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Abstract

The formation of carbonaceous deposits and their effect on aging and deactivation of zeolite LaX during isobutane/2-butene alkylation at 348 K
were investigated by stopping the reaction at different times on stream. Four stages of the reaction were identified: (1) stable alkylation, (2) deposit
transformation, (3) slow deactivation, and (4) rapid deactivation. Deposits consist mostly of bicyclic compounds and branched carbenium ions,
which are formed already at the beginning of the reaction and block Brgnsted acid sites. During the deposit transformation, migration of smaller
entities toward the pore mouth occurs. These cyclic compounds are further alkylated and lead to pore mouth plugging. In the final stage of rapid
deactivation, the catalyst stops producing alkylate, and butene oligomerization is the main reaction leading to olefin desorption and massive deposit

formation at the outside of the zeolite particles.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Isobutane/2-butene alkylation is an important refining pro-
cess for the production of a complex mixture of branched alka-
nes, which is an ideal blending component of gasoline. Cur-
rently, commercial alkylation processes operate with sulfuric
or hydrofluoric acid as catalysts [1]. The acid consumption
in the sulfuric acid-based process may reach as high as 70—
100 kg/t [2]. The spent sulfuric acid must be worked up in a
rather expensive treatment to remove hydrocarbons and water.
Hydrofluoric acid, on the other hand, is highly toxic and forms
aerosols, making its handling rather difficult. Therefore, many
countries no longer allow the building of alkylation units that
use HF as catalyst. For this reason, considerable efforts have
been made to develop novel alkylation catalysts that are easier
to handle and environmentally more friendly [2].
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Among the wide variety of solid acids tested as catalysts
for isobutane/butene alkylation [3], zeolites have received the
most attention. In general, the lifetime of zeolites increases
with increasing acid site concentration [4]. In addition, Feller
et al. demonstrated that a high ratio Brgnsted/Lewis acid sites
extends the catalyst lifetime [5]. On the other hand, rapid deac-
tivation was also observed for catalysts with very high Brgnsted
acidity, e.g., sulfated zirconia [6]. Some speculate that this is
linked to the high cracking activity of such materials. Zeolites
with a three-dimensional pore structure and large pores show
higher time catalytic stability due to a higher diffusivity [7].
The most promising materials tested so far are based on zeo-
lites Beta [4,8,9], X [5,10], and Y [4,11-20].

Despite the potential benefits presented by these catalysts,
their industrial application is constrained by rapid deactivation
due to the accumulation of carbonaceous deposits. Both poison-
ing of active sites [14] and pore mouth plugging [12,21] have
been proposed as deactivation mechanism.

The main reason for deactivation is that, especially when the
alkene concentration is high, addition of an alkene molecule to
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a carbenium ion is faster than intermolecular hydride transfer.
This problem can be partially solved by performing the reac-
tion in a CSTR so that sufficient backmixing is provided and
the olefin concentration is kept at a low level in the entire re-
actor volume [4]. Nevertheless, frequent regeneration steps are
needed to extend the total lifetime of a given catalyst to an ac-
ceptable length. The patent literature suggests that as many as
several hundred regenerations are needed to make processes
based on solid catalysts competitive with existing processes
using HpSO4 and HF [22]. Various regeneration procedures,
including extraction with supercritical fluids [19,23,24], com-
bustion [12], and hydrogenative regeneration [25], have been
published.

In this respect, a detailed knowledge of the product dis-
tribution and formation of carbonaceous deposits with time-
on-stream (TOS) is mandatory for understanding the deacti-
vation mechanism(s) and thus designing stable catalysts and
efficient regeneration procedures. Various researchers have in-
vestigated the deactivation process using a combination of char-
acterization techniques, including IR [10,18,26], UV/vis [7,14,
25-27], 13C NMR [14,15,28], and 'H NMR spectroscopy [18,
26], as well as temperature-programmed oxidation [12] and
matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) [26]. However, the alkyla-
tion reaction was often carried out in fixed-bed or batch re-
actors [7,8,11,12,14,18,19,28-32], in which the catalysts were
exposed to high olefin concentrations and thus deactivated
within minutes. In addition, only few studies have investigated
spent catalysts that had not passed the stage of full olefin
conversion [18,25,26]. However, because the number of data
points was limited, no detailed time resolved-picture was ob-
tained.

In this paper, we report a multitechnique study on the de-
activation of zeolite LaX in isobutane/2-butene alkylation. In
previous studies, it was shown that this catalyst has one of
the longest lifetimes among the zeolites [5], due to the high
Brgnsted/Lewis acid site ratio. The alkylation reaction was per-
formed in a CSTR under optimized condition [5]. Deactivation
was studied by stopping the reaction after different times on
stream, providing a time-resolved picture of the physicochem-
ical properties of the catalyst, in contrast to previous studies,
which investigated catalysts after extended use.

