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Abstract

The deactivation of rare-earth-exchanged zeolite X as catalysts in isobutane/2-butene alkylation between 40 and 130◦C was studied
The deactivated samples and the isolated deposits were analyzed by a range of techniques, including for the first time (matri
laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF MS, LDI-TOF MS). The compounds found in the dea
zeolites are, in addition to large alkanes and alkenes, highly unsaturated and highly branched species containing cyclic structu
are increasingly aromatic as the reaction temperature increased. The deposits in part interact strongly with the acid sites and blo
for further alkylation reactions. Their structure and route of formation resemble those of conjunct polymers formed in liquid acid-c
alkylation.
 2003 Elsevier Inc. All rights reserved.

Keywords: Isobutane/butene alkylation; Zeolites; Deactivation; Coke analysis; MALDI; LDI
bu-
ap-
on

car-
om
ing
ion,
this
er-
tiv-
vs
cts

acti-
ize
tion

age
acid
ns.
ery
tra-
his

for
n.
ation
ted.
s (as
based
ses

m is
nd
all

cter-
obu-
that
1. Introduction

Acidic large-pore zeolites are active and selective iso
tane/butene alkylation catalysts [1,2]. Their industrial
plication is constrained by rapid deactivation with time
stream. The reaction proceeds mainly via addition ofn-
butene to an isobutyl carbenium ion. The resulting octyl
benium ion is removed (after possible isomerization) fr
the active site by hydride transfer from isobutane lead
to trimethylpentanes as ideal products and an isobutyl
which perpetuates the reaction. The overall scheme of
catalytic cycle is shown in Fig. 1. The main factor det
mining the fate of the catalyst is its hydride transfer ac
ity. The higher the ratio of the rate of hydride transfer
the rate of oligomerization, the more the primary produ
trimethylpentanes will be produced and the more the de
vation will be slowed down. Two strategies help to maxim
hydride transfer rates: (1) Careful synthesis and modifica
procedures of the zeolites will minimize structural dam
and ensure a high concentration of strong Brønsted
sites, which effectively catalyze hydride transfer reactio
(2) The use of well-stirred tank reactors operated at v
high conversions allows having a minimum local concen
tion of olefins, while maintaining high space velocities. T
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Fig. 1. Simplified alkylation reaction scheme.

minimizes oligomerization activity, which is responsible
a low product quality and premature catalyst deactivatio

Nevertheless, even under these conditions, deactiv
of the catalyst occurs and it must be frequently regenera
The patent literature suggests that multiple regeneration
many as several hundred) are needed for processes
on solid catalysts to be competitive with existing proces
based on H2SO4 and HF [3].

Thus, the understanding of the deactivation mechanis
important for prolonging the active single-cycle lifetime a
for designing an efficient regeneration method. Only a sm
number of publications have been devoted to the chara
ization of carbonaceous deposits in zeolite-catalyzed is
tane/butene alkylation. The characterization techniques
were employed range from13C NMR [4–7], 1H NMR [8],

http://www.elsevier.com/locate/jcat
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mass spectrometry (also in combination with gas chroma
raphy) [8–10], IR-spectroscopy [6,8,11,12], and UV/V
[6,13]. These methods were applied to the deactivated
alyst as a whole or to the extracted coke alone.

Coke extraction from zeolitic catalysts typically is do
by a complete dissolution of the zeolite in aqueous hydro
oric acid after which the coke is extracted with an orga
solvent, e.g., hexane or methylene chloride. The carb
ceous compounds have been shown to survive this treat
unaltered [14].

Matrix-assisted laser desorption/ionization time-of-flig
mass spectroscopy, MALDI-TOF and LDI-TOF MS, ha
been successfully applied as powerful techniques for
determination of the mass of polymers [15] and biomo
cules [16]. Both methods utilize the energy of a laser be
for desorbing and ionizing sample molecules, which are s
sequently analyzed in a time-of-flight mass spectromete
LDI-TOF, the sample itself is desorbed and ionized by
laser beam or postionized either by another laser or
an electron beam [17]. In MALDI-TOF, on the other han
a matrix, typically an aromatic acid, is mixed with the sa
ple. The matrix absorbs the laser power, is vaporized,
carries with it analyte molecules into the gas phase, wh
they can be ionized by protonation or cation addition
by charge transfer from the formed matrix ions. The diff
ent ionization mechanisms are discussed in Ref. [18].
primary advantage of the laser desorption/ionization is
relatively low energy input, which minimizes fragmentatio
Thus, the measured mass spectrum directly represent
molecular weight distribution of the analyzed mixture.
turn, however, this eliminates all structural information.

Recently, these methods have been successfully ap
to the characterization of technical waxes [19], high-mo
cular-weight alkanes in crude oil [20], and low-molecul
weight hydrocarbon oligomers [21], all containing main
aliphatic and naphtenic compounds with masses be
1000 Da. In principle, these mixtures should not be fun
mentally different from the deposits formed on the cataly
during alkylation. For this reason, we developed these m
spectrometry methods for the characterization of the
bonaceous compounds and applied it to deactivated cata
and on the free deposits.

In this communication, we seek to deepen the underst
ing of the deactivation mechanism. Analysis of reaction d
obtained in a CSTR is combined with information on t
deposits formed during the reaction and on the behavio
the deposits under thermal treatment. A variety of cha
terization techniques on the deactivated catalyst and on
extracted coke is used.

2. Experimental

2.1. Catalyst preparation

The parent material was Na-X obtained from Chemis
Werke Bad Köstritz (Si/Al = 1.2). It was brought into the
t

e

s

acidic form by aqueous exchange with 0.2 M lanthan
nitrate solution. The liquid-to-solid ratios in the exchan
steps were usually approximately 10 ml/g. The tempera
ture during exchange was kept at 70◦C and the exchang
time was 2 h. This procedure was typically repeated
times. After washing the resulting material with doubly d
tilled water until it was nitrate-free and drying at 100◦C,
the samples were calcined in flowing air with a slow te
perature ramp up to 450◦C. To lower the sodium content o
the zeolites further, this ion-exchange procedure includ
washing, drying, and calcining was repeated. The sample
noted La-H-X, was additionally exchanged with an amm
nium nitrate solution (0.5 M) in this second step. The sa
ple exclusively exchanged with La-ions was named La
For comparison, a sample of zeolite H-BEA (H-BEA
from Süd-Chemie, Si/Al = 12) was employed without fur
ther modification.

