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Abstract

The effect of zeolite pore structure on coke removal by supercritical fluid regeneration (SFR) was studied on a series of wide
olites, including acidic Y, beta, and mordenite zeolites. Catalyst samples were deactivated under isobutane/butene reaction con
treated under flowing supercritical isobutane for 60 min. The chemical nature of the species remaining on the catalyst surface wa
by temperature-programmed oxidation, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), and ultraviolet–vis
troscopy. Even though most adsorbed hydrocarbons were removed in some catalysts, DRIFTS spectra indicated that none of the c
completely free of hydrocarbon deposits after SFR. Cyclic reaction/SFR experiments on USY and beta zeolites showed that neith
recovered its initial performance, and also demonstrated a continuous decrease in activity. However, the decrease of activity betw
was slower in the beta sample, probably due to hindered formation of unsaturated cyclic or polycyclic compounds.
 2005 Elsevier Inc. All rights reserved.
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id
sse

eact
ely

l ap-
t
tion
con-
n
cat-
s;
sts
bu-

ould
a-

r 23
itial
de-
fresh

ss
su-
ini-
ed

cur-
even-
on-
lower
by

we
zeo-
y-
1. Introduction

The introduction of acidic zeolites to replace the liqu
acid catalysts used in isobutane/butene alkylation proce
has long been sought, but because zeolite catalysts d
vate rapidly due to coke deposition and can be oxidativ
regenerated only a few times precludes the commercia
plication of these catalysts[1]. To improve solid acid catalys
lifetime and decrease coke precursor deposition, alkyla
under near-critical and supercritical conditions has been
sidered[2–7]. Ginosar et al.[6] reported that the additio
of supercritical cosolvents did not result in sustained
alytic alkylation activity at industrially relevant condition
however, they found that deactivated alkylation cataly
could be successfully regenerated with supercritical iso
tane. They showed that partially deactivated catalysts c
be completely regenerated[8,9] and demonstrated that cat
* Corresponding author. Fax: +1-208-526-8541.
E-mail address: petklm@inel.gov(L.M. Petkovic).
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lyst activity and product yields scarcely decreased afte
reaction/regeneration cycles, remaining at 100% of in
activity over the entire course of their experiment. Fully
activated catalysts recovered as much as 82% of the
catalyst activity[10].

Petkovic and Ginosar[11] demonstrated that regardle
of deactivation level, a USY zeolite catalyst submitted to
percritical fluid regeneration (SFR) recovered most of its
tial micropore volume. However, samples that were allow
to reach high levels of deactivation contained coke pre
sors that were further dehydrogenated, condensed, and
tually not extracted during the SFR treatment. These c
densed compounds were proposed as the cause of the
catalyst activity recovery of fully deactivated catalysts
SFR[12].

For the research work presented in this contribution,
hypothesized that the open pore structure of the USY
lite may have played a role in facilitating hydrocarbon c

clization reactions, which decreased SFR effectiveness. It is
known that both zeolite pore structure and acidity affect the
amount, nature, and location of coke precursors in catalytic

http://www.elsevier.com/locate/jcat
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hydrocarbon conversions[13], but how those properties in
fluence the removal of hydrocarbons by SFR treatment
not been reported thus far. To understand the effect of
lite pore structure on coke removal by SFR, a series o
member-ring (MR) zeolite catalysts displaying a variety
pore structures and acid site densities was deactivated
der a flowing isobutane/butene mixture and then subm
to SFR. Catalyst samples, including acidic Y, beta, and m
denite zeolites, were deactivated under liquid phase is
tane/butene reaction at 333 K and 1.1× 107 Pa for 360 min
and submitted to SFR under flowing supercritical isobut
at 453 K and 1.1×107 Pa for 60 min. Samples of Y and be
zeolites displaying different SiO2/Al2O3 ratios were used to
differentiate the effects of pore structure from acid site d
sity on coke precursor formation and removal. The chem
nature of the species remaining on the catalyst surface b
and after SFR was analyzed by temperature-program
oxidation (TPO), diffuse reflectance infrared Fourier tra
form spectroscopy (DRIFTS), and ultraviolet–visible (U
vis) spectroscopy.

2. Experimental

All catalyst precursors used in this study were comm
cially available forms of zeolite purchased from Zeol
(Valley Forge, PA). Y zeolite catalyst precursors were C
712 and CBV 720. Beta zeolite catalyst precursors w
CP 814N and CP 814E. The mordenite catalyst precu
was CBV 21A. All were received in powdered form witho
binders, and all but CBV 720, which was in hydrogen for
were received in ammonium form. A summary of the zeo
samples and their SiO2/Al2O3 ratios is given inTable 1.

All samples were palletized, crushed, and sieved, and
fraction between 8 and 20 ASTM mesh was collected
calcined at 823 K for 3 h to obtain the acid form of the ca
lyst. The CBV 720 sample was calcined for 1 h at 823 K

The nomenclature used in this contribution is shown
Table 1. The nomenclature may also include an F, S, or R
a suffix for fresh, spent (i.e., after reaction and before SF
and after SFR samples, respectively. For example, B18F
resents the fresh acid form of the catalyst prepared usin
CP 814N zeolite as catalyst precursor, B18S is the de
vated catalyst, and B18R is the sample after SFR.

Both the continuous flow reaction/SFR treatment exp
mental system and the general operating procedure us
this study are described in detail elsewhere[10,11]. In brief,
the experimental system consisted of a stainless steel

Table 1
Zeolite samples utilized in this study

Sample
nomenclature

Y12 Y30 B18 B25 M20

Precursor CBV 712 CBV 720 CP 814N CP 814E CBV 21

SiO2/Al2O3

a 12 30 18 25 20

a Reported by manufacturer.
talysis 234 (2005) 328–339 329
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reactor (44 cm long× 8 mm i.d.), high-pressure syring
pumps, a recycle pump, and an on-line gas chromatog
(GC). For the reaction step, the reactor was operated in
tial recycle mode, whereas the SFR step was operated
single pass mode.