2. Experimental
2.1. Catalyst preparation

La-exchanged zeolite X (LaX) was prepared from NaX
(Si/Al = 1.2), which was provided by Chemische Werke Bad
Kostritz. The parent material was ion exchanged twice in an
excess of 0.2 M La(NOj3)3 solution for 2 h at 353 K. The zeo-
lite was thoroughly washed with bi-distilled water and dried at
room temperature. Finally, the sample was calcined in air flow
with a slow temperature ramp up to 723 K. After rehydration in
air, three additional ion-exchange steps, followed by washing,
drying, calcination, and rehydration, were performed.

2.2. Catalytic reactions

The alkylation reactions were performed in a CSTR. Before
the reaction, the catalyst was activated in situ at 453 K for 14 h
in Hjp. The reactor was then cooled to 348 K, pressurized to
20 bar, and filled with pure isobutane (AIR LIQUIDE, 99.95%).
The reaction was started by feeding a mixture isobutane/2-
butene (Messer, 99.4%) with a molar ratio of 10/1. The olefin
space velocity was 0.2 Zputene g;&alyst h~!, and the stirring rate
was 1600 rpm. The products were analyzed with a HP 6830
gas chromatograph equipped with an flame ionization detector
and a 50-m DB-1 column. The products were collected, and
isobutane was evaporated after reaction. The remaining organic
phase was analyzed by '"H NMR spectroscopy on a Bruker AM
360 spectrometer using CDCl3 as a solvent.

To study the deactivation over time on stream, several cat-
alytic experiments were performed and stopped after different
times on stream (0.5, 1.9, 3.8, 5.7, 7.6, 9.5, 12.7, 15.8 h). Af-
ter drying in nitrogen flow for 4 h at 348 K, the catalyst was
removed from the reactor and stored under nitrogen.

2.3. Catalyst characterization

To determine the concentrations of Si, Al, and Na by atomic
adsorption spectroscopy (AAS), 2040 mg of each sample was
dissolved in 0.5 ml of hydrofluoric acid (48%) and heated to
343 K until all of the liquid evaporated. The lanthanum content
was determined by EDX (Jeol JSM-5900 LV spectrometer). For
these measurements, the sample was placed on a conductive
carbon target. The spectrometer was operated at a voltage of
25 kV. The measurements were performed on a UNICAM 939
atomic absorption spectrometer. The carbon content of spent
catalysts was measured by combustion analysis using an Ele-
mentar Vario EL analyzer.

The BET surface area, micropore volume, and pore size
distribution of the catalyst were determined by nitrogen physi-
sorption on a PMI Automated BET Sorptometer. Before the
measurements, the samples were heated to 393 K for 2 h in
vacuum.

Acid site concentrations were obtained from IR spectra
of adsorbed pyridine. Before measurement, the samples were
pressed into self-supporting wafers and dried under vacuum at
373 K for 2 h to remove water and weakly adsorbed deposits.
Such molecules are supposed to have a negligible influence
on the catalyst deactivation. Pyridine was adsorbed at 373 K
with a pressure of 0.1 mbar until no changes were observed
in the spectrum. After outgassing for 1 h to remove weakly
physisorbed pyridine, a spectrum was recorded. For quantifica-
tion, the molar extinction coefficients published by Emeis were
used [33].

For MAS NMR measurements, the samples were packed
into a ZrO; rotor and spun at 15 kHz. The measurements were
performed on a Bruker AV500 spectrometer with resonance
frequencies of 125.8 MHz for '*C and 130.3 MHz for 2’ Al
For 13C MAS NMR, the sensitivity was enhanced by apply-
ing cross-polarization [34]. The contact time was 5 ms. At least
40,000 scans were recorded for each spectrum. The spectra
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were calibrated using the methine carbon atoms of adaman-
tane as an external standard (8 = 29.47 ppm). The 2’ Al spectra
were measured as the sum of 2400 scans with a recycle time
of 250 ms. A /12 pulse was applied for excitation. The 27 Al
DOR-NMR measurements were performed on a Bruker AV750
with an outer spinning rate of 1300 Hz and an inner spinning
rate of approximately 6 kHz. The resonance frequency for 27 Al
was 195.5 MHz.

UV/vis spectra were measured on a MCS 320 Zeiss spec-
trometer in the wavelength region of 190-500 nm. The results
are reported as difference spectra, obtained by subtracting the
spectrum of the fresh LaX zeolite.

For MALDI-TOF MS, 10 mg of the deactivated catalyst was
suspended in 200 pl of a 1% trifluoroacetic acid solution that
was saturated with 2,5-dihydroxybenzoic acid (DHB). The mix-
ture was placed in an ultrasonic bath for 15 min. From this
suspension 2 ul were deposited onto a sample holder. The sam-
ples were dried overnight at room temperature. MALDI-TOF
mass spectra were recorded using a Bruker Biflex III MALDI-
TOF mass spectrometer equipped with a N5 laser (v = 337 nm)
operating at a pulse rate of 3 Hz. The ions were accelerated
with pulsed-ion extraction after a delay of 50 ns at a voltage
of 28.5 kV. The analyzer was operated in reflection mode, and
the ions were detected using a microchannel-plate detector. Be-
fore measurement, the mass spectrometer was calibrated with a
polystyrene standard.

