragonal phase
4; [ ® Pretreatment Drying Temperature: 400°C | | g . .
E | >~ bretreatment Drying Temperature: 500°C | | & of zirconia (not shown here), show that the extent of
o207 0% crystallization decreases in the conventional catalyst
§ f -~ Lz with increasing S loading, in agreement with literature
e T T — reports [36,37]. The XRD patterns of all of the meso-
- 0 r To2s0C | “ porous catalysts prepareql with varying sulfur content

0 20 40 60 80 100 120 show only a broad hump in the location of the (11 1)
Time (min.) tetragonal phase. This indicates that either the crys-

_ , . _ tallites are very small not detectable by XRD or that
Flg._ 6. Conversion oh—pentan_e and selectivity to isopentane on they exhibit short-range order. The higher sulfur load-
platinum promoted (a)conventional SZ and (b) mesoporous SZ pre- . .
treated at different temperatures. Reaction temperas280°C. ing does not have an effect as extensive on the crystal

structure as was seen in the conventional catalysts. Due

to their means of preparation, the mesoporous catalysts
not detected. Instead the initial activity is lower but it crystallize to a lesser extent than their conventional
is almost constant conversion throughout the run. On counterparts. Since the addition of the sulfate de-
the conventional catalyst, pretreatment at8D@eads creases any crystallization that does occur, these XRD
to the more active catalyst while on the mesoporous patterns all appear very similar. The decrease in ex-
catalyst the activities are similar between the two pre- tent of crystallization with increasing sulfur content is
treatment temperatures. expected based on the results of the conventional cata-

The effect of amount of Pt promoter concentration lyst. Only one peak corresponding to platinum species

on the mesoporous catalyst was also investigated sinceis observed on the 4 wt.% sulfur catalyst prepared by
the mesoporous catalyst has twice the surface areaadding the platinum prior to calcination at 5%0

of the conventional catalyst. A mesoporous catalyst XPS was used to obtain S/Zr and Pt/Zr atomic ra-
with the same sulfur loading of 4 and a 2wt.% Pt tios of elements on the surface of the catalysts. These
loading was prepared and its activity measured after a ratios are summarized in Table 2 for the conventional
pretreatment drying temperature of 5@0 The results and mesoporous catalysts, respectively, with 3 and
obtained (not shown) at the higher Pt did not result 4% S. In the case of 3wt.% S, the S/Zr ratio de-
in an increase in conversion, although the selectivity creases slightly from the conventional to the meso-
to isopentane increased from around 95 to 100%. An porous catalyst, from 0.091 to 0.078. However, for a
extended reduction at 300 led to a slight increase loading of 4wt.% S, this ratio increases from 0.100
in the activity of the catalyst and reduction at higher to 0.145.
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Table 2
S/Zr and Pt/Zr atomic ratios as determined by XPS on the conventional and mesoporous catalysts at similar sulfur loadings (Pt added after
calcination)

3% S conventional 3% S mesoporous 4% S conventional 4% S mesoporous
SIZr 0.091 0.078 0.1 0.145
Pt/Zr 0.013 0.011 0.015 0.013
Cs conversion (%) 16 15.8 11 135

The addition of platinum either prior to or after function of the extent of hydration on the catalyst sur-
calcination at 550C does not affect this ratio to a sig- face. The data of Song and Kidd [22] show that the
nificant extent. The Pt/Zr ratios on the mesoporous concentration of Bronsted acid sites decreases with in-
catalysts are approximately constant for all the cata- creasing drying temperature while the population of
lysts, at a value of around 0.012. Thus, XPS did not Lewis acid sites increases. The most active catalyst
detect a significantly higher fraction of the Pt on the was found by Song and Kidd [22] to possess roughly a
surface of the catalysts on which Pt was placed after one to one ratio of the two types of acid sites after dry-
calcination at 550C. ing at an intermediate temperature (ca. 300 Both

The Pt/Zr ratios are similar for all the catalysts listed types of acid sites have been reported to contribute to
in Table 2. The mesoporous catalyst contains more the catalyst’s activity im-butane isomerization. Pinna
surface sulfur and surface platinum species due to its et al. [36] have illustrated that the Lewis acid sites play
higher surface area. Thus the conventional catalystsa dominant role in the catalytic activity forbutane
with identical sulfur loadings as the mesoporous cata- isomerization. The involvement of Bronsted acid sites
lysts must possess a higher fraction of the sulfate in n-butane isomerization has been verified by Xu and
species below the surface. Sachtler [37]. Yaluris et al. [21] have suggested the