The reactant mixture consisted of a premixed isopa
fin:olefin (iP:O) molar ratio 20:1 of isobutane/2-bute
(Praxair) feed, for the reaction step. A typical fresh feed m
lar composition as determined by GC analysis was 94.7
isobutene, 2.83%trans-2-butene, and 2.06%cis-2-butene.
The only impurities detected were propane (0.20%)
n-butane (0.16%). Fresh feed and recycle flow rates were
and 50 cm3/min, respectively. Isobutane (99.48%; Praxa
was used both for pressurizing the system before reac
and for the SFR treatment. Impurities in the isobutane str
were propane (0.23%) andn-butane (0.29%).

Two experiments were performed with each catalyst s
ple. The first experiment consisted of a liquid phase iso
tane/butene reaction to deactivate the catalyst; the secon
reaction followed by SFR treatment. For each experim
8 g of the dried acid form of the catalyst were loaded
the reactor and pretreated overnight in situ at 473 K
der flowing helium. The temperature was then decrea
to 333 K, and the system was pressurized at 1.1 × 107 Pa
with isobutane. At time zero, the flow of reactant mixtu
(i.e., isobutane/2-butene feed) was initiated at a flow
necessary to achieve an olefin weight hourly space velo
(OWHSV) of 0.5 g butene/(gcath). Samples of the produc
stream during reaction were analyzed automatically ev
20 min using a Hewlett Packard 5890 Series II gas ch
matograph operated under the same conditions as rep
previously[11]. The experimental setup did not allow f
product stream sampling during SFR treatment.

For the reaction-only experiments, the reactant mixt
flow was stopped after 360 min time- on-stream (TOS),
system was cooled to room temperature and flushed with
lium at 3.4× 106 Pa for 2 h, and the catalyst was recover
These samples were assumed to represent the catalys
ditions after reaction and before SFR.

For the reaction/SFR experiments, the reactant flow
stopped after 360 min TOS, and 2 ml/min of isobutane
at 1.1 × 107 Pa was flowed through the reactor. The te
perature was increased to 453 K over a period of 30
to achieve supercritical conditions and kept at 453 K
60 min. Finally, the system was cooled and flushed, and
catalyst was recovered following the same procedure as
scribed for the reaction-only experiments. The samples w
immediately stored in closed containers to minimize con
with environmental moisture.

For cyclic reaction/SFR regeneration experiments, the
perimental setup was modified to accommodate two reac
operated in swing mode. Eight grams of zeolite cataly
were loaded in each reactor and submitted to four 360-

reaction/60-min SFR cycles. While one reactor was operated
under reaction conditions for 360 min, the other reactor was
either operated under 60 min of SFR treatment or held in
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liquid isobutane under reaction conditions waiting for co
pletion of 360 min before starting the next reaction cycle

Nitrogen physisorption and ammonia chemisorption m
surements were performed on an automated Quantach
Autosorb-1C system. To minimize changes in the amo
and nature of carbonaceous species retained on the ca
surface, the pretreatment of spent and SFR treated sam
for nitrogen physisorption measurements consisted sim
of outgassing at 298 K for 3 h. For fresh catalyst samples
olite precursors (either ammonium or hydrogen form) w
calcined at 823 K under flowing air for either 1 or 3 h, ke
overnight at 473 K under flowing helium, and outgasse
473 K for 3 h. Then the samples were weighed and the n
gen physisorption measurements started. BET[14] surface
areas (SAs) were calculated in theP/P0 range of 0.05–0.10
and micropore volume (MPV) was determined by thet-plot
method[15].

Acid site density by ammonia chemisorption was de
mined at 448 K by the bracketing method, which involv
measuring two adsorption isotherms. The first isotherm,
so-called “combined” isotherm, reflects the total amoun
ammonia adsorbed at a given temperature, which acco
for both strongly and weakly adsorbed molecules. To m
sure the second isotherm, the system is first evacuate
desorb the weakly adsorbed molecules, and a new roun
ammonia doses is used to quantify those sites. This se
isotherm, the so-called “weak” isotherm, accounts for
weakly adsorbed ammonia molecules. The difference
tween both isotherms is a measure of the number of
sites capable of strongly chemisorbing ammonia at 448
This number of strong acid sites is adopted in this pape
a measure of the acid site density of the sample. Fresh
alyst samples were submitted in situ to the same prot
as that applied for nitrogen physisorption measurement
fresh samples. After 3 h of evacuation at 473 K, the temp
ture was decreased to 448 K, and the automated capab
of the sorptometer were used to measure the combined
weak isotherms.

The content of hydrocarbons deposited on the c
lysts was determined by temperature-programmed oxida
(TPO) on a Perkin–Elmer Diamond TG/DTA microbalan
under 100 ml/min flowing air. Typically, 10 mg of sampl
was placed in the balance pan and heated at 10 K/min from
room temperature to 373 K. The temperature was kep
373 K for 30 min, increased to 1073 K at 10 K/min, and
then decreased to 373 K and kept there for 1 h. The cha
in weight between the reading at the end of the initial s
at 373 K and the final step at 373 K were recorded to ca
late hydrocarbon content. The negative of the derivativ
the weight changes with respect to time revealed two pe
The mass percentage corresponding to each of these
was calculated from the area under the peak between
and 673 K for the first peak and between 673 and 107

for the second peak. To account for any contribution of wa-
ter to the weight changes in the thermogravimetric analysis,
a set of blanks experiments was performed by submitting
talysis 234 (2005) 328–339
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fresh catalyst samples to the same protocol as the rest o
samples and up to the point of pressurization with isobut
The TPO weight changes of the blank samples were
tracted from the weight changes corresponding to spent
SFR-treated samples.