2.2. Catalyst characterization

The ion-exchanged zeolites were characterized by a r
of different methods. With nitrogen adsorption in a PMI A
tomated BET Sorptometer at 77 K, surface area and
volume were estimated. Prior to adsorption, the sam
were activated in vacuum at 400◦C for 10 h. The crystal-
lite size and morphology were analyzed with SEM. AA
was used to determine the Si/Al ratio and the Na+ con-
centration. For measuring the acidity, two different kin
of adsorption/desorption experiments were carried out
estimate the total number of acid sites (at an adsorption
perature of 100◦C) TPD of ammonia in a vacuum setup wi
a mass spectrometer detector (Balzers QMG 420) was
formed. The strength and relative concentration of Brøn
and Lewis acid sites were characterized by sorption of p
dine monitored by IR spectroscopy using a Bruker IFS
FT-IR spectrometer equipped with a vacuum cell. For
latter the sample was pressed into a self-supporting w
which was placed into the vacuum cell, where it was a
vated in vacuum (10−5 mbar) for 1 h at 450◦C. Then, the
sample was cooled down to 100◦C and pyridine at a partia
pressure of 10−2 mbar was introduced into the system. Aft
saturation of all the acid sites, the sample was outgasse
1 h at 100◦C followed by a temperature ramp of 10◦C/min
to 450◦C with a dwell time of 1 h. Subsequently, the cell w
cooled down again to 100◦C. Spectra of the sample we
taken before adsorption of pyridine, after outgassing and
ter desorption to 450◦C. All spectra were taken at 100◦C.
From this set of spectra, the ratio of Brønsted acid sites
evidenced by the band of pyridinium ions at 1540 cm−1) to
Lewis acid sites (the band of coordinately bound pyridin
1450 cm−1) at 100◦C and at 450◦C is calculated. The ratio
of the extinction coefficients for Brønsted and Lewis bou
pyridine were taken from Ref. [22].
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2.3. Coke characterization

Coke was analyzed while adsorbed on the catalyst
face and after dissolution of the surrounding zeolite.
clarity, the former is denoted “deactivated catalyst” and
latter “free deposit.” Deactivated catalyst samples were c
acterized by nitrogen adsorption at 77 K, after a vacu
treatment for 10 h at 120◦C to remove weakly bound com
pounds. These samples were compared to fresh zeolite
ples also pretreated at 120◦C for 10 h, which is differen
from the pretreatment employed to estimate the overall
face area (see above). IR spectroscopy was used to char
ize the hydrocarbon species on the deactivated catalys
the individual bands that could be assigned to certain fu
tional groups. For these measurements, wafers of deacti
catalysts were placed into the vacuum cell of the IR sp
trometer and evacuated at 100◦C for 2 h, after which spectr
were taken. Then, to measure the acid site distribution o
deactivated catalysts, pyridine was adsorbed following
same procedure as described with the fresh catalyst sam
Mass spectrometry was employed for monitoring the d
orbing products during temperature-programmed desorp
experiments of deactivated catalysts.

Matrix-assisted laser desorption/ionization time-of-flig
mass spectrometry was used on the deactivated cataly
obtain the molecular weight distribution of the hydrocarb
deposits. A solution of 1% trifluoroacetic acid in aceto
trile was prepared, and 10 mg of the deactivated catalyst
suspended in 100 µl of this solution. Another 100 µl of t
solution was saturated with dihydroxybenzoic acid (DH
The two parts were mixed and 0.5 µl of the resulting susp
sion was deposited on the sample holder. After air drying
drop, the sample holder was introduced into the ion so
of the mass spectrometer. MALDI-TOF-mass spectra w
recorded using a Bruker Biflex III MALDI-TOF mass spe
trometer equipped with a N2 laser (ν = 337 nm) operating a
a pulse rate of 3 Hz. The ions were accelerated with pu
ion extraction after a delay of 50 ns by a voltage of 28.5
The analyzer was operated in reflectron mode, and the
were detected using a microchannel plate detector. The
spectrometer was calibrated prior to measurement wi
polystyrene standard of appropriate molecular mass.
same instrument was also used in laser desorption/ioniz
mass spectrometry. Here, the sample was suspended i
ter and put on the target without matrix. The experime
were conducted using the same settings as in the MA
measurements. Supplementary experiments were perfo
with silver tetrafluoroborate (AgBF4) added to the sample
This was supposed to lead to silver cationization of oth
wise difficult to ionize alkanes.

For some measurements, the deposits had to be sepa
from the zeolite. This was done by a complete dissolu
of the deactivated zeolite in a 40% hydrofluoric acid
lution at room temperature. Unreacted HF was evapor
and the remainder was mixed with water and hexane
treated in ultrasound for 30 min. The brown colored hyd
-
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carbon phase contained the deposits and was used for fu
analysis. The free deposits were characterized by UV/
in a Hitachi U-3000 spectrophotometer upon further d
tion with hexane in the wavelength region 190 to 500 nm
obtain information on the olefinic and/or aromatic nature
the compounds. The free deposits were also analyzed b1H
NMR at 360 MHz on a Bruker AM 360 spectrometer. A
ter evaporation of the hexane solvent, the remaining tar
polymer was redissolved in CDCl3. Traces of CHCl3 in the
solvent were used as an internal standard for calibrating
chemical shift (δ CHCl3 = 7.24 ppm from TMS). GC-MS in
EI mode utilizing a OV-1 column was used to obtain inf
mation on the number and on the structure of the individ
compounds. LDI mass spectra of the free deposits (with
without addition of AgBF4) were taken and compared wi
mass spectra of the deactivated catalysts.

2.4. Catalytic experiments

The alkylation of isobutane with 2-butene was perform
in a stirred tank reactor operated in continuous mode.
liquefied gases were received from Messer with a purit
99.95% (isobutane) and 99.5% (cis-2-butene, the main im
purity beingtrans-2-butene). Impurities in the feed cann
be completely ruled out to contribute to the catalyst dea
vation. However, all known organic contaminants (diolefi
organic sulfur, and oxygen-containing compounds) were
low the detection limit of our GC analysis. An estimation
the required concentration for a significant contribution
such a contaminant to catalyst deactivation would be a
50–100 times higher than the detection limit.

The catalyst sample (typically 4–5 g) was activated in
within the alkylation reactor at 170◦C for 16 h in flowing
nitrogen. After cooling to the reaction temperature, ty
cally 75◦C, the reactor was filled with liquid isobutane
a pressure of 32 bar. The reaction was started by adm
a butene–isobutane mixture with a molar paraffin-to-ol
(P/O) ratio of 6.7 and an olefin space velocity (OSV)
0.2 gbutene/(gcatalysth). Note that these numbers are co
parable to industrially employed parameters. To study
influence of the reaction temperature on the deactiva
process, a series of runs was performed at temperatures
ing from 40 to 130◦C.

The reactor was equipped with a sample valve, which
lowed the removal of small amounts (ca. 20 mg) of cata
on-line during the reaction. This mass loss was negligible
the overall run, being about 0.2–0.25% of the total cata
inventory. Thus, during one reaction several samples c
be withdrawn and analyzed for the progress of deactiva
with time on stream.