The G conversion at 25@C after 1 h on stream for ~ Lewis acid sites may be involved in generating the ini-
the catalysts with 3 and 4wt.% S and 1% Pt added af- tial high activity observed im-butane isomerization,
ter calcination at 550C are also listed in Table 2. The but determined that Bronsted acidity is a requirement
conversion is roughly constant throughout the run as for longer term activity.
shown in Fig. 6 and the selectivity varied from 96 to The results of the regeneration studies on the meso-
99% on these catalysts. The conversion is similar for porous catalysts can also be explained by a two site
the 3% S loaded mesoporous and conventional cata-mechanism consisting of both Lewis and Bronsted
lysts, and slightly higher on the mesoporous form for acid sites formed by two states of hydration. Song
the 4% S loaded catalysts. So it appears that the in-and Kidd [22] showed that a catalyst treated at high
crease in sulfur loading does not correlate with activity. temperature increases its Lewis acidity at the cost of

its Bronsted acidity resulting in a higher initial activi-

ty but rapid deactivation to a lower residual activity.
4. Discussion Accordingly, the rehydration step after the regenera-

tion procedure that regains the initial activity profile

The discussion will focus first on rationalizing the is necessary to restore the original ratio of Bronsted
n-butane isomerization results, followed by discussion to Lewis acid sites on the surface. The two-site model
of the results om-pentane isomerization. is also consistent with the observation that an optimal

One of the factors that affected the activity of both state of hydration exists for both the conventional and
the mesoporous and conventional catalysts is the wa-mesoporous catalysts that results in their highest ac-
ter content. The active sites on SZ catalysts have beentivity. According to the TGA results obtained on both
proposed to be a combination of Lewis and Bronsted catalysts, identical amounts of water were desorbed
acid sites located around the sulfate groups that areduring heating of these two catalysts. Thus, the higher
bonded to the zirconia surface. The relative amounts pretreatment drying temperature for the mesoporous
of these two acid sites have been determined to be acatalysts shows that a higher extent of dehydration is
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necessary to obtain its optimal activity. Based on two  The other factor involved in the formation of active
active sites model, this suggests that there are lesssites is the sulfur content since the Lewis and Bronsted
Lewis acid sites per square meter on the surface of acid sites are located around the sulfate groups on the
the mesoporous catalyst, and that the higher drying catalyst surface. Therefore, the sulfate loading should
temperature is necessary to expose these sites. An excorrelate to an extent to the amount of acid sites on the
cessively high pretreatment temperature on the meso-catalyst and with the catalysts activity. XPS results of
porous catalyst decreases activity, presumably due tothe conventional and mesoporous catalysts with simi-
loss of the Bronsted acid sites. Comparison of the two lar sulfate content, 3.7 wt.% (120%g) and 3.3 wt.%
catalysts pretreated at the same temperature does nof300 n?/g), respectively, show similar S/Zr ratios of
compare the two in their most active state. In addi- 0.084 on the conventional SZ, and 0.081 on the meso-
tion, the catalysts must be allowed to equilibrate in the porous catalyst. This indicates that in the mesoporous
cooling gas stream to further insure that comparisons catalyst the sulfate species are mainly on the surface
between the catalysts as well as kinetic activity mea- and there are more of them in the mesoporous cata-
surements are made with a catalyst surface that is inlysts than in the conventional catalyst due to its higher
equilibrium state with respect to water content. surface area. Even though, according to XPS results
Lewis acid sites on SZ have been described as the higher surface area, mesoporous catalysts possess
coordinatively unsaturated Zr centers [37,38]. Pre-  more than twice the surface sulfate groups per gram
viously, we proposed that during the preparation of of catalyst, the large increase in surface sulfate species
the mesoporous catalysts [23] a higher extent of poly- does not lead to proportional increases in activity in
merization of the zirconia network occurred, which n-butane isomerization. Farcaciu et al. [25] has sug-
could effectively decrease the amount of coordina- gested that active sites might also be formed on the
tively unsaturated 2t centers. It is possible that conventional SZ catalysts by inductive effects of sul-
the preparative route to prepare mesoporous zirconia,fate species below the surface. It is possible that the
although effective in obtaining a higher surface area higher amount of sulfate groups that resides in the
material, is counterproductive in creating a catalyti- subsurface of the conventional catalyst as compared to
cally active material. A higher concentration of fully the mesoporous catalyst creates an increased number
coordinated Zt cations, and thus fewer Lewis acid of surface active sites not directly related to the sur-
sites, may result from the reflux procedure used to face sulfate species. Even though more surface sulfur
prepare the mesoporous catalyst. is exposed in the case of the mesoporous catalyst, a
The induction period, which has been attributed to higher concentration of active sites per square meter of
a build up of reaction intermediates on the surface, catalyst surface might be present on the conventional
appears to be more important at low temperatures catalyst due to the presence of subsurface species.
such as 15@C than at 250C [28,31]. These reaction The above arguments supporting a two-site model
intermediates subsequently react with one another viawere taken a step forward and a detailed model of the
a bimolecular mechanism involving g €arbocation reaction was developed incorporating two sites and a
intermediate to form isobutane. The induction period bimolecular mechanism. A schematic diagram of the
and catalyst decay overlap and result in a maximum reaction pathway is shown in Fig. 7. Details of the
in conversion. The longer induction period observed mathematical treatment are beyond the scope of this
on the mesoporous catalyst at ¥80as compared paper and will be published separately although de-
to the conventional catalyst could be due to the high tails are available in Ref. [39]. The reaction pathway
surface area mesoporous SZ. In the mesoporous ma-incorporates $and $ sites representing Lewis and
terial, assuming fewer unsaturated"Zicenters exist,  Bronsted sites and the bimolecular reaction between
the active sites are not as close to one another as theyadsorbed butane in both &nd $ sites which deter-
are on the conventional catalyst. The slower build mines the initial activity as well as the bimolecular
up of surface intermediates appears to be negatedreaction on & sites which determines the residual ac-
by catalyst deactivation occurring at a similar rate, tivity. In addition, adsorbed butane forms irreversibly
leading to the lower conversion as compared to the adsorbed carbonaceous species that deactivate the
conventional catalyst at 15Q. surfaces by blocking available sites. The reaction
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scheme was incorporated in a kinetic model that was nism because, as previously discussed, this reaction
solved for an isothermal plug flow reactor for the gas is monomolecular in nature