DRIFTS studies were performed at room tempera
on a Nicolet Magna 750 Fourier transform infrared sp
trometer equipped with a commercial Spectratech diff
reflectance cell. A total of 800 scan spectra were colle
in the 4000–400 cm−1 range at a resolution of 4 cm−1.

UV–vis diffuse reflectance spectroscopy measurem
were done with a Shimadzu UV-3101 PC scanning sp
trophotometer equipped with an integrating sphere att
ment. A small amount of powder catalyst sample was pla
on paper, and spectra were collected in the 700–250
wavelength range. All DRIFTS and UV–vis spectra
shown off-set for clarity.

3. Results

3.1. Catalyst deactivation

To better understand the effect of zeolite pore structur
the removal of coke deposits by SFR treatment, the effe
zeolite pore structure on coke deposition (and hence on
lyst deactivation) must be analyzed. Catalyst activity profi
show the macroscopic result of complex chemical react
that occur within the zeolite channels and that produce b
fluid products and undesired hydrocarbon deposits.

Catalyst activity as measured by butene conversio
shown onFig. 1. All catalyst samples showed deactivati
with TOS. The so-called “useful catalyst lifetime” propos
by Taylor and Sherwood[16], characterized by high olefi
conversion and slow catalyst deactivation, ranged betw
ca. 60 min for B18 and nearly absence (immediate d
Fig. 1. Catalyst activity as measured by butene conversion. Samples are
Y12 (F), Y30 (E), B18 (Q), B25 (P), and M20 (1) zeolite catalysts.
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Table 2
Physical properties of the catalyst samples

Sample Aciditya

(µmol/g)
SA
(m2/g)

MPV
(cm3/g)

Sample SA
(m2/g)

MPV
(cm3/g)

MPVb

(%)
Sample SA

(m2/g)
MPV
(cm3/g)

MPVb

(%)

Y12F 509 747 0.24 Y12S 467 0.16 67 Y12R 652 0.23 96
Y30F 213 865 0.27 Y30S 753 0.22 81 Y30R 848 0.26 96
B18F 741 628 0.19 B18S 204 0.00 0 B18R 477 0.10 53
B25F 345 671 0.17 B25S 186 0.03 18 B25R 252 0.03 18
M20F 642 523 0.18 M20S 44 0.00 0 M20R 111 0.02 11
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a Determined by bracketing method.
b Percentage MPV defined as MPV/(fresh MPV)× 100.

Fig. 2. Trimethylpentane yield. TMP yield is defined as grams of TM/
(gram of butene in feed)× 100. Samples are Y12 (F), Y30 (E), B18 (Q),
B25 (P), and M20 (1) zeolite catalysts.

tivation) for M20. The order of decreasing useful catal
lifetimes was B18> Y12 > B25> Y30 > M20.

During the useful catalyst lifetime, butene was co
pletely converted. Beyond the useful catalyst lifetime, c
alysts entered the rapid deactivation stage, in which a
nounced decreased in activity along with a change in se
tivity to C9+ products was evident. Even at short TOS,
conversion of butene on M20 was not complete, and this
alyst showed marked deactivation from the beginning of
experiment. During the final stage, catalyst deactivation
again slow, and fluid products were primarily C9+ products.

Maximum total product yields to C5+ products as percen
of butene in feed were 146% for B18, 127% for Y12, 108
for B25, 64% for Y30, and 35% for M20. Trimethylpen
tane (TMP) yields are shown inFig. 2. Because GC analy
ses could not discriminate 2,2,3-trimethylpentane from 2
dimethylhexane, the TMP yields shown inFig. 2 account
only for 2,2,4-, 2,3,4-, and 2,3,3-trimethylpentanes. The
der of TMP production was B18> Y12 ≈ B25 > Y30 ≈

M20.

These results demonstrate that total product yields with
respect to butene were much lower than the expected from
a system working under true alkylation conditions. In fa
a large portion of the saturated hydrocarbons in the p
uct stream was likely produced by butene dimerization w
hydride transfer. Moreover, a decrease in hydrogen tran
rate with TOS lead to enhanced oligomerization and for
tion of heavier hydrocarbons that eventually deactivated
catalysts completely.

3.2. Catalyst physical properties

Catalyst physical properties are summarized inTable 2.
Comparing surface area and MPV of spent samples with
corresponding fresh catalysts, it is easily seen that sur
areas and MPV were lower after reaction, as expected. Y
olite catalysts conserved an important portion of their ini
MPV after reaction, but the rest of the catalysts showed
nificant MPV decrease. By submitting the spent catalyst
SFR, both Y zeolite catalysts recovered almost all of th
initial MPV. For B18, the recovery of MPV was around 53%
The recovery of MPV was very small on M20, and no rec
ery was found on B25.

3.3. Characterization of adsorbed hydrocarbons

3.3.1. TPO experiments
TPO was used to measure the amount of hydrocarb

remaining on the catalysts before and after SFR. Most T
profiles presented two peaks, one produced by desorp
of a portion of hydrocarbon species retained in the cata
pores and the other produced by oxidation of the rem
ing hydrocarbons to CO2 [11]. A summary of the amount o
hydrocarbons desorbed and peak maximum temperatu
given in Table 3. Relatively small amounts (3.9 and 1.4%
of hydrocarbons were adsorbed on the Y catalyst sam
after reaction. An intermediate amount (5.9%) was found
spent mordenite, and the highest amounts (11.5 and 10
were found on spent beta zeolite catalysts. The SFR
duced almost complete removal of hydrocarbons from b
spent Y zeolite catalysts. With respect to beta zeolite s
ples, about 77% was removed from B18S, but only 1
from B25S. From mordenite, 46% of was removed.
The temperatures at which the first TPO peak reached its
maximum were between 459 and 524 K before SFR and be-
tween 431 and 509 K after SFR. The temperatures for the
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Table 3
Temperature-programmed oxidation of hydrocarbons deposited on zeolite catalyst samples before and after SFR