The product from the reactor was expanded and pa
through a six-port valve with a sample loop, the conte
of which were injected automatically into an HP 6830 g
chromatograph equipped with a FID detector and a 3
DB-1 column. Downstream of the six-port valve, the pro
uct stream was condensed into a cold trap cooled with a
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Table 1
Physicochemical properties of the fresh catalysts

Sample Total acid site Brønsted/Lewis Micropore BET surf
concentrationa acid site ratiob volumec areac

(mmol/g) 100◦C 450◦C (ml/g) (m2/g)

La-X 0.67 3.5 2.9 0.16 505
La-H-X 0.55 2.3 1.6 0.16 518
H-BEA 0.50 0.9 0.2 0.07 566

a Measured by adsorption of ammonia at 100◦C.
b Measured by adsorption/desorption of pyridine monitored by IR.
c Measured by adsorption of nitrogen at 77 K after activation at 400◦C

in vacuum for 10 h.

ice/isopropanol mixture. The product was collected over
whole time on stream and was weighed and analyzed c
matographically to give the integral product compositi
The product was analyzed by UV/VIS and1H NMR. Ad-
ditionally, an elemental analysis (by complete combusti
was performed on the product for obtaining the overall H
ratio.

3. Results and interpretation

3.1. Physicochemical characterization

The most important physicochemical properties of the
vestigated catalysts are summarized in Table 1. The+
content of all the samples was below 0.1 wt%. The cr
tal size of the faujasitic materials was between 1 and 2
H-BEA sample had primary particles of about 0.1 µm, m
of which were agglomerated to bigger aggregates.

3.2. Alkylation experiments

The three samples varied significantly in their alkylat
performance. At a reaction temperature of 75◦C and em-
ploying an OSV of 0.2 gbutene/(gcatalysth) and a P/O ratio
of 6.7, the time of complete butene conversion (termed
alyst lifetime) was 12 h for La-X, 9 h for La-H-X, and on
3 h for H-BEA. These differences can be attributed to
acidity distribution of the individual samples. La-X with th
highest ratio of Brønsted to Lewis acid sites at both 100
450◦C is superior to La-H-X and H-BEA with their corre
spondingly lower ratios. La-H-X was additionally tested
a range of different reaction temperatures between 40
130◦C. The lifetime was found to be optimal at 75◦C, while
higher selectivities to trimethylpentanes were achieve
lower temperatures. With all samples, the yield of produ
steadily increased with TOS, before it reached the theo
cal limit of 2.04 gproduct/golefin. When the conversion starte
dropping, the yield also declined. The results of these ex
iments are summarized in Table 2. The reported selectiv
are based on the total amount of products that was prod
until the activity to alkylation ceased. The implications
the acidity and the reaction temperature on the alkyla
performance have been discussed in detail elsewhere [2
Table 2
Lifetimes and integral selectivities measured in the different alkylation
periments at an isobutane/2-butene ratio of 6.7 and 2-butene space ve
of 0.2 g/(g h)

Sample Reaction Lifetime Product group selectivities (wt%

temperature (◦C) (h) C5–C7 TMP DMH C9+
La-X 75 12 18.3 57.8 14.1 9.8
H-BEA 75 3 16.0 57.4 12.2 14.3
La-H-X 40 2 9.8 71.5 10.1 8.6

75 9 14.7 64.2 13.4 7.7
100 6 25.3 49.1 14.7 10.9
130 2 35.0 29.9 18.6 16.4

3.3. Characterization of the deactivated catalysts

Samples of the deactivated catalysts La-X and H-B
were analyzed by IR spectroscopy. Spectra were take
100◦C after outgassing at 100◦C in vacuum for 2 h. The
spectra of the two deactivated catalysts are compare
Fig. 2. Both samples showed the typical bands for sor
hydrocarbons. The bands at 2960 and 2930 cm−1 are char-
acteristic of the asymmetric stretching vibrations of the C3
and the CH2 group, respectively. The different intensities
these two bands in the two samples indicate a higher
gree of branching of the hydrocarbons present on La-X.
bands at 1465 and 1380 cm−1 are attributed to the asym
metric and symmetric CH3 deformation vibration. The ban
at 1640 cm−1 is assigned to the stretching mode of a C=C
double bond. The samples were exposed to atmospheric
ditions after removing them from the reactor. Thus, it c
not be completely ruled out, that the band at 1640 cm−1 is
partly caused by the deformation vibration of adsorbed
ter, usually found between 1630 and 1610 cm−1. With La-X
a weak band at 1536 cm−1 is observed, and with H-BEA two
stronger bands at 1531 and 1505 cm−1 are observed. Hydro
carbon bands in this region were assigned to alkenyl cat
in both liquid acids [24,25] and zeolites [26,27]. Howev
also partly oxidized species such as carboxyl groups ab
around 1600 and 1530 cm−1. Bands characteristic of aro
matic molecules were not detected. Let us now conside
bands of the hydroxy groups. With La-X, all bands of aci
hydroxy groups including the SiOH band are complet
missing and only the band at 3520 cm−1 characteristic of
the nonacidic La–OH band was observed. In contrast w
H-BEA a fraction of the silanol (3740 cm−1) and the acidic
hydroxyl band (3605 cm−1) is visible and, hence, not cov
ered by hydrocarbons.

A sample of deactivated La-X was used to study the
havior of the hydrocarbondeposits during thermal treatm
After outgassing at 100◦C, the temperature was raised w
10 K/min to 450◦C. A mass spectrometer connected to
IR cell recorded the desorbing species. Fig. 3 shows th
spectra taken before and after the thermal treatment in c
parison with the fresh sample and the evolution of the ba
during the temperature increase. All hydrocarbon bands
crease in intensity with increasing temperature. This
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e),

g a
Fig. 2. Spectra of deactivated catalysts (alkylation at 75◦C) after evacuating for 2 h at 100◦C with assignment of hydrocarbon bands. (a) La-X (black lin
(b) H-BEA (gray line).

Fig. 3. Thermal treatment of deactivated catalyst La-X recorded with IR. (a) Comparison between fresh sample, deactivated sample after outgassint 100◦C,
and after heating to 450◦C, (b) Changes during heating to 450◦C. Spectra were taken every 50◦C, starting from 100◦C.
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crease is accompanied by the appearance of a new
at 1580 cm−1, which is tentatively assigned to condens
ring aromatic structures [14] or structural vibrations of po
cyclic aromatic compounds [28]. A weak band at 3070 cm−1

characteristic of the C–H stretching vibration of aroma
compounds supports this assignment. Only weak bands
observed between 3000 and 2700 cm−1 after thermal treat
ment. In the region between 1700 and 1300 cm−1 the CH3

bending vibrations were markedly reduced in intensity. T
intensity and shape of the hydroxyl bands of the sample
ter the thermal treatment were similar to those of the fr
sample.

The species desorbing during the thermal treatment
be grouped into two categories, i.e., alkanes and alkene
desorbed between 100 and 280◦C, and the high tempera
d

e

t

ture desorption of aromatic compounds starting at 250◦C.
Fragments characteristic of the different types of molec
desorbing from the zeolite surface are compiled in Fig
The masses 83 and 85 represent alkene and alkane
ments. Mass 119 represents aromatic compounds with
benzene ring (substituted with alkyl side chains) and m
115 represents bicyclic aromatics, which desorb at temp
tures above 300◦C.