For the analysis of carbonaceous deposits, the spent catalyst
was dissolved in 40% HF solution. Excess HF was evaporated,
and the residue was extracted with CH,Cl,. Carbonaceous de-
posits formed from reaction at low temperatures have been
claimed to be completely soluble in organic solvents [18] and
to remain unaltered after the treatment with hydrofluoric acid
[35,36]. A Finnigan MAT 8200-GC-MS with a nonpolar OV1
methylpolysiloxane column was used for the measurements.
The detector was a II-MS with energy of 70 eV. A 1-ul por-
tion of the extracted sample was injected into the column at
room temperature according to the “on-column” method. The
temperature was first increased to 343 K for 3 min and then to
633 K (heating rate, 10 K/min) for 15 min.

For additional measurements, the extracts were hydro-
genated over night (10 bar Hp, 298 K) using 6 mg of PtO;.
Pater et al. demonstrated that 2,3-dimethyl-2-butene is quanti-
tatively hydrogenated under similar conditions [18].

3. Results
3.1. Characterization of the fresh catalyst

The overall chemical analysis indicated a Si/Al ratio of
1.1. The concentrations of sodium and lanthanum were 0.2
and 23.0 wt%, respectively. The apparent BET surface was
529 m?/g, and the micropore volume was 0.148 cm?/g. The
pore size distribution indicated that mesopores were formed
during catalyst preparation. The total concentrations of Brgn-
sted and Lewis acid sites were 0.47 and 0.14 mmol/g, respec-
tively. The concentrations of strong Brgnsted and Lewis acid
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Fig. 1.27 AIMAS NMR spectra of hydrated LaX: (a) 27 Al MAS NMR, (b) 27 Al
DOR NMR. Spinning side bands are marked with .

sites (pyridine molecules persisting evacuation at 723 K) were
0.018 and 0.037 mmol/g, respectively.

The >’ Al NMR spectra are shown in Fig. 1. The overlapping
peaks at 55 and 46 in the MAS spectrum (Fig. 1a) correspond
to aluminum nuclei with tetrahedral coordination. The former
peak is assigned to Al with a proton, the latter with La’t as
a charge compensation cation [37]. The 2’ Al double-rotation
(DOR) NMR spectrum (Fig. 1b) showed only one peak in this
region, indicating that the upfield shift of the second peak was
caused by quadrupolar interaction due to a strong distortion of
the local environment by the lanthanum cation. It is concluded
that charge compensation by La’* does not alter the partial
charge of the adjacent Al atoms significantly, but does change
the geometry of their coordination sphere. The signal at 3 ppm
is assigned to octahedral Al, which is present in the form of an
aluminum oxo-cluster or in a separate phase outside the zeolite
pores [37,38]. In this region, both spectra have approximately
the same line shape, indicating that various chemically differ-
ent octahedral Al species were present in LaX. Approximately
11% of the Al atoms are in an octahedral environment. Together
with the observation of mesopores, this indicates that dealumi-
nation has occurred to a certain extent during ion exchange and
calcination.

3.2. Catalytic experiments

In the beginning of the reaction, complete conversion of
2-butene was observed (Fig. 2). After 9.5 h, the conversion
dropped below 99%, but it decreased slowly. Rapid deactiva-
tion started after 12.9 h. Hereinafter, this point is referred to as
the end of the catalyst lifetime.

The integral product yield per weight of catalyst is shown in
Fig. 3. During the catalyst lifetime, the product mixture is dom-
inated by the Cg fraction, which is formed at a constant rate, as
indicated by the linear increase of the yield with time on stream
(TOS) (Fig. 3). The production of octanes stopped within 2 h
after the end of the catalyst lifetime. The same trend was ob-
served for the Cs—C5 fraction, resulting from cracking of large
carbenium ions (Cyy or larger) [5]. The production of heavy
products (more than 9 carbon atoms) accelerated somewhat af-
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Fig. 2. Conversion of butene during alkylation over LaX at 348 K.
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Fig. 3. Integral product group yield during alkylation over LaX at 348 K:
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Fig. 4. Integral yield of octane and octene isomers during alkylation over LaX
at 348 K: (x) 2,3,3-TMP, (O) 2,3,4-TMP, (@) 2,2,4-TMP, (l) 2,5-DMH/
2,2,3-TMP, (O) 2,3-DMH, (A) 2,4-DMH, (x) 3,4-DMH, (--) octene isomers.

ter 6 h TOS and continued for at least 3 h after the end of the
catalyst lifetime.