phase combined with steady-state surface balances for

the solid catalyst. In addition to the reaction scheme

presented in Fig. 7 other reaction pathways involving 5. Conclusions

a single site, and the two sites with independent re-

action in § and $ sites, were also considered. Fig. The activity of the mesoporous and conventional
8a shows that the two site kinetic model fits well the SZ catalysts is a combined effect of the degree of
experimental kinetic results in terms of deactivation hydration and the active sulfate species that generate
rates versus time on stream. The single-site model did the active acid sites. The experimental trends can be
not agree with the results and the two-site model with explained both qualitatively and quantitatively by a
independent activity rendered a higher residual of the two-site model consisting of Lewis sites (initial ac-
least-squares between model and experimental resultgivity), and Bronsted sites (residual activity). Optimal

as shown in Fig. 8b. In addition, the two-site model
accounts for the effect of the addition of Pt, which
lowered the initial activity and resulted in an almost
constant activity as it also occurs irpentane iso-

merization. For the Pt loaded SZ, by eliminating the
$; sites from the model it was possible to fit very well

activity can be obtained on mesoporous SZ by heating
to an intermediate pretreatment drying temperature
prior to reaction. This pretreatment temperature is
higher than that required for conventional SZ. Possible
reasons for these activity results on the mesoporous
catalyst as compared to the conventional catalyst are

the model to the experimental results (not shown). that a different degree of hydration is needed to es-
While kinetic modeling is not a proof that the kinetic tablish the optimal population of Lewis and Bronsted
pathway presented in Fig. 7 represents the actual re-acid sites resulting from a lower amount of subsurface
action mechanism, it shows that the two-site model is sulfate species, or a combination of both.
consistent with the experimental observations. Unpromoted mesoporous SZ is shown to attain
The two-site model previously discussed for higher initial conversions ofi-pentane to isopentane
n-butane isomerization also explains the trends ob- than conventional SZ. Pretreament effects and de-
served duringn-pentane isomerization although in activation similar to those observed forbutane
this case the reaction is known to be unimolecular isomerization were also found duringpentane iso-
and thus it must proceed independently in each site. merization on unpromoted SZ. The two-site model
The n-Cs isomerization reaction exhibits the same argued to be valid fon-C4 isomerization also ex-
trends regarding pretreatment and deactivation thanplains the trends in pretreatment observednis
the n-C4 reaction. The initial activity of the unpro- isomerization, although in this case the reaction is
moted mesoporous catalyst was higher at*@than monomolecular and proceeds independently in the
the conventional catalysts. In the case of the Pt pro- two sites.
moted catalyst, the rapid initial deactivation is not The addition of 1wt.% platinum slows the deacti-
observed but the activity remains constant through- vation rate over both forms of SZ. However, the plati-
out the run. Matsuhashi et al. [35] have reported that num promoted catalysts pretreated in hydrogen do not
Lewis acid sites are converted into Bronsted acid sites exhibit the higher initial activity of the unpromoted
upon exposure to hydrogen in the presence of plati- catalyst, instead it shows a constant residual activity
num. If the high activity at early times on stream on throughout the run. The Pt promoted mesoporous SZ
the unpromoted catalyst was most likely the result of has similar activity than the conventional catalysts in-
Lewis acid sites, the data in Fig. 6 with lower conver- dicating that the number of residual sites are the same
sions are in agreement with these reports. Thus, theon both catalysts.
non-deactivating reactions on the platinum promoted Mesoporous SZ may serve well in other applica-
catalysts appear to occur only on the Bronsted acid tions as a support for other catalytically active com-
sites, although they may be initiated in some manner ponents or in reactions involving larger hydrocarbon
by residual Lewis sites. The lower initial activity is molecules to decrease diffusional effects. In addi-
not a result of an inhibition of the reaction mecha- tion, loading mesoporous SZ with promoters such
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as Fe and Mn, used with conventional SZ, may lead
to higher activity. The increased surface area could

support larger loadings of these promoters that may

prove beneficial in hydrocarbon conversion reactions.
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