The alkylation reaction was also simulated in an IR fl
cell. The sample was activated at 450◦C in the cell in a
stream of helium before a flow of a gaseous mixture
isobutane/2-butene (P/O= 6.7) was passed over the ca
lyst at 75◦C. Immediately, the acidic hydroxyl bands d
appeared and the bands typical for hydrocarbons evo
Although the flow was maintained for 75 min, the hydroc
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Fig. 4. Temperature-programmed desorption of hydrocarbons from

activated catalyst La-X monitored by MS. , mass 83; , mass 85;
, mass 115; , mass 119.

bon band intensities reached a plateau after the first 10
Next, the sample was flushed with He for 180 min at 100◦C.
The spectrum taken after this treatment looked very s
lar to the spectrum of the deactivated catalyst (Fig. 2a) w
the following differences: (1) the silanol band was still vi
ble in the spectrum of the sample exposed to the alkyla
reagents in the IR reactor and (2) the bands in the 15
1540 cm−1 region were missing in this spectrum.

The remaining acidity of deactivated zeolites La-X a
H-BEA was analyzed with pyridine adsorption at 100◦C in
the IR cell. Prior to adsorption, the samples were outga
at 100◦C in vacuum for 2 h. In Fig. 5, difference spect
of adsorbed pyridine on the fresh zeolites in compariso
the deactivated zeolites are shown. In both samples, pyr
could access a large fraction of the originally present Br
sted acid sites and a smaller fraction of the Lewis acid s
.

Additionally, the hydrocarbon bands at 1650, 1530, 15
and 1470 cm−1 were reduced in intensity after pyridine a
sorption.

The deactivated zeolites La-X and H-BEA were also a
lyzed by nitrogen adsorption. Here, the fresh and used s
ples were pretreated at 120◦C for 10 h in vacuum. Especiall
with the hydrophilic La-X, this is too low to completely re
move the strongly sorbed water from the fresh sample,
most of the micropore area is accessible for nitrogen.
ter pretreatment at 400◦C, a micropore volume of 0.16 ml/g
was measured (see Table 1), and after pretreatment at 1◦C
a micropore volume of only 0.09 ml/g. The results are dis
played in Fig. 6. The micropores of the deactivated mat
als were completely blocked. Only a small fraction of t
macro- and mesopores were accessible for N2. It should be
emphasized that although outgassing was done at a sli
higher temperature and for a longer time, N2 (in contrast to
pyridine) did not access the micropores.

3.4. Characterization of the free deposits

The free deposits gained from La-H-X alkylated at diff
ent temperatures were analyzed with UV/VIS spectrosc
The results are compiled in Fig. 7. Due to the unknown c
centration and extinction coefficients of the individual co
pounds, the results are discussed only in qualitative te
All spectra show a broad complex absorbance between
and 450 nm with three components at 200–205, 235, 2
260, and 310–320 nm. The energies strongly sugges
presence ofπ -electron systems in the deposits.

π -Electron systems of pure hydrocarbons, which abs
in this range, belong to single and conjugated double bo
or to C=C bonds in aromatic molecules. The breadth of
absorbance band suggests a high number of different bu
lated species. The deposits recovered from the catalyst t
e
Fig. 5. Difference spectra of adsorbed pyridine on La-X and H-BEA in (a) fresh and (b) deactivated state at 100◦C. The arrows indicate the positions of th
hydrocarbon bands, which were reduced in intensity upon adsorption of pyridine.
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Fig. 6. Nitrogen adsorption at 77 K on La-X and H-BEA, in both fre
and deactivated states (after evacuation at 120◦C for 10 h). , Micropore
volume (left axis); , BET surface area (right axis).

Fig. 7. UV/VIS spectra of the free deposits dissolved in hexane gained
alkylation runs of La-H-X at different reaction temperatures. Inset sh
the UV/VIS spectrum of the heavy-end fraction of the alkylation prod
collected during the first 4 h TOS of a catalytic run with La-X.

at 130◦C, however, differed distinctively from the othe
The absorbance at 235 nm, which is present in the o
spectra only as a small shoulder, is the most prominent
in the spectrum of the deposit from the reaction at 130◦C.

Shown as an inset in Fig. 7 is the UV/VIS spectrum
the heavy-end fraction (hydrocarbons in the alkylate w
nine or more carbon atoms, C9+ fraction) of alkylate col-
lected over the first 4 h of time on stream with La-X as ca
lyst. During this period, the catalyst exhibited 100% but
conversion. Typically, only very small amounts of alken
(especially octenes) are found in the products during the
tial reaction phase. The integral selectivity of alkenes in
C5–C8 fraction is in the order of 0.2 wt%. Information on th
concentration of unsaturated compounds in the C9+ fraction
is not available. The UV/VIS spectrum revealed the pr
ence of unsaturated and/or aromatic species. The spe
shows sharper bands than that of the free deposits, sug
ing a lower number of different compounds. Additiona
the product does not absorb at wavelengths above 300

The GC-MS measurements of the free deposits es
lished their highly branched nature at all reaction temp
tures. In many spectra the mass fragment 57 (C4H9

+) exhib-
ited the highest peak. Independent of the reaction temp
ture, the compounds at higher retention times were more
more hydrogen deficient. The number of substituted b
zene (evidenced by the mass fragments 77, 91, and
and condensed aromatic species (mass fragments 11
129, most likely containing no more than 3 rings) was v
low in the deposit formed at 40◦C, slightly higher in the de
posit formed at 75◦C, and substantially higher in the depo
formed at 130◦C. The reverse trend was seen for nona
matic cyclic compounds containing 5- and/or 6-ring str
tures (discernible by the mass fragments 121, 123, and 1
which were more frequent in the deposits formed at 40
75◦C. Masses up to 490m/z corresponding to C35 mole-
cules were detected in all samples. Iso-alkane and al
fragments were abundant in all samples, but in most of th
spectra no molecular ion peak was present.

Molecular ion peaks found in the deposit formed at 40◦C
mainly belonged to CnH2n−2-type compounds, to a less
degree also to CnH2n−4 and CnH2n. The deposit formed a
75◦C exhibited CnH2n−2 and CnH2n−4 compounds and a
higher retention times also CnH2n−6 and CnH2n−8. The de-
posit formed at 130◦C contained substances with marke
higher unsaturation, i.e., mainly CnH2n−8, some CnH2n−6

and at higher retention times also CnH2n−10 and CnH2n−12.
Most of the molecular ion peaks were found in the C18–C30

region for all deposits.
The free deposits formed at 40, 75, 100, and 130◦C were

also analyzed by1H NMR spectroscopy. Additionally, two
heavy-end fractions of reaction products were analyzed.
was accumulated over the first 4 h of time on stream,
other over the whole reaction time including the deact
tion phase. The NMR spectra of the deposits are displa
in Fig. 8, those of the products in Fig. 9.