The Cg fraction consists mainly of trimethylpentane isomers
(Fig. 4). Note that only small amounts of 2,2,3-trimethylpen-
tane—the primary product of the addition of butene to a tert-
butyl carbenium ion—were formed. This indicates that isomer-
ization by methyl group shift is significantly faster than hydride
transfer. Feller et al. explained that steric hindrance by the tert-
butyl group makes hydride transfer to the corresponding carbe-
nium ion unfavorable [5]. Fig. 4 shows that the production of
most Cg products was constant and stopped within 2 h after the
end of the lifetime.

A different trend was observed for octene isomers (Fig. 5).
During the catalyst lifetime, the Cg fraction contained at best
0.5 wt% of olefins. This concentration increased drastically af-
ter the end of the catalyst lifetime, indicating that at this stage,
dimerization of butene was the dominant reaction, whereas
the alkylation activity of the catalyst had ceased completely.
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Fig. 5. Selectivity to olefins within the Cg fraction.
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Fig. 6. Concentration of aromatic protons in the alkylate collected during alky-
lation over LaX at 348 K (measured by Iy NMR).

A more detailed study on product distribution has been pub-
lished elsewhere [5].

The concentration of aromatics in the product stream was
investigated by 'H NMR (Fig. 6). For the first 7.6 h on stream,
the concentration of aromatic protons was constant at approxi-
mately 15 ppm. Subsequently, a strong increase was observed.
Note that these concentrations are integral values. Therefore,
the increase in selectivity toward aromatic products is more pro-
nounced than it appears from Fig. 6.

3.3. Characterization of spent catalysts

Fig. 7 shows the carbon content of the catalyst as a function
of TOS. In the first 1.9 h, the carbon content increased to a value
of approximately 5.5 wt%. This loading remained constant un-
til 9.5 h on stream, then increased again, reaching a value of
10.0 wt% after 15.8 h.

As shown in Fig. 7, in the first 1.9 h on stream, the microp-
ore volume decreased to slightly more than half of the original
value and stabilized at this level. After 7.6 h, the micropore vol-
ume decreased again until complete blockage of the micropores
was observed after 15.8 h.

The concentrations of Brgnsted and Lewis acid sites were
determined by IR spectroscopy of adsorbed pyridine (Fig. 8). In
the first 1.9 h of the reaction, the concentration of Brgnsted acid
sites available to adsorb pyridine decreased to approximately
half of the initial value. However, only a small decrease in the
Lewis acid site concentration was observed during this period.
Between 1.9 and 5.7 h on stream, the concentrations of Brgn-
sted and Lewis acid sites remained unchanged. This period was
followed by a decrease in the concentration of accessible Brgn-
sted and Lewis acid sites between 5.7 and 9.5 h on stream. At
this point, both concentrations were reduced to approximately
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half of their previous values, after which they remained con-
stant.

The nature of the deposits was investigated by '3C MAS
NMR spectroscopy. Cross-polarization was used to obtain spec-
tra with an acceptable signal-to-noise ratio. This pulse sequence
does not give quantitative results. In particular, the concen-
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Fig. 7. Carbon content ((J, measured by combustion analysis) and micropore
volume (4, determined by N, adsorption) of LaX after alkylation.

»

o

RN
L/

Concentration / mmol-g™!
© © o o o o
il\) w

5 10 15 20
Time/h

OO

Fig. 8. Concentration of free acid sites on LaX vs TOS (measured by IR spec-
troscopy of adsorbed pyridine): (@) Brgnsted acid sites, (A) Lewis acid sites.
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tration of aromatic species is underestimated. However, cross
polarization can be used to estimate the order of magnitude
of a given signal [34,39]. Fig. 9 shows the '3C NMR spec-
tra of LaX after various TOS. In agreement with the trends
of the elemental analysis, only a very small increase in over-
all intensity was observed between 3.8 and 9.5 h. In all sam-
ples, most of the carbon atoms were found to be aliphatic. The
peak position in the spectra between 3.8 and 9.5 h are identi-
cal. They are assigned to methyl groups at secondary carbon
atoms (9 and 15 ppm), methyl groups at aromatic carbon atoms
(18 ppm), methylene groups bound to methyl groups (23 ppm),
and methylene groups in different paraffinic environments or
methyl groups bound to quaternary carbon atoms (30 ppm)
[28]. The relative intensity of the peak at 18 ppm (CHsz-ar)
increased with TOS. In addition to these peaks, a shoulder
was observed at 21 ppm, assigned to methyl groups bound to
olefinic carbon atoms.