Sample 1st peak 2nd peak Total
(wt%)

Sample 1st peak 2nd peak Total
(wt%)wt% T (K) wt% T (K) wt% T (K) wt% T (K)

Y12S 1.1 490 2.8 794 3.9 Y12R 0.0 – 0.0 – 0.0
Y30S 0.3 503 1.1 794 1.4 Y30R 0.0 – 0.1 784 0.1
B18S 5.5 476 6.0 783 11.5 B18R 0.7 431 1.9 763 2.6
tch-
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B25S 5.7 524 4.3 792 10.0
M20S 3.2 459 2.7 804 5.9

(a)

(b)

Fig. 3. DRIFTS spectra of Y12 catalyst samples in the CH and OH stre
ing (a) and CC stretching and CH deformation (b) region.

second TPO peak were between 783 and 804 K before
763 and 795 K after SFR. The highest first peak temp
tures corresponded to B25 samples (i.e., B25S and B2
the highest second peak temperatures, to M20 samples
M20S and M20R).

3.3.2. DRIFTS
Figs. 3–7show the DRIFTS spectra of samples fresh,

fore, and after SFR. For hydrocarbons species, bands
2700 to 3100 cm−1 correspond to CH stretching vibration
and bands at or below 1650 and 1465 cm−1 correspond
to CC stretching and CH deformation vibrations, resp

−1
tively [17]. For zeolites, peaks around 3745 cmare usually
assigned to external terminal silanol groups, peaks around
3600–3500 cm−1 are assigned to hydroxyl groups of the in-
B25R 4.6 509 3.8 793 8.4
M20R 1.7 456 1.5 795 3.2

;
.,

(a)

(b)

Fig. 4. DRIFTS spectra of Y30 catalyst samples in the CH and OH stre
ing (a) and CC stretching and CH deformation (b) region.

ternal zeolite surface[18,19], and peaks below∼1500 cm−1

[20] are assigned to skeletal vibrations of the zeolite st
ture. Although bands around 1635 cm−1 may be assigned t
C=C stretching[17], water also absorbs infrared radiati
around that frequency and produces a typical deforma
band when adsorbed on zeolite materials[21]. Hence, we do
not consider bands around 1635 cm−1 in the analysis tha
follows.

Fig. 3 shows the DRIFTS spectra of the Y12 zeol
catalyst samples. The fresh sample (Y12F) revealed
silanol peak at 3741 cm−1 and a multiplicity of hydroxyl

−1
peaks between 3664 and 3529 cm(Fig. 3a). From liter-
ature assignments[22], Y zeolite OH bands at 3627 and
3564 cm−1 correspond to bridged Si–OH–Al in supercavi-
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(a)

(b)

Fig. 5. DRIFTS spectra of B18 catalyst samples in the CH and OH stre
ing (a) and CC stretching and CH deformation (b) region.

ties and hexagonal prisms, respectively. The Y12S spec
(Fig. 3a) showed decreased intensity on the hydroxyl reg
and displayed aliphatic CH stretching bands between 2
and 3000 cm−1, in which the contribution of theνasCH3
peak at 2966 cm−1 was relatively important with respe
to the contribution ofνasCH2 at 2939 cm−1. On the Y12R
spectrum, the CH stretching bands showed decreased i
sity, and the OH region recovered the features of the Y
sample.

Comparing the spectra of fresh (Y12F) and spent (Y1
samples onFig. 3b, a band around 1465 cm−1 usually as-
signed to CH deformation of CH3 groups is noticeable o
the Y12S spectrum. On the spectrum after SFR (Y12R),
band at 1465 cm−1 is absent, and a band at 1588 cm−1 is ap-
parent. Bands around 1580–1610 cm−1 are usually assigne
to complex mixtures of hydrogen-deficient carbonaceous
posits[23].

Fig. 4shows the DRIFTS spectra of Y30 zeolite catalys
Most of the bands seen on this set of spectra resemble
seen on the Y12 catalysts. Whereas on the Y30R spec
the CH stretching bands showed decreased intensity, th
droxyl region did not recover all of the features of the Y3

sample.

Fig. 5 shows the DRIFTS spectra of B18 zeolite cata-
lyst samples. InFig. 5a, curve B18F, the silanol peak is at
talysis 234 (2005) 328–339 333

-

e

-

(a)

(b)

Fig. 6. DRIFTS spectra of B25 catalyst samples in the CH and OH stre
ing (a) and CC stretching and CH deformation (b) region.

3744 cm−1 and hydroxyl peaks are at 3661 and 3607 cm−1,
which may be assigned to extra-framework alumina spe
and Brønsted acid sites[24], respectively. The B18S spe
trum displayed CH stretching bands in which the contri
tion of theνasCH2 (aliphatic) at 2929 cm−1 was relatively
important with respect to the contribution ofνasCH3 peak
at 2956 cm−1. On the B18R spectrum, the relative contrib
tion of theνasCH3 peak at 2956 cm−1 increased. InFig. 5b,
a CH deformation band at 1465 cm−1 and bands at 1500 an
1530 cm−1 are seen on B18S and with lower intensity
B18R. The latter two bands, which have been assigne
the literature to alkenyl carbocations[25,26], have also been
observed by Feller et al.[27] on spent H-beta alkylation ca
alysts. Throughout this paper, we use the term “carbocat
in a loose sense; “surface alkoxides” may be a more a
rate term for these active hydrocarbon species adsorbe
acidic zeolite surfaces.