The peaks in each spectrum can be grouped to di
guish protons in different positions. This is only an appr
imate classification, because some of the functional gro
overlap in their chemical shifts, depending on the surrou
ing groups. The signal between 0 and 1.1 ppm, which
most abundant in all spectra, corresponds to protons in3
groups inα position to saturated C atoms. Its contribut
to the overall signal was significantly higher in the alk
late samples than in the deposits. Thus, we conclude
the degree of branching was higher in the product tha
the deposits. The degree of branching in the product at e
TOS was higher than that of the product collected during
whole run including deactivation. The degree of branch
in the deposits also continuously decreased with increa
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Fig. 8.1H NMR spectra of the free deposits recovered from La-H-X after alkylation at 40, 75, 100, and 130◦C.

Fig. 9.1H NMR spectra of the heavy-end fractions of alkylates collected over the first 4 h TOS and after complete deactivation.
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reaction temperature (the fraction of CH3 protons decrease
from 61% at 40◦C to 33% at 130◦C).

Signals between 1.1 and 1.4 ppm correspond to pro
in CH2 groups. No marked changes were seen in this gr
among the deposits (19–21%), whereas the product colle
at early TOS showed only half the amount than the prod
collected during the whole run (6 and 14%). Signals betw
1.4 and 1.7 ppm correspond to protons in CH groups iα

position to saturated C atoms. With reaction temperature
reaction time the importance of this group increased (fro
to 14% in the deposits and from 7 to 9% in the products)

Signals between 1.7 and 3.5 ppm represent proton
CH3, CH2, and CH groups inα position to unsaturated o
aromatic carbon atoms. Due to the broad distribution
chemical shifts for these kinds of protons, a further cla
fication within this range was not attempted. The numbe
protons in the deposits in this range increased steeply
reaction temperature (from 10% at 40◦C to 30% at 130◦C).
Its contribution to the total number of protons in the produ
was much smaller (0.1 and 0.9%).

Protons of olefinic groups are found between 4 and
ppm. The deposits exhibited ill-resolved peaks in this ran
Around 1.5% of all the protons in the deposits formed
tween 40 and 100◦C were located at olefinic carbon atom
The deposit formed at 130◦C contained markedly less, on
about 0.4%. The product collected during the complete
showed a broad absorption between 4.5 and 5.5 ppm.
product collected during the early reaction stage exhib
one sharp signal at 4.2 ppm. This peak most likely does
represent olefinic protons as will be discussed below.

Aromatic protons give resonances in the range 6.6
9 ppm. All deposits showed signals in this range, but
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Fig. 10. Fraction of protons in the individual positions obtained by the integration of the NMR spectra in Figs. 8 and 9.1, 40◦C; , 75◦C; , 100◦C;
, 130◦C; , heavy-end fraction of alkylate after 4 h TOS;, heavy-end fraction of alkylate after complete deactivation.
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, this
amount steeply increased with increasing reaction temp
ture (from 0.5% at 40◦C to 3.9% at 130◦C). The products
showed two sharp signals at 7.7 and 7.5 ppm, with a hig
contribution in the product collected during the early re
tion stage (0.2 and 0.04%). The signal at 4.2 ppm is
portional to them and is tentatively described to proton
a CH or CH2 group connecting two aromatic rings. T
lack of signals higher than 8.1 ppm in the spectra of
deposits formed from 40 to 100◦C suggests the absence
condensed aromatic molecules with three or more rings.
deposit formed at 130◦C might contain a small amount o
these compounds. The number of protons in the dep
connected to carbon inα positions of olefinic or aromati
double bonds is 5–7 times higher than the number of
tons within the double bonds. This demonstrates that t
bonds are highly substituted.

Small contributions between 9.5 and 10.5 ppm see
the low-temperature deposits were assigned to hydrog
OH- or aldehyde groups. These could possibly result f
oxidation reactions after the deposit had been exposed t
An overview about the importance of each class of prot
in the deposits and products is presented in Fig. 10.

The elemental analysis of the reaction products gave
ratios between 2.12 and 2.15, corroborating the almost
paraffinic nature of the heavy-end alkylate.

3.5. MALDI-TOF mass spectrometry

In MALDI-TOF mass spectrometry typically protonat
or cationized (typically by Na+ or K+) ions are detected
Acidic matrices such as DHB preferentially give protona
ions. In some special cases ionization through charge tr
fer or multiphoton ionization (leading to radical cation
-

.

-

may occur. In general, polar heteroatom-containing c
pounds are easier to ionize than pure hydrocarbons. W
the group of pure hydrocarbons, compounds withπ -electron
systems, such as aromatics, are easier to ionize than
without. Saturated hydrocarbons can only be ionized by
addition of silver cations, to which they form adducts [2
From the NMR results it is known that the examin
deactivated catalysts contain species of all these gro
alkanes, alkenes, aromatics, and in the case of the
temperature deactivated catalysts also traces of oxid
products. MALDI is known to be able to detect very sm
traces in the ppb range, so it cannot be ruled out tha
measured spectra represent minority species, which ar
pecially easy to desorb and ionize.

Deactivated catalysts used in reactions at 40, 75,
130◦C were analyzed by MALDI-TOF MS employing DH
as matrix. The mass spectra are displayed in Fig. 11.
samples from reactions at 40 and 75◦C resulted in very sim
ilar spectra. Both gave a clean Gaussian-curved distribu
of masses with peaks in the mass range from 150 to 450
a maximum between 235 and 291. A repetitive pattern
found within these samples. One prominent peak was alw
accompanied by a small peak 1m/z higher and by a sma
peak 2m/z below. This pattern was repeated every 14m/z.
This is a sign for each set being larger by a CH2 group than
the preceding set. For reasons not yet known, every for
these sets exhibited a higher intensity than the Gaussian
tribution. The main peaks based on the series 179+ 14n.
The detected species can be either protonated or cation
Assuming the detected ions to be of the typical [M+H]+ na-
ture (which leads to uneven masses for hydrocarbons)
would correspond to molecules of a general CnH2n−4 (three
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Fig. 11. MALDI-TOF mass spectra of the deactivated catalysts used i
actions at 40, 75, and 130◦C.

unsaturations or cycles) or CnH2n−18 (e.g., three condense
aromatic rings with alkyl side chains) formula. However, t
matrix [M + H]+ peak at 155 was nearly completely su
pressed, which is typical for readily ionizable heteroato
containing analytes [30]. Therefore, it is concluded that
detected ions originate from the oxidized products, poss
of a CnH2n−6O structure.

The deactivated catalyst of the reaction at 130◦C gave a
different spectrum. The mass distribution had a maximum
212m/z and then followed the distribution of the other spe
tra with a second maximum at 268m/z. The main peaks
were based on the 184+ 14n series. At higher molecula
weights, additional series developed, being 2 and 6m/z

lower than the main series. At molecular weights above 3
these peaks showed higher intensities than the main se
At m/z above 330, series 4 and 8m/z lower than the main
series were seen. All these peaks representeven molecular
masses in contrast to the MALDI spectra of the two ot
samples. Because of this, the signals cannot represent p
nated or cationized hydrocarbons, which would always g
uneven masses. It is therefore assumed that they (simil
LDI, see below) originate from radical cations. They rep
sent molecules of the general formula CnH2n−12, CnH2n−14
(or CnH2n), and CnH2n−18 (or CnH2n−4). The CnH2n−12
structures have the same molecular weight as alkanes
occurrence of alkanes in the mass spectrum can be ruled
because they cannot be ionized without the help of si
cations. Simple olefins also should be difficult to ionize
is more likely that the detected masses represent the ge
formulas CnH2n−14 and possibly also CnH2n−18 rather than
CnH2n−4.