Between 9.5 and 15.8 h, the intensity of the '>C NMR sig-
nal increased sharply. In the spectrum corresponding to 15.8 h,
the peak were shifted by up to 1 ppm. The peak at 9 ppm was
observed only as a weak shoulder. In addition, the shoulder
at 21 ppm became more pronounced, and an additional shoul-
der was observed at 32 ppm, which is assigned to methylene
groups in paraffinic environment. The increased intensity of the
paraffinic bands was due mainly to increases in the secondary
and tertiary carbon species (25-50 ppm), whereas the peaks of
the different methyl groups increased more moderately. This is
speculatively explained by the formation of naphthenic com-
pounds.

In addition to the paraffinic peaks, a broad peak between 105
and 160 ppm was observed in all spectra. This peak is assigned
to unsaturated carbon atoms of olefinic or aromatic compounds;
its maximum was at approximately 135 pmm. Weitkamp and
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Fig. 9. 13C CP MAS NMR spectra of spent LaX catalysts after alkylation at 348 K for (a) 3.8 h, (b) 7.6 h, (c) 9.5 h, and (d) 15.8 h.
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Maixner suggested to assign a peak in this position to substi-
tuted or bridged aromatics or olefins [28]. Due to the low con-
centration of aromatics in the product stream, this peak more
likely corresponds to olefinic carbon atoms. In the spectrum
after 15.8 h on stream, an additional peak at 153 ppm was ob-
served. We tentatively assign this peak to highly substituted
aromatic ring systems. Alternatively, the signal could be at-
tributed to oxygen-containing unsaturated species. In all NMR
spectra, the area of the peaks corresponding to unsaturated car-
bon atoms was approximately 8% of the total integral of the
individual NMR spectrum. Note that the concentration of un-
saturated carbon species may be underestimated because of the
CP pulse sequence.

The unsaturated deposits on the catalyst were further inves-
tigated by solid-state UV/vis spectroscopy (Fig. 10). The band
at the lowest wavenumber is assigned to monoenyl carboca-
tions [40]. The position of this band shifted from approximately
300 nm for the first samples to 315 nm for the samples after
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Fig. 10. Solid state UV-vis spectra of the spent LaX catalysts after alkylation
for (a) 0.5 h, (b) 1.9h, (c) 3.8 h, (d) 5.7 h, (e) 7.6 h, (f) 9.5 h, (g) 12.7 h, and (h)
15.8 h.
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12.7 and 15.8 h on stream. The band at 380 nm is assigned to
dienyl carbocations; its position varied only slightly. At470 nm,
a weak band was observed, assigned to trienyl carbocations.

In the two spectra recorded at short TOS (0.5 and 1.9 h),
only the monoenyl band is well resolved. Between 3.8 and 9.5 h
TOS, all three bands were observed with some fluctuation of
the relative intensities. A strong increase was observed for the
monoenyl carbocation peaks after 12.7 h on stream, whereas the
trienyl band was no longer observed. In the last spectrum, the
bands of monoenyl and dienyl carbocation increased strongly,
indicating that the formation of unsaturated deposits by dehy-
drogenation becomes a significant reaction pathway only at the
end of the catalyst lifetime.

The spent catalysts were also characterized by MALDI-TOF
MS, which was previously applied to spent FCC [41,42] and
alkylation [26] catalysts. This method can detect protonated
or cationized (i.e., addition of Na¥ or K*) species. The main
drawback of MALDI-TOF MS is that heteronuclear and unsatu-
rated compounds are ionized significantly easier than saturated
hydrocarbons [26,43]; therefore, the spectra may represent mi-
nority species.

Fig. 11 shows the MALDI-TOF mass spectra of the LaX
catalysts after different TOS, in good agreement with previous
results [26]. The spectra are dominated by a sequence of peaks
that differ by 14 m/z. This difference corresponds to the addi-
tion of a CH, groups, that is, the extension of an alkyl chain
by one carbon atom or the replacement of a proton by a methyl
group. Every forth peak in this series was more pronounced.
The smallest mass in this series was 137 m/z. Based on the
assumption that protonated species are detected, this peak cor-
responds to the empirical formula CjgH;g or CoH;70. In addi-
tion to the main series, two parallel series were observed, which
were shifted by 2 m/z units to lower masses and by 1 m/z unit
to higher masses with respect to the main series. The first se-
ries corresponds to compounds with an additional double bond,
whereas the second series is tentatively assigned to molecules
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Fig. 11. MALDI-TOF mass spectra of spent LaX after (a) 0.5 h, (b) 1.9 h, (¢) 3.8 h, (d) 5.7 h, (e) 7.6 h, (f) 9.5 h, (g) 12.7 h, and (h) 15.8 h.
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that were ionized by loss of an electron, thus having a mass
higher (by 2 m/z) than the main series.

Only a weak matrix peak (DHB + H*) at 155 m/z was ob-
served. Attenuation of this feature is generally associated with
readily ionizable heterocompounds [44]. From this observation,
Feller et al. proposed that oxygenated compounds are formed
during alkylation at 348 K [26]; however, we cannot exclude
their formation during sample preparation for MALDI-TOF MS
measurement.