Fig. 6shows the DRIFTS spectra of B30 beta zeolite c
alyst samples. These spectra resemble those obtained
B18 samples. However, the intensities of the CH defor
tion bands before (B25S) and after SFR (B25R) were c
parable.
Fig. 7 shows the DRIFTS spectra of M20 zeolite cat-
alysts. The silanol peak was at 3745 cm−1, and hydroxyl
peaks were around 3659 cm−1. The aliphatic CH stretch-
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(a)

(b)

Fig. 7. DRIFTS spectra of M20 catalyst samples in the CH and OH stre
ing (a) and CC stretching and CH deformation (b) region.

ing bands between 2800 and 3000 cm−1 showed decrease
intensity after SFR (i.e., the M20R sample). The contri
tion of theνasCH3 peak at 2959 cm−1 was important both
before and after SFR. InFig. 7b, a CH deformation ban
at 1471 cm−1 is seen on the M20S spectrum and with d
creased intensity on the M20R spectrum as well.

3.3.3. UV–vis
UV–vis diffuse reflectance absorption spectra are sh

in Figs. 8–12. UV–vis bands between 290 and 345, 370 a
390, and 430 and 490 nm are assigned to allylic, dien
and polyenylic carbocations, respectively[26,28–32]. Bands
around 410 nm have been reported to arise from a num
of unsaturated cyclic structures, including diphenyl car
cations, alkylaromatics, polyaromatics[33], and polycyclic
aromatic compounds[29].

Fig. 8 shows the UV–vis spectra of the Y12 sampl
Before SFR (i.e., Y12S curve), monoenylic (320 nm) a
dienylic (381 nm) carbocations were detected. After SFR
broad band at 429 nm assigned to unsaturated cyclic c
pounds was apparent.
Fig. 9shows the UV–vis spectra of the Y30 samples. Only
after SFR (i.e., Y30R curve) was a noticeable absorption as-
signed to unsaturated cyclic compounds observed.
talysis 234 (2005) 328–339

r

-

Fig. 8. UV–vis spectra of Y12 catalyst samples.

Fig. 9. UV–vis spectra of Y30 catalyst samples.

Fig. 10. UV–vis spectra of B18 catalyst samples.

Fig. 10shows the UV–vis spectra of the B18 samples. T
spent sample (B18S) displayed absorption around 305
which corresponds to allylic carbocations. After SFR (i
curve B25R) the presence of these species was still no
able, along with species of more elevated degree of uns
ration that absorbed around 381 nm and higher wavelen
Fig. 11shows the UV–vis spectra of the B25 samples. The
main contribution to UV–vis absorption arose from species
with low degrees of unsaturation both before and after SFR.
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Fig. 11. UV–vis spectra of B25 catalyst samples.

Fig. 12. UV–vis spectra of M20 catalyst samples.

Fig. 12 shows the UV–vis spectra of the M20 sampl
Both before and after SFR, the M20 samples displayed
sorption around 298 nm, which corresponds to allylic c
bocations, and around 456 nm, which may be assigne
polyenylic carbocations.

3.4. Cyclic reaction/SFR experiments

Recovery of catalyst activity by SFR treatment was tes
on the B18 catalyst and on the USY (SiO2/Al2O3: 5.2) cata-
lyst studied previously[11]. The USY catalyst was selecte
because its activity profile did not differ much from t

activity profile of the B18 sample and yet the type of hy-

3rd cycle 49 43 40 40 28
4th cycle 43 38 34 35 27
talysis 234 (2005) 328–339 335

absorbing infrared radiation at 1580 cm−1 and UV–vis at
425 nm[11]. In contrast, the B18 sample did not show a s
nificant contribution of those species after SFR treatmen
seen inFigs. 5 and 10.

Integrated conversions, C5+ yields, and TMP yields may
be used as measures of catalyst activity and select
These values were estimated by integrating the TOS cu
of conversion, C5+ yield, and TMP yield. An integrated con
version of 100% implies that all butene that entered the r
tor (i.e., 24 g/cycle) was converted to products. If all bute
were converted to TMPs, then the expected integrated T
yield would be about 203% (e.g., 114 g TMP produced/5
butene consumed).

Comparing the two catalysts, the activity and TMP yie
were relatively higher on USY at the beginning of the e
periment (seeTable 4). Activity decreased each subseque
cycle, and during the fourth reaction cycle, B18 display
an average of 68% of its initial (i.e., first cycle) integrat
conversion; USY, an average of 50%.

TMP yields also decreased on both catalysts, but the
crease was more pronounced on USY. It is noteworthy
the most important decrease in activity and TMP yield
curred between the first and second cycles. From the se
to fourth cycles, the rate of activity and TMP yield loss w
less marked, and B18 behavior was relatively more stab

4. Discussion

4.1. Hydrocarbon deposition

Both catalyst activities (Fig. 1) and trimethylpentane
yields (Fig. 2) were highest on B18 and lowest on M2
zeolite catalysts. The trend of decreasing activity was
proximately B18> Y12 > B25 > Y30 > M20. When cor-
relating catalyst acid site density (Table 2) with both activity
and TMP yield, a direct correlation was found for the ze
lite catalysts having three-dimensional (3D) pore structu
Faster deactivation and decreased TMP selectivity with
creased SiO2/Al2O3 ratio on Y zeolite alkylation catalyst
has also been reported by Yoo et al.[34]. These authors ob
served a monotonic increase in deactivation with an incre

in SiO2/Al2O3 ratio at low temperatures, in contrast with the

per-
ing

5
2

drocarbons remaining on its surface after SFR presented a
significant contribution of polycyclic aromatic compounds

behavior observed on zeolite catalysts at elevated tem
atures, with improved tolerance to coking with increas

Table 4
Integrated conversions and TMP yields for 4 consecutive reaction/SFR cycles

Integrated conversion
(% butene converted)

Integrated C5+ yield
(% butene in feed)

Integrated TMP yield
(% butene in feed)

Sample B18 USY B18 USY B18 USY

Reactor 1 2 1 2 1 2 1 2 1 2 1 2

1st cycle 67 52 73 64 55 34 90 85 32 17 54 4
2nd cycle 48 47 43 49 28 28 33 45 13 13 15 2
24 25 15 12 10 9 10
20 16 16 13 9 5 4
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SiO2/Al2O3 ratio. The increase of activity and TMP select
ity with aluminum content is explained by the improveme
in hydrogen transfer reactions that allow for desorption
TMPs+ and other adsorbed hydrocarbons that may eve
ally deactivate catalyst active sites[34].