The LDI-TOF mass spectra of the deactivated catal
used in reactions at 40, 75, and 130◦C are displayed in
Fig. 12. The mass distributions of the recorded spectra
.

-

e
t,

l

Fig. 12. LDI-TOF mass spectra of the deactivated catalysts used in reac
at 40, 75, and 130◦C.

sembled the distributions measured by MALDI-TOF M
They were narrower but centered on a similar maxim
The main peaks in all spectra wereeven masses. In the mas
spectra of the catalysts deactivated at 40 and 75◦C the main
peaks followed the 212+ 14n series, with smaller peaks
and 4m/z below. They corresponded to the general form
CnH2n−12, CnH2n−14, and CnH2n−16 (or CnH2n−2), respec-
tively.

The LDI-TOF mass spectrum of the catalyst deactiva
at 130◦C resembled the corresponding MALDI-TOF ma
spectrum not only in the shape of the mass distribution cu
but also in the detected masses themselves. Up to 250m/z,
peaks of the CnH2n−12 series dominated as in the MALD
TOF spectrum and as in the two other LDI spectra. Betw
250 and 300m/z, CnH2n−18 (or CnH2n−4) were the main
peaks, which were replaced by the CnH2n−22 (or CnH2n−8)
series above 300m/z. This last series was nonexistent
the MALDI-TOF mass spectrum and in the other LDI-TO
mass spectra.

Typical MALDI spectra exhibit protonated molecul
cations or analyte-cation adducts, the cation typically be
Na+ or K+. For aliphatic hydrocarbons this should alwa
lead to uneven masses. The molecules desorbing from
low-temperature-deactivated catalysts followed this rule;
one deactivated at 130◦C did not. Moreover, the MALDI
spectrum of the high-temperature-deactivated catalyst
similar to the LDI spectra of the deactivated samples. T
suggests that the majority of the detected masses wer
ionized by the interaction with the matrix, but, as in LD
ionized by the laser beam. All types of species, except for
oxidation products, found in the low-temperature depo
are also found in the high-temperature deposit. For this
son it is postulated that MALDI selectively ionizes oxyge
containing compounds (polar heteroatom-containing hy
carbons are much easier to ionize than nonpolar pure
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drocarbons), which suppress the formation of other ions
the absence of a matrix, only molecules with absorptio
the region of the wavelength of the laser (λ = 337 nm) can
be desorbed and ionized. The compounds are adsorbe
the zeolite surface and at least a fraction of them inter
strongly with the acid sites. It has been shown by Flego e
that adsorbed species in deactivated zeolitic alkylation c
lysts give rise to strong UV/VIS absorption bands betw
300 and 400 nm assigned to alkenyl cations [6]. Uns
rated carbenium ions have been extensively examine
Deno and co-workers, who measured absorption band
this range [25,31]. Flego et al. did not take into account
also aryl and benzenium cations exhibit absorption max
between 300 and 400 nm [32]. Exhibiting even masse
the LDI spectra, these ions obviously desorb as the rad
cations of the corresponding olefinic and aromatic m
cules.

LDI mass spectra of the free deposits were also ta
This was unsuccessful for the deposits from the react
at 40 and 75◦C, in which ions were not detected. The fr
deposit from the reaction at 130◦C readily gave a mas
spectrum, resembling the LDI spectrum of the deactiva
catalyst. Masses of the formula CnH2n−12, CnH2n−14, and
CnH2n−18 already seen in the deactivated samples were
weighed by masses of the formula CnH2n−8 (or CnH2n−22)
and CnH2n−10 (or CnH2n−24). These results confirm th
hypothesis that by LDI on the low-temperature-deactiva
catalysts only unsaturated carbenium ions with sufficient
sorption at 337 nm can be detected. None of these are pr
in the free deposits; therefore, no molecules are deso
and ionized.

It is unclear at present why the free deposit formed
130◦C led to the LDI peaks observed. The UV/VIS spe
trum (see Fig. 7) did not show a significantly higher a
sorption at 337 nm than the other deposits. One pos
explanation can be derived from studies by Macha et
who examined the behavior of several nonpolar matrices
thracene, acenaphthene, and similar aromatics with tw
four condensed rings and sufficient absorption at 337
and analytes (with low absorption at 337 nm) under MAL
conditions. The matrices were found to ionize the ana
molecules only when the ionization energy of the ana
was lower than the ionization energy of the matrix. In t
way, the analyte is ionized by charge transfer from the
trix giving a molecular radical cation (and not by proton
tion) [33].

The unusual behavior of the high-temperature depos
interpreted accordingly. The aromatic fraction of the free
posit might contain a sufficiently large amount of molecu
acting as matrices for compounds that otherwise would
be ionized due to lack of absorption at 337 nm. The sa
molecules in the low-temperature deposits with their
nificantly lower proportion of aromatics cannot be ioniz
because of the absence of suitable matrices.

Silver salts are frequently used to ionize alkanes and
cloalkanes by forming cation adducts in MALDI and LD
n

l

t

MS [21]. The addition of AgBF4 to the deactivated cata
lysts containing DHB as matrix only led to a considera
decrease in signal intensity without changing peak positi
No silver adducts were detected. Adding AgBF4 to the deac-
tivated catalysts without a further matrix gave mass spe
which contained the uneven masses seen in MALDI m
and the even masses observed in LDI mode. Also her
silver adducts were detected. Therefore, it is tentatively c
cluded that the silver salt or metallic silver (the silver sa
readily decompose) may act as a matrix itself.

Fine metal or metal oxide powder has also been succ
fully employed as matrix for small molecule analysis lead
to protonated or alkali–adduct ions [34]. The matrix eff
is weaker as with DHB, because the formation of “LD
type ions” is not fully suppressed. The same was obse
with the deposits. Mixing the low-temperature deposits w
AgBF4 gave the typical “MALDI-type ions” with strongly
reduced signal intensity. The high-temperature deposit
the same spectrum as without silver addition. Again, si
adducts were not detected.

The molecular weight distribution measured with MAL
and LDI MS gave the same maximum at 260–270m/z. The
LDI mass spectra were narrower than the MALDI spec
MALDI gave masses between 150 and 450m/z, LDI be-
tween 190 and 340 and 420m/z for the catalyst deactivate
at 130◦C. The LDI mass spectrum of the deposit formed
130◦C had a distribution between 220 and 510m/z. The
maximum was also shifted to 314–328m/z. Molecules at
the lower end of the molecular weight distribution mig
evaporate in the ultra high vacuum of the MALDI appa
tus when not adsorbed on the zeolite, so that the maxim
is seen at higher masses. Moreover, it is not known whe
the mass distribution of the deposits on the outer surfac
the zeolite is different from the distribution within the por
The laser can only desorb molecules on or close to the o
surface of the zeolite particles.