Few differences were found in the intensities of the spectra
up to 9.5 h on stream. Only the peaks corresponding to higher
masses in the spectrum after 0.5 h were somewhat smaller than
in the following spectra. After 12.7 h, a small increase was
observed; after 15.8 h, the intensities of all peaks strongly in-
creased. At the same time, the highest observed mass increased
from 361 m/z after 9.5 h to 501 m/z after 15.8 h.

For further investigation of the deposits, the spent cat-
alysts were decomposed in HF. The carbonaceous deposits
were extracted from the residue with CH,Cl, and analyzed by
GC/MS. In agreement with previous studies on USHY, it was
found that the most abundant compounds had a composition
of C,Hy;,—4, indicating that they contain three double bonds or
aromatic rings [18,20]. Compounds with composition C,,Hy,,—»
and C, Hy,_¢ were also detected. The majority of the deposits
had a carbon number in multiples of 4. In all mass spectra,
strong peaks were observed for 43 and 57 m/z, indicating that
the corresponding molecules contained alkyl chains.

A part of the extracted phase was hydrogenated to differenti-
ate between double bonds and cycles in the deposit molecules.
After hydrogenation, the composition C,,H,—» was dominant.
This indicates that most of the deposits are bicyclic molecules
with one double bond [18]. Saturated compounds and mole-
cules with two double bonds were observed in lower concen-
trations. Compounds with 9-40 carbon atoms were detected.
The most abundant species had 24-32 carbon atoms. The com-
plexity of the mixture precluded precise quantification of the
chromatograms, however.

4. Discussion
4.1. Modification of the catalytic properties

Deactivation of zeolite-based catalysts in isobutane/2-butene
alkylation has been the subject of several studies. However,
there is still a dispute about the extent to which poisoning of
active sites [14] and pore mouth plugging [12,21] contribute to
catalyst deactivation. Several papers suggest that both routes
contribute [25,26,45]. In this scenario, deposits adsorb irre-
versibly on Brgnsted acid sites, thereby decreasing the concen-
tration of active sites for alkylation. As the concentration of acid
sites decreases, the nominal severity (mol butene feed/time and
Brgnsted acid site) increases. As with a formal increase of the
severity, this results in a faster deactivation of the catalyst. Note
that the turnover per site increases in this scenario as the con-
centration decreases. Separate measurements have shown that
this results in a lower product quality (i.e., less pronounced hy-
dride transfer) and a shorter absolute usable lifetime [5]. As a

result, polymerization begins to dominate over alkylation. In
turn, the formed polymers cause pore mouth plugging. How-
ever, these speculations have not been supported by measure-
ments of the concentration of accessible Brgnsted acid sites as
a function of TOS.

Most previous studies have investigated catalysts that had
already passed the stage of full olefin conversion [7,10-12,14,
45,46]. This approach does not allow differentiation between
modifications of the catalyst that cause deactivation and those
occurring after the catalyst has lost its alkylation activity. To
obtain a comprehensive model of the deactivation process, the
present study focuses on the characterization of used LaX cata-
lyst after different times on stream.

Based on the product distribution and characterization of the
spent catalysts, the alkylation of isobutane with 2-butene over
LaX is divided into four stages: (1) stable alkylation, (2) de-
posit modification, (3) slow deactivation, and (4) rapid deac-
tivation. At the beginning of the first stage, stable alkylation,
carbenium ions are formed by protonation of 2-butene mole-
cules. Note that the ground state of the surface species also
may be described as alkoxy groups; however, their conversion
is appropriately described as carbenium ion chemistry. There-
fore, here we call them carbenium ions. Adding olefins to the
carbenium ions leads to the formation of octyl, dodecyl, and
hexadecyl carbenium ions. These reactions result in increased
carbon content and decreased of the micropore volume and
Brgnsted acid site concentration. Under the experimental con-
ditions used here, steady-state is reached after 1.9 h on stream.
At this point, the carbon content is 5.5 wt%, which would corre-
spond to nearly 50% micropore filling with isooctane using its
liquid-phase density. Note that this corresponds qualitatively to
the measured decrease of the micropore volume using nitrogen
adsorption. This situation remains stable until 5.7 h on stream.

In the second stage between 5.7 and 9.5 h on stream, changes
in the nature of the deposit must occur while still ensuring com-
plete conversion of 2-butene. As the concentrations of Brgn-
sted and Lewis acid sites decrease, the total carbon content
remains unchanged. This suggests that the chemisorbed species
are smaller in nature but better distributed throughout the ma-
terial. In the last stage of this phase, a drastic decrease of the
micropore volume from 0.07 to 0.01 ml/g is observed, again
without changes in carbon content (see Fig. 12). Thus, the de-
posit transforms further and/or migrates to the pore mouths,
blocking the entrance for nitrogen. As discussed in detail be-
low, significant modifications of the chemical composition of
the deposits are not observed at this stage. Therefore, we con-
clude that bulky deposits block an increasing part of the pore
volume.