For a given 3D pore structure, the lower the acid site d
sity (Table 2), the lower the amount of hydrocarbons retain
during reaction (Table 3). Even though the hydrocarbon co
tent was lower, the temperature at which those hydrocar
desorbed during the TPO experiments was higher. The
ical considerations have demonstrated an increase in
site strength with decreasing aluminum content of the ze
framework[35]. In other words, although the acid site de
sity of 12-member-ring zeolites increases as the alumin
concentration in the lattice increases, the acid strengt
specific sites may decrease because of decreasing frame
electronegativity as Si atoms are replaced by Al atoms[36].
This may explain the higher temperatures needed to de
hydrocarbons from Y30S and B25S with respect to Y1
and B25S, indicating that those hydrocarbons were prob
more tightly bound to the catalyst surface due to the stron
acidity of particular sites.

Although the activity (Fig. 1) and TMP (Fig. 2) profiles of
the Y12 and B25 samples did not differ much, their hyd
carbon content (Table 3) and MPV available after reactio
(Table 2) were markedly different. More stable zeolite alk
lation catalysts have been reported to retain higher amo
of hydrocarbons[34,37]. From the results presented he
higher hydrocarbon content was found on more active s
ples only when comparing catalysts within a given p
structure (i.e., Y12S vs. Y30S, or B18S vs. B25S). T
trend is also confirmed when comparing Y12S and Y3
with the USY catalyst reported previously[11]. The USY
was more active than the Y12S, and its hydrocarbon con
reached 16.3%. In addition, the trend in hydrocarbon con
for USY, Y12, and Y30 samples is proportional to the a
site density of those three samples. Different mechanism
catalyst deactivation by coke deposition have clearly ta
place on zeolite catalysts of different pore structures.

Feller et al.[27] found that a spent beta zeolite alkylati
catalyst contained pores completely filled with alkanes,
matics, and highly unsaturated and branched polymers,
ilar to the conjunct polymers formed under liquid acid c
alytic alkylation. Although alkanes were shown by DRIF
on both spent beta catalysts studied here, neither arom
CH stretching above 3000 cm−1 nor condensed hydroca
bon bands around 1580 cm−1 were found.

The relatively high MPV found on spent Y zeolite ca
lysts (Y12S and Y30S inTable 2) may explain the highe
final butene conversion (Fig. 1) to fluid products becaus
the diffusion of fluid products out of the catalyst micro
ores was less constrained by hydrocarbon deposits. A
most linear correlation between hydrocarbon content

MPV decrease was found for all of the spent zeolite cata-
lysts with 3D pore structures studied here. Similar behavior
has been reported in the literature for cation-exchanged Y
talysis 234 (2005) 328–339

-

k

-

Table 5
Estimated micropore volumes assuming hydrocarbon density of 0.8 g/cm3

Sample Estimated MPV
(cm3/g)

Sample Estimated MPV
(cm3/g)

Y12S 0.19 Y12R 0.24
Y30S 0.25 Y30R 0.27
B18S 0.05 B18R 0.16
B25S 0.04 B25R 0.06
M20S 0.11 M20R 0.14

zeolite [38] and for USY alkylation catalysts submitted
different TOS[11]. But this trend is not maintained whe
the mordenite catalyst is included. For example, 5.9%
hydrocarbon deposits brought mordenite to display neg
ble MPV, whereas 10.0% of hydrocarbon deposits allow
B25S to still display 0.03 cm3/g. A pore mouth-blocking
mechanism favored by a more constrained pore structu
likely occurring on mordenite.

Querini and Roa[37] and Yoo et al.[34,39] have also
compared the alkylation behavior of zeolite catalysts of v
ious dimensionalities. Although their experimental con
tions were different than the conditions applied here, b
groups observed that zeolite pore structure played a ro
catalyst deactivation. For example, beta outperformed o
zeolites both in olefin conversion and selectivity to TM
and catalysts with one-dimensional (1D) pore structure[37]
or cavities[34,39]deactivated faster.

If the density of the hydrocarbon deposits were kno
then the MPV could be calculated. But because densi
not known, an estimate of MPV can be obtained by ass
ing that hydrocarbon deposits are as bulky as the 2,2,4-T
as proposed previously[37]. Consequently, we estimated e
pected MPVs using a density of 0.8 g/cm3, fresh catalyst
MPVs (Table 2), and hydrocarbon contents (Table 3). The re-
sults are given inTable 5. Comparing these estimated MPV
with the experimental results inTable 2, it is apparent tha
all estimated MPVs were higher. Although some pore pl
ging occurred on all samples, it occurred preferentially
the mordenite catalyst.