During reaction on La-H-X at 75◦C, catalyst sample
were withdrawn at 3.75, 6.7, and 9 h TOS. These sam
were analyzed by MALDI to examine the progress of ca
lyst deactivation. All three samples exhibited spectra sim
to the one shown in Fig. 11. The mass spectrum taken
3.75 h TOS exhibited a maximum in the mass distribut
which was approximately 50m/z lower than the maxima o
the spectra taken after 6.7 and 9 h TOS. With time on str
the signal intensity increased. While there was only a m
erate increase up to 6.7 h TOS, it steeply increased whe
catalyst reached the end of its active lifetime, see Fig. 13

4. Discussion

4.1. Chemical nature of the deposits

While MALDI/LDI-TOF-MS (Figs. 11 and 12) gives in
formation on the molecular mass distribution of the mo
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Fig. 13. Signal intensity of MALDI-TOF mass spectra taken at differ
times on stream during reaction on La-H-X at 75◦C.

cules in the deposits, NMR (Fig. 8) and UV/VIS (Fig.
(although to a lesser degree) give information on the st
ture of the molecules. GC-MS provides useful informat
on both the mass and the structure. UV/VIS and LDI clea
proved that all deposits contained unsaturated species. H
ever, both methods cannot detect saturated hydrocar
The significance of the unsaturated compounds can be
timated from NMR and GC-MS. Both these methods
vealed an increase in the concentration of unsaturate
well as an increase in the degree of unsaturation with
creasing reaction temperature. This increase was gradu
low to moderate temperatures and steep toward high rea
temperatures. However, at all reaction temperatures, the
posit is a complex mixture of alkanes, alkenes, and non
matic cyclic and aromatic compounds, all of them with al
side chains. Polycyclic aromatics were found only at h
reaction temperatures. For low to moderate temperatu
MALDI, LDI, and GC-MS gave a carbon number distri
ution in the range of C12–C35, with a maximum at abou
C20. These numbers slightly shifted to higher values at h
reaction temperatures.

Our detection of unsaturated species is in line with
sults obtained via mass spectrometry analysis of extra
coke performed by two different research groups [8,9]. C15–
C20 compounds with 2–4 unsaturations/cycles were foun
the deposits. After hydrogenation, the general formula s
gested a naphtenic structure with one or two 5 and 6 ri
UV/VIS data obtained by Flego et al. also confirmed the
saturated nature of the deposits [6].

These unsaturated cyclic structures are very similar to
so-called conjunct polymers, which are by-products of su
ric and hydrofluoric acid-catalyzed alkylation reactions. T
polymers are dissolved in the acid phase and are resp
ble for the acid consumption due to the decrease of the
strength [35,36]. The conjunct polymers were shown to
cyclic polyolefinic hydrocarbons with a high proportion
heteroannular-conjugated double bonds and numerous
chains [37].
-
.
-

s

t

-

,

-

e

4.2. Routes of formation of coke compounds

The deposits in alkylation often have been intuitive
related to large saturated species that result from mul
alkylation and oligomerization of butenes and other alke
formed during the alkylation reaction [4,5,7]. The resu
presented here demonstrate that the products retained
zeolite pores during isobutane/butene alkylation are com
and strongly vary with subtle variations in the reaction c
ditions. Only a fraction of the detected compounds origina
from the typical alkylation reactions. The detected alka
are products of multiple alkylation, similar to the heavy-e
fraction of the reaction products. The molecules are pro
bly too bulky to diffuse out of the pores. Alkenes found
the deposits are concluded to originate from alkoxides bo
to the acid sites in the zeolite pores.

All other compounds have to undergo additional re
tions. As a start, a large cation produced via multiple alky
tion or oligomerization has to crack or deprotonate to fo
a large and branched alkene. This might transfer a hyd
to another carbenium ion and, thus, form an alkenyl c
benium ion, which can desorb via proton transfer as a
ene (Scheme 1). Further hydride transfer leads to a die
cation, which easily rearranges into an alkyl-substituted
(Scheme 2) via a 1,5-cyclization and subsequent hyd
and methyl shifts. Next to the ion, also a saturated m
cule (represented here as isobutane) is produced in each
Therefore, no true dehydrogenation step is involved.

→
HT

(1)� + H+

→
HT

(2)

Cyclization→ � + H+

The formed cycloalkenyl carbenium ions, especially
cyclopentenyl cations, are very stable [25,38] and have b
observed as free cations in zeolites [39,40]. The occurre
of enylic cations was established by the IR bands betw
1540 and 1500 cm−1. The same reaction sequence is op
ative when absorbing alkenes in concentrated sulfuric a
The alkenes disproportionate on the one hand into a lay
saturated hydrocarbons, and on the other hand into hi
unsaturated cyclic compounds dissolved in the acid ph
which turns a dark red color [41,42].

Gas-phase alkylation did not lead to the formation
alkenyl ions. This is seen in the absence of bands in
region 1500–1540 cm−1. We explain this with the lowe
concentration of reactants in the zeolite pores (gas p
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vs liquid phase) and the shorter total time on stream, w
is backed up by the silanol groups of the zeolite still be
visible in the spectrum of the gas-phase alkylation sam
A similar behavior was observed by Kiricsi et al. [13]. A
sorption of pure butene on La-BEA immediately led to
formation of alkenyl ions, while upon adsorption of a
butene/isobutane mixture the formation of alkenyl ions w
strongly suppressed. The decelerating effect of isobutan
the deactivation mechanism is twofold: (1) a high conc
tration of isobutane (achieved by high P/O ratios in the f
stream and by backmixing the reactor contents) slows d
the buildup of high-molecular-weight compounds, which
the precursors of the alkenyl ions. (2) Isobutane compet
the hydride transfer step with the unsaturated compou
A higher isobutane concentration will therefore inhibit t
formation of enylic cations.

In liquid acids [25] and zeolites [43] at room temperat
or below, alkenyl ions are the end product of such carben
ion reactions. The situation changes at already moder
increased temperatures, as can be seen by the prese
aromatics in the deposits. A further deprotonation/hyd
transfer step of a cyclohexenyl cation leads to a benzen
ion. The proton affinity of cyclohexadiene (837 kJ/mol)
is significantly higher than the proton affinity of benze
(750 kJ/mol). Thus, a relatively high energy barrier must
overcome to form the benzenium ion. This should lead
high-temperature sensitivity for the formation of these io
A steep increase in aromatic protons with reaction temp
ture as measured with1H NMR confirms this hypothesis (se
Fig. 10). At low reaction temperatures, most ions are o
aliphatic and naphtenic nature. Once the temperature is
enough, they are converted to aromatics. At even higher
peratures, polyaromatic compounds would be produced
same trend is observed during the temperature-program
desorption of the adsorbed deposits (see Fig. 4). A
matics leave the zeolite pores only at temperatures a
200◦C, condensed aromatics above 300◦C. The desorption
of aliphatic compounds has ceased completely at these
peratures. Since the deposit contains only a small amou
aromatics, most of the desorbing products must be prod
in situ during the heating process. Performing the alk
tion reaction at such high temperatures would give sim
deposits as produced during the TPD [4]. It must be emp
sized here that the difference in the nature of the dep
at low and high reaction temperatures is not reflected in
product distribution. Alkylation products leaving the zeol
pores at low temperatures are the same as at high tem
atures, although they exhibit considerably different se
tivities. This is concluded from the product chromatogra
exhibiting the same peaks in all runs. Alkylation at 130◦C
produces the same compounds as alkylation at 40◦C, al-
though the deposits are significantly different.