The stage of slow deactivation starts after 9.5 h on stream,
when the 2-butene conversion drops below 99% and decreases
slowly but steadily. At the same time, the carbon content in-
creases significantly. Because the pores were already half-filled
in the first two phases, this increase is attributed mainly to the
formation of deposits outside of the pores. Completion of mi-
cropore blocking is slow due to the three-dimensional nature of
the faujasite lattice. Despite the drastic decrease in pore volume
in this stage, most of the 2-butene entering the reactor is still
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Fig. 12. Correlation between micropore volume and the carbon content during
isobutane/2-butene alkylation over LaX.

converted, and the product stream is still dominated by alkyla-
tion products. Therefore, the reaction is speculated to occur at
a limited number of active sites close to the pore mouths.

After 12.9 h, the stage of rapid deactivation starts. Polymer-
ization at the outside of the zeolite particles leads to a drastic
increase in the carbon content. This is also demonstrated by
the increased concentration of octene isomers in the product
stream, which result from the dimerization of 2-butene. The for-
mation of deposits outside the zeolite pores completes the pore
mouth plugging. In agreement with previous results, the micro-
pores of LaX are completely blocked at this stage, but some of
the deposits can still be replaced by pyridine [26]. Note that in
this context, a key role of pore mouth plugging was also sug-
gested in a modeling study by Sahebdelfar et al. [21], indicating
that pore mouth plugging is essential to explaining the changes
of the conversion over time.

4.2. Nature of the deposits

In agreement with previous studies, we observed that the ma-
jority of the carbon atoms are aliphatic [14,15,18,28]. However,
it must be kept in mind that cross-polarization (CP) NMR un-
derestimates carbon atoms, which are not bound to hydrogen
atoms [34]. The peak of unsaturated carbon atoms amounted
to 8% of the total intensity; this value is equivalent to 1 dou-
ble bond per 25 carbon atoms. Note that this ratio remained
constant over TOS. The total intensity of the spectrum was in
good agreement with the combustion analysis, increasing only
slightly between 3.8 and 9.5 h on stream and more strongly
when the reaction proceeded further.

Despite the high concentration of saturated carbon atoms,
it has been suggested that unsaturated compounds play a key
role in the deactivation process [14,25]. This may be the case
if a minority species irreversibly blocks the active sites of the
catalyst. Various studies have investigated deactivated zeolitic
alkylation catalysts by UV-vis spectroscopy [14,25,26]. In all
of these studies, enylic carbocations were observed on the used
catalysts and proposed to be strongly adsorbed on Brgnsted acid
sites. In the present study, the bands of enylic cations modestly
increased during the initial stage of the reaction, but a stronger
increase was observed only after the end of the catalyst lifetime.
This indicates that enylic cations are already formed at the be-
ginning of the reaction. It is interesting to note that the band

o9

()

OH
(b)

Scheme 1. Possible deposit molecules with a molecular mass of 136 m/z:

of monoenylic cations remained constant after 1.9 h, wheres
the band of bienylic cations still increased and remained con-
stant only after 3.8 h. Afterward, the UV—vis bands did not
change dramatically until 12.7 h on stream. The initial increase
in concentration of enylic cations coincides with the decrease in
strong acid sites. However, through the further transformation,
it appears that this may be at least in part a parallel process. We
speculate that the zeolite catalyzes a slow dehydrogenation of
the surface species through direct dehydrogenation [14], as well
as repeated hydride transfer steps [26].

Only a few studies have suggested specific molecular struc-
tures for these deposits [7,18]. Yoo et al. identified various satu-
rated and unsaturated cyclic structures for different zeolites [7].
Pater et al. investigated extracted deposits after alkylation over
USHY by GC-MS and found bicyclic systems with one double
bond as the dominant species [18]. Using the same approach,
we detected bicyclic compounds with 0, 1, or 2 double bonds.
When a bicyclic molecule is protonated on a Brgnsted acid
site a tertiary carbenium ion will be the preferred product. Hy-
dride transfer from an isobutane molecule to this carbenium
ion will experience severe steric hindrance, particularly when
alkyl side chains are attached to the bicyclic system. Therefore,
bicyclic compounds can efficiently block Brgnsted acid sites.
We assume that spontaneous desorption/deprotonation may be
the more likely pathway for removing a bicyclic carbenium ion
from a Brgnsted acid site, allowing migration of a different site.