The DRIFTS spectra of all fully deactivated samp
showed that aliphatic hydrocarbons are the major compo
of the species remaining on the used catalysts. Red shi
zeolite framework vibrations around 1330–1360 cm−1 (not
shown) were in agreement with hydrocarbon contents.
disappearance of hydroxyl bands on most spectra of s
catalysts indicates the interaction of adsorbed hydrocar
with the internal surface of the zeolite catalysts. The hyd
carbons remaining on spent Y’s (Figs. 3 and 4) and morden-
ite (Fig. 7) were branched aliphatic species. The formation
nonaromatic coke on the Y catalyst samples is in agreem
with results reported by Stocker et al.[40] for protonated
faujasite alkylation catalysts. With respect to both spent
zeolite catalysts (Figs. 5 and 6), the important contribution

−1
of the CH2 stretching peak around 2929 cmrevealed the
presence of aliphatic hydrocarbons that were less branched
than those shown on spent Y zeolite catalysts.
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DRIFTS bands ascribed to highly unsaturated spe
were absent on most spectra of spent catalysts. Unsatu
species, such as alkenyl carbocations, were seen by DR
only on spent beta zeolite catalysts and hydrogen defic
deposits possibly on Y12S (Fig. 3b).

UV–vis spectroscopy is more adequate than DRIFTS
examining adsorbed unsaturated hydrocarbons. Thus a
and dienylic carbocations were seen by UV–vis on the Y
catalyst (Fig. 8); Y30S showed a negligible contribution
such species (Fig. 9). In contrast, a significant contributio
of allylic carbocations is seen on B18S (Fig. 10), B25S
(Fig. 11), and M20S (Fig. 12) samples. The presence
unsaturated cyclic compounds was uncertain on the M
sample, because the broad absorption band around 45
(curve M20S onFig. 12) assigned to polyenylic carbocatio
may have overlapped unsaturated cyclic compounds ab
ing around 430 nm.

In brief, Y zeolites were probably deactivated by a s
blocking mechanism produced mostly by adsorbed branc
aliphatic hydrocarbons and small amounts of unsatur
species. A minor contribution of pore blockage cannot
completely ruled out. The total amount of hydrocarbons
tained during reaction was relatively small, and these s
ples still maintained significant available micropore volu
even when fully deactivated.

On average, beta zeolite catalysts displayed the best
formances among all samples studied here. Similar t
zeolite catalysts, higher SiO2/Al2O3 ratio produced lowe
olefin conversion and TMP production. The total amount
hydrocarbons retained were the highest among all sam
investigated. When fully deactivated, the channel netw
of these catalysts was almost completely filled with hyd
carbon species, typically aliphatic hydrocarbons and sm
amounts of species with low degrees of unsaturation.
found in Y zeolite catalysts, some contribution of adsorb
hydrocarbons to pore blockage may be present.

Mordenite was the less attractive catalyst under the co
tions applied in this study. A fully blocked pore system w
displayed by the completely deactivated mordenite sam

4.2. Removal of hydrocarbons by supercritical isobutane
treatment

Once the nature of hydrocarbons remaining on spent
alysts is analyzed, a more detailed study of the effec
SFR on hydrocarbon removal can be undertaken. Ze
pore structure plays an important role not only in hydroc
bon deposition, but also in hydrocarbon transformation
removal by supercritical isobutane treatment, as discu
below.

SFR was effective in recovering MPV in B18 and bo
Y zeolite catalysts, as can be easily seen by comparing
MPVs of treated and fresh samples (Table 2). This was not

the case for B25 and M20 zeolite catalysts, in which negli-
gible MPV was recovered and relatively small amounts of
hydrocarbons were removed (Table 3) by SFR. For exam-
talysis 234 (2005) 328–339 337

d

-

-

ple, SFR changed the amount of hydrocarbons adsorbe
mordenite from 5.9 to 3.2%; however, a similar final h
drocarbon content (i.e., 2.6%) was found in B18 despite
initial higher hydrocarbon content (i.e., 11.5%).

The temperature ranges at which hydrocarbons deso
from the catalysts during the TPO experiments might in
cate a general trend toward “softer” hydrocarbons after S
However, the amount of hydrocarbons remaining on the
alysts was lower after SFR, and, consequently, the hy
carbons are less diffusionally limited in exiting the catal
micropores.

Comparing the differences between estimated (Table 5)
and experimental (Table 2) MPVs, Y zeolite catalysts sub
mitted to SFR displayed MPVs consistent with their amo
of hydrocarbons. Although hydrocarbons remaining on
catalysts after SFR would not be expected to be as b
as 2,2,4-TMP, this analysis provides some insight into g
eral trends. Beta zeolite catalysts submitted to SFR exhib
MPVs around 50–60% of their estimates based on hydro
bon content. For example, B18R was expected to displ
MPV of 0.16 cm3/g, whereas the experimental result w
0.10 cm3/g. Although the hydrocarbon content of the be
and mordenite zeolite catalysts after SFR was lower than
fore SFR, slightly higher differences were found between
estimated and experimental MPVs. These results may b
plained by the greater contribution of hydrocarbon depo
to pore plugging after SFR. The portion of hydrocarbons
did not desorb during SFR increased their molecular size
blocked some of the zeolite micropores. The almost c
plete MPV recovery on Y zeolite catalysts may be explai
by the initial lower hydrocarbon content, high MPV of spe
samples, and favorable open pore structure.

In contrast, two spent catalyst samples such as B18S
B25S, which displayed comparable amounts of hydro
bons (Table 3) and comparable DRIFTS (Figs. 5 and 6) and
UV–vis spectra (Figs. 10 and 11) before SFR, achieved ver
different nitrogen physisorption capacities after SFR tre
ment (B18R and B25R inTable 2). Whereas B18 recovere
more than 50% of its fresh MPV and the amount of h
drocarbons retained decreased from 11.5 to 2.6%, B25
not recover any significant nitrogen physisorption capa
and had a relatively small hydrocarbon content change, f
10.0 to 8.4%. These results suggest that the acid site de
likely plays a role in the SFR process. Higher acid site de
ties may facilitate hydrogen transfer between isobutane
adsorbed hydrocarbons to react and desorb deposits fro
catalyst surface. In contrast, lower acid site densities
involve higher acid strength of particular sites may retain
drocarbons more strongly and hence will be more difficul
remove by the supercritical fluid.