The results presented in this study establish that on
fraction of the adsorbed species resembles the conjunct
mers formed in liquid acid-catalyzed alkylation. On the o
hand, they contain alkanes and mono-olefins; on the o
.

of

d

-
f

r-

-

hand, they contain aromatic fragments. Both are not fo
within the conjunct polymers. While the former are alk
lation and oligomerization products, the appearance of
latter is a consequence of the substantially higher reac
temperature with zeolites.

4.3. Interaction of the coke molecules with the acid sites

The question remains how the catalysts deactivate
principle, two mechanisms are possible. These are
blocking and site blocking/poisoning. The first mechan
implies that bulky molecules of arbitrary chemical nat
grow in the catalyst pores. When these molecules rea
certain critical size, they cannot diffuse out and block
pores byphysical presence. The second mechanism requ
the formation of a strongchemical bond between the ad
sorbate and the active site. To discriminate between the
mechanisms, the deactivated catalysts are analyzed by
gen and pyridine adsorption (see Figs. 5 and 6). The mi
concentration of mesopores shows that under these c
tions the pores are completely full. Nitrogen as a nonp
and nonbasic molecule cannot enter the micropore syste
all (at the rather low temperature of 77 K, at which the
sorbed molecules are very rigid). Pyridine as a strong b
on the other hand, can enter and even replace some ads
species, as seen in the formation of the pyridinium ion
the negative hydrocarbon bands. A similar replacemen
been described for zeolites coked inm-xylene transforma
tion. Pyridine was found to replace a substantial amoun
coke molecules. The authors observed a concomitan
crease of hydrocarbon bands upon adsorption of pyrid
Bands at 1350, 1505, 1590, and 1600 cm−1 wavenumbers
were found to decrease or disappear [44]. The theore
description of this phenomenon was given by Song et
who studied the 1,3-dimethylcyclopentenyl carbenium
(C7H11

+) adsorbed on H-ZSM-5. Coadsorption of ba
molecules led to a deprotonation of the carbenium ion
form the neutral diene only when the employed base ex
ited a proton affinity higher than the deprotonation entha
of the ion [45]. Only those reactions will be thermodyna
ically favored, which produce more stable carbenium io
Pyridine with its very high proton affinity of 930 kJ/mol
can replace almost all carbenium ions. Hydride transfer f
the most abundant hydride transfer agent isobutane (hav
proton affinity of 678 kJ/mol) to a substituted cyclopenten
ion (a corresponding parent, e.g., 1-methylcyclopentene
ing a proton affinity of 817 kJ/mol) to give a simple isobuty
ion (or alkoxide) should therefore be highly unfavorab
Thus, once an acid site is occupied by a cycloalkenyl
it is lost for the alkylation chemistry. The steep increase
the MALDI signal intensity at the end of the active ca
lyst lifetime shown in Fig. 13 can be interpreted in line w
this reasoning: When a significant number of acid site
deactivated by alkenyl ions the remaining sites experien
higher butene concentration, which speeds up the forma
of further alkenyl ions. The deactivation therefore is auto
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celerated. This phenomenon is responsible for the sud
drop in conversion, which is often observed with solid a
alkylation catalysts.

H-BEA exhibited a similar behavior during pyridine an
nitrogen adsorption. This material follows the same dea
vation route as faujasitic catalysts. Differences arising fr
a different pore topology may be reflected in the low
CH3/CH2 ratio seen in the IR spectra of the deactivated
alysts, as shown in Fig. 2. The straight channels in zeo
BEA may not allow the same degree of branching tha
possible in the more spacious supercages of faujasites.

Table 2 shows that the lifetime of La-H-X runs throu
a maximum at 75◦C. At both low and high reaction tem
peratures the lifetime is significantly lower. Assuming t
irreversible adsorption of alkenyl ions to be the only dea
vating route, the lifetime should be highest at low tempe
tures and constantly decline with increasing temperature
cause of the increasingly unsaturated nature of the dep
To account for the short lifetimes at low reaction tempe
tures, we attribute this to the strongly hindered diffusion
bulky high-molecular-weight alkanes. With increasing te
perature, diffusion will be facilitated, but the increasing h
drogen deficiency of the molecules will bind them to the a
sites. Thus, the lifetime exhibits a maximum, at which
diffusion is sufficiently fast and the rate of formation of u
saturated compounds is still slow.

Deactivated faujasitic alkylation catalysts typically co
tain 10–20 wt% hydrocarbon deposits [4,8,46]. Assum
an average density for the deposits of 0.9 g/ml and a pore
volume of 0.16 ml/g (see Table 1), roughly 15 wt% cok
would fit in the pore system. This suggests that the po
of deactivated catalysts are completely filled. On the o
hand, taking an acid site density of 0.6 mmol/g and an av-
erage molar mass of 250 g/mol for the molecules adsorbe
on the acid sites also gives a coke loading of ca. 15 w
It can be concluded from this that almost all hydrocarb
in the zeolite pores are adsorbed on the acid sites, but a
end of the catalyst lifetime they completely fill the pore s
tem. Since a substantial fraction of these compounds ca
replaced by pyridine, some of them obviously are not
bulky to leave the pores. However, their chemical interac
with the acid sites strongly retains them in the pores. Th
calculations also rule out the assumption that carbonac
species might preferentially grow on the outside and sim
block the entrance into the pore system.

5. Conclusions

During zeolite-catalyzed isobutane/butene alkylati
which almost exclusively produces isoalkane product
highly unsaturated and highly branched polymer is form
The polymer is strongly adsorbed on the acid sites
completely fills the pores at the end of the reaction. W
increasing reaction temperature, the deposits are inc
ingly hydrogen deficient and are of increasingly aroma
.

s

-

nature. The deposits contain compounds, which are sim
to the conjunct polymers formed during alkylation with li
uid acids. Additionally, zeolitic deposits contain alkanes a
aromatics, which are not present in conjunct polymers.

MALDI-TOF MS and LDI-TOF MS both gave spectr
when applied on the deactivated catalysts. MALDI m
likely selectively detected oxidized products. Ions absorb
in the wavelength region of the laser were detected in
LDI experiments. Some of the aromatic molecules pre
in the deposits might have acted as matrices for other c
pounds. The molecular weight distribution is in good agr
ment with the distribution measured by GC-MS. Howev
the assignment of individual masses to certain types of c
pounds is still ambiguous. The interpretation of MALDI a
LDI spectra should be of lesser complexity when used
catalysts with purely aromatic coke.
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