The smallest masses found by GC mass analysis correspond
to compounds with 9 carbon atoms. However, compounds with
a retention time similar to the solvent (CH>Cly) may not be
detected using this approach. This drawback was avoided with
the MALDI-TOF MS measurements, in which the spent cat-
alyst is only mixed with the matrix and deposited on the tar-
get. The smallest molecules detected by MALDI-TOF MS had
the sum formula CjoH¢ or CoH{20O. Possible molecular struc-
tures are shown in Scheme 1. The sensitivity of bicyclo-decene
(Scheme 1a) is expected to be rather low, because this molecule
will lose its only 7 -system by protonation. Bicyclo-nona-dienol
(Scheme 1b), on the other hand, maintains a double bond when
protonated and contains an oxygen atom, further enhancing its
sensitivity in the MALDI-TOF MS experiments. Moreover, the
suppression of the matrix peak is an indication for molecules
containing hetero atoms [26,44]. Therefore, it is reasonable to
assume that CoH,0 is the correct empirical formula for the
lowest mass peak in the MALDI-TOF mass spectra. This is
confirmed by the observations from the GC-MS measurements
where bicyclic compounds with 9 carbon atoms were also ob-
served as the smallest molecules. The presence of oxygen in the
deposit molecule, however, is attributed to an artifact resulting
from a chemical process during pretreatment of the spent cata-
lysts trifluoroacetic acid solution. The absence of alkenes in the
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MALDI-TOF MS is attributed to the selectivity of the ioniza-
tion process [43].

The periodicity in the MALDI-TOF mass spectra indicates
that most deposit molecules contain alkyl side chains attached
to the bicyclic ring system. These molecules are so bulky that
they must be located at the pore mouth or at the outer surface of
the zeolite, so that at least parts of them lie outside the microp-
orous network of the zeolite.

The preference toward compounds with carbon numbers that
are multiples of 4 indicates that considerable amounts of the
deposits are formed by oligomerization of butene without be-
ing affected by cracking. This observation is in apparent con-
trast to the fact that the concentration of Cs—C7 products was
8—15 wt%, indicating that cracking of carbenium ions is an im-
portant reaction pathway. However, the large deposit molecules
discussed above are chemisorbed via the bicyclic system. In that
scenario, the formation of C5—C; alkanes involves cracking of
the alkyl side chains, including the formation of a di-cation.
Because cracking of the saturated side chain would require for-
mation of a carbonium ion or a hydride-transfer step involving
very large carbenium ions, we conclude that it is rather unlikely
under the reaction conditions used here. This in turn indicates
that cracking leading to Cs—C7 products occurs preferentially
via smaller carbenium ions.

The largest detected masses correspond to molecules with 40
carbon atoms, which contain long and bulky alkyl side chains.
Because these molecules are readily observed in MALDI-TOF
MS measurements, they must be located preferentially near or
on the outer surface of the catalyst. We speculate that during the
second stage, bicyclic molecules migrate to the pore mouths,
where the side chains are added. Because all characterization
methods suggest the absence of major changes in the deposits’
nature while the catalyst remains active, we conclude that mi-
gration of the deposits must play a key role in deactivation by
inducing pore mouth plugging.

These results suggest that modifications of the catalysts that
ultimately lead to deactivation start after approximately 5.7 h
on stream (under the current experimental conditions). For a
long-term stable operation of such solid catalysts, regeneration
must set in at this point. This regeneration must be very mild;
otherwise the cyclic compounds could rapidly dehydrogenate
and become very hard to remove.

5. Conclusion

The stages of LaX deactivation during isobutene/2-butene
alkylation have been investigated by characterization of the
used catalyst after different times on stream. Four stages of
the catalyst life have been identified: (1) initiation and stable
alkylation, (2) deposit modification, (3) slow deactivation, and
(4) rapid deactivation. During the induction period, octyl, do-
decyl, and hexadecyl carbenium ions are formed by sorption
of n-butene on Brgnsted acid sites and subsequent alkylation
or hydride transfer to isobutane and alkylation with n-butene.
After this short period, the carbon content remains constant at
5.5 wt% with approximately 50% loading of the total pore ca-
pacity until 9.5 h on stream. Over time, the deposit transforms

and redistributes into smaller entities, which eventually block
most Brgnsted acid sites. At this stage, some molecules migrate
toward the pore mouth, leading to a significant reduction in the
micropore volume by blocking. While this process continues,
these molecules are being alkylated, forming larger deposits
at the outer surface and pore mouth, more effectively block-
ing access to the micropores. For a limited time, alkylation is
observed on the acid sites, which are still accessible. Olefin
addition at the outside of the zeolite increases in importance
and leads to rapid accumulation of deposits once the sites for
alkylation are not accessible. Most of the deposit molecules are
bicyclic systems with one or two double bonds and alkyl side
chains. The nature of the deposits does not change significantly
during the catalyst lifetime. Significant amounts of aromatic
compounds are seen only when deactivation is apparent. This
suggests that in addition to these processes, dehydrogenation
can occur either via hydrogen elimination from chemisorbed
molecules or via multiple hydride transfer steps. To maintain
long catalyst life, zeolite catalysts should be regenerated before
redistribution of the hydrocarbon sets in.
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