DRIFTS analyses after SFR revealed highly unsatur
hydrocarbon bands with some degree of intensity on Y1
and weaker intensity on Y30R and B18R samples. Y s

−1
ples (Figs. 3 and 4) showed a coke band around 1590 cm
and small contribution of aliphatic species. According to the
TPO results, the hydrocarbon deposits on the Y12R were
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0.0%; however, DRIFTS and the UV–vis spectra clearly
dicated the presence of hydrocarbons. This discrepancy
be explained by the fact that DRIFTS and UV–vis ana
ses were performed on samples without any special
treatment, whereas the TPO results were calculated
subtracting the weight changes of blank experiments (
contacted with pressurized isobutane), which accounted
water contribution but may have masked minute amount
hydrocarbons.

With respect to beta samples (Figs. 5 and 6), aliphatic
hydrocarbons and alkenyl carbocations are demonstrate
their infrared spectra after SFR. Although the DRIFTS m
surements are not intended to provide quantitative infor
tion on the amount of hydrocarbon deposits, the higher
tensity of CH stretching vibrations shown in the B18R a
B25R samples compared with the Y12R and Y30R sam
is in agreement with the former samples’ higher hydroc
bon content. A very small contribution of highly H-deficie
deposits at 1568 cm−1 on the B18R spectrum was also se
Some increase in branching on both beta zeolite cata
was seen after SFR because of the increased intensity o
2956 cm−1 band. Although the reaction to deactivate the c
alysts was performed at 333 K, SFR occurred at a hig
temperature (i.e., 453 K), which may have contributed to
increase in hydrocarbon branching. Increasing hydroca
branching with increasing temperature has been reporte
other hydrocarbon reactions on zeolite catalysts[41]. With
respect to M20R, DRIFTS analyses after SFR treatmen
vealed only the presence of highly branched aliphatic spe
(Fig. 7).

DRIFTS analyses after SFR also revealed completely
covered hydroxyl stretching vibrations only on Y12R, t
zeolite sample that displayed a negligible amount of
drocarbons after SFR. Furthermore, zeolite framework
brations around 1330–1360 cm−1 (not shown) returned to
their initial frequencies only on Y12R and Y30R sampl
in agreement with their low hydrocarbon contents.

Unsaturated cyclic compounds had an important con
bution on the UV–vis spectra of both Y samples submit
to SFR. This indicates that the presence of zeolite cav
favored cyclization/condensation reactions during SFR
addition, monoenylic carbocations were seen in the S
treated betas and mordenite samples, and polyenylic ca
cations were seen in the M20R sample.

In summary, submitting spent Y zeolite catalysts to S
achieved an almost complete removal of hydrocarbon
posits and complete recovery of MPV. During SFR, sm
amounts of hydrocarbons underwent cyclization and c
densation reactions to produce highly unsaturated cy
species that remained on the catalyst channels after SF

The behavior of the beta zeolite catalysts during SFR c
firmed the reactive nature of the SFR process. Submit
these catalysts to SFR made hydrocarbon removal gr

affected by the zeolite SiO2/Al2O3 ratio. In the beta zeo-
lite catalyst sample with higher acid site density, more than
50% of the fresh MPV was recovered and more than 75%
talysis 234 (2005) 328–339

r

y

e

r

-

of the hydrocarbon content removed by SFR. In the sam
with lower acid site density, about 15% of its hydrocarb
content was removed by SFR, but this decrease did not
duce MPV recovery. The hydrocarbon species remain
after SFR were mostly aliphatic hydrocarbons that und
went increased branching during SFR. Formation of so
unsaturated cyclic species may have also occurred, m
on the beta catalyst sample with higher acid site density.
bulkier nature of the adsorbed hydrocarbons remaining a
SFR may contribute to significant pore plugging seen a
SFR.

The picture for mordenite after SFR is a pore system
is almost fully blocked by carbonaceous deposits and ha
ternal regions that are perhaps still active but unavailab
reactants. Although the SFR removed a portion of hydro
bons remaining on the spent mordenite catalyst, this did
provide any important increase in MPV.

Zeolite pore structures that favor the formation of u
saturated cyclic species either during reaction or SFR
expected to have a less efficient catalyst activity recov
in the long term. The results given inTable 4confirm this
supposition. The faster activity decrease of the USY s
ple compared with the B18 sample resulted from the m
condensed nature of hydrocarbons adsorbed on USY
SFR. B18 did not show an important contribution of co
densed hydrocarbons after its first reaction/SFR cycle, w
allowed for relatively more stable behavior when submit
to repeated reaction/SFR cycles.

5. Conclusions

Zeolite pore structure plays an important role in b
hydrocarbon deposition and hydrocarbon transforma
and removal by supercritical isobutane treatment. E
though most of the coke was removed in some catalysts
DRIFTS profiles showed signals corresponding to hydro
bons remaining on all of the catalysts after SFR treatm
During SFR, the formation of unsaturated cyclic or po
cyclic compounds was hindered on beta zeolites and fav
on Y zeolite catalysts, which present periodic expansion
pore structure. These hydrocarbon deposits are expect
have a toxic effect on catalyst activity recovery and to
fect long-term catalyst activity after cyclic alkylation/SF
treatments.

Cyclic reaction/SFR experiments done to compare
longer-term performance of USY and beta zeolite sam
demonstrated that neither catalyst recovered its initial
formance after SFR. Moreover, both samples exhibite
continuous decrease in activity. The slower activity decre
in the beta sample may be ascribed to the hindered forma
of toxic unsaturated cyclic or polycyclic hydrocarbons.
This suggests that betas with high acid site density may
be the most appropriate zeolites for repeated reaction/SFR
cycles. In contrast, zeolite catalysts with 1D pore structures,
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such as mordenites, are likely not good candidates for S
because of diffusional limitations.
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