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Alkylation of isobutane with 1-butene was carried out in the lig-
uid phase at 353 K on beta zeolite catalyst samples with varying
framework Si/Al ratios and particle sizes. The specific external sur-
face area determined with nitrogen physisorption and t-plot anal-
ysis is the key parameter to rationalize alkylation activity and sta-
bility. The catalytic activity of zeolite beta samples with specific
external surface areas smaller than ca 280 m? g~ suffers from in-
tracrystalline diffusional limitations. The critical particle size to
avoid diffusional limitations is estimated at 14 nm. In the absence of
diffusional limitations, the alkylate yield obtained during the cata-
lyst lifetime is proportional to the number of Bronsted acid sites in
the zeolite and amounts to ca 3 kg mole™2, irrespective of the acid
site density. The deactivation of the samples is explained by a site
coverage model. 1998 Academic Press

INTRODUCTION

Driven by environmental concerns, the levels of olefins
and aromatics tolerated in gasoline are continuously de-
creasing. To cope with the volume reduction of the total
gasoline pool and with the losses in octane numbers, alkyla-
tion processes converting lower alkenes and isobutane into
branched isoalkanes with high octane numbers have be-
come important gasoline production processes (1). As the
current alkylation technology makes use of homogeneous
acid catalysts such as hydrofluoric and sulfuric acid, there
is considerable interest in the development of alternative
technology based on heterogeneous catalysts (2).

With heterogenized gaseous and liquid strong acids (3-6),
the risk of leaching of the “immobilized” acid always re-
mains, requiring continuous addition of fresh acid. The
development of true solid acid catalysts and appropriate re-
actor technology for these demanding alkylation reactions
is a challenge. Strongly acidic solids including chlorinated
alumina (7), acid resins (8), sulfated zirconia (9), and acid
zeolites (10-22) have been evaluated as potential catalysts.

In literature, zeolite alkylation catalysts have received
much attention (10-22). Whereas medium pore zeolites are
rather inactive as a result of unfavorable molecular shape

! Corresponding author. E-mail: johan.martens@agr.kuleuven.ac.be.

selectivity (13, 17, 18), large pore zeolites invariably show
rapid deactivation (10-16, 18-22). Obvious reasons for fast
deactivation of zeolite catalysts are pore blockage and poi-
soning of active sites with heavy reaction products (23).
Simpson et al. (24) modeled transient conversion data dur-
ing alkylation of isobutane with trans-2-butene over ultra-
stable Y zeolite and proposed a site-coverage deactivation
model. In this model, the kinetic constant of hydride trans-
fer to Cg alkylcarbenium ions was found to be too slow
compared to that of olefin addition to the same carbocation,
leading to a deposition of heavy oligomers on the individual
acid sites. Weitkamp and Maixner (25) characterized deac-
tivated lanthanum Y zeolites using **C MAS NMR and IR
spectroscopy and concluded that the carbonaceous deposits
formed in alkylation reactions at 353 K had a H/C ratio of
1.8, which is slightly below that of an alkene.

Zeolite beta has been found to deactivate less rapidly
compared to faujasite zeolites (18, 20). Cormaetal. (19) syn-
thesized zeolite beta samples according to various recipes
and were able to correlate the catalytic activity and time-on-
stream stability of a zeolite beta sample with the resistance
to framework dealumination upon calcination and with its
residual concentration of strong acid sites found in their col-
lection of samples. Unverricht et al. (20) used zeolite beta
samples with Si/Al ratios of 12, 19, 70, and 90 and reported
an optimum activity and stability for the sample with Si/Al
ratio of 19. Although the critical physico-chemical prop-
erties governing activity and stability remain incertain, it
appears that activity and stability of zeolite beta samples
are linked, as the most active samples retain their activity
for a longer period. Diffusional limitation of the alkylation
reaction rate is severe at the low reaction temperatures at
which the liquid phase processes even on ultrastable Y type
zeolites (24).

In the present work we investigated the alkylation of
isobutane with 1-butene using two sets of carefully pre-
pared and characterized zeolite beta samples, either with
similar texture and varying acid site density, or with varying
texture. These samples allowed us to determine the deac-
tivation mechanism in zeolite beta, to evaluate diffusional
limitations, and to identify the critical parameters limiting
the zeolite beta catalyst lifetime.
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EXPERIMENTAL

Zeolite Beta Samples

The origin, modification, and physico-chemical proper-
ties of the zeolite beta samples are shown in Table 1. Beta
PQ1 was dealuminated with hydrochloric acid, by slurrying
5 g of the sample in 100 ml solution of 0.1 N HCI (Beta
PQO0.1N) or 0.5 N HCI (Beta PQO0.5N) for 2 h at room tem-
perature. The samples were washed with distilled water un-
til the pH of the slurry was neutral, dried, and calcined at
823 K in a muffle furnace. All zeolite beta samples were
cation exchanged with NH4CI using a 0.5 M NH4CI solu-
tion for 12 h under reflux conditions to remove cationic
aluminum species dislodged from the framework as well as
residual alkali metal cations.

The total and framework aluminum content of the sam-
ples (Table 1) was determined by quantitative 2’Al MAS
NMR on a Bruker MSL 400 instrument, at a frequency
of 104.3 MHz, a rotor spinning frequency of 11 kHz, us-
ing 0.5 M aqueous AI(NOs3) as chemical shift standard, and
Beta PQ1 with total Si/Al ratio of 12.8 and framework Si/Al
ratio of 17.3 as aluminum concentration standard. The to-
tal aluminum content is obtained by the integration of the
entire 2’ Al MAS NMR intensity, the framework aluminum
content by integration of the signal intensity from 10 to
70 ppm. The number of scans was 6000, the pulse length
0.61 us and the repetition time 0.1 s. Before use, all samples
were hydrated to constant humidity by storing them over a
saturated solution of aqueous NH,CI.

Infrared spectra were recorded on a Nicolet 730 FTIR
spectrometer. The zeolite powders were compressed into
self-supporting wafers and placed in a vacuum chamber
equipped with CaF, windows, mounted in the spectrometer.
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The zeolite wafers were heated overnight in vacuum at
733 K, the spectra were recorded at room temperature. For
the quantification of the hydroxyl concentrations, the ab-
sorbances were recalculated to a wafer thickness of 1 mg of
dry sample per cm? of wafer surface area using Beers law.
A straight baseline tangential to the spectra at 3800 and
3000 cm~* was used for quantification purposes.

Nitrogen adsorption isotherms at 77 K were recorded
on degassed samples with an Omnisorp 100 instrument
from Coulter operated in the continuous flow mode. The
isotherms were transformed into t-plots according to the
method of Lippens and de Boer (28). For adsorbed film
thicknesses between 0.3 and 0.9 nm, the t-plots were linear
(R value of at least 0.99). Micropore volumes and specific
external surface areas given in Table 1 were derived from
the t-plot curve, using the intercept with the Y axis and the
slope of the straight line, respectively.

Reactor Setup

Seven-tenths grams of catalyst pellets with diameters of
0.5 to 0.8 mm, obtained by compressing the powder into
tablets, crushing, and sieving, were loaded in a stainless steel
reactor tube with internal diameter of 1 cm and a length of
10 cm. The catalyst bed was fixed between two plugs of
quartz wool and the remaining empty volume filled with
glass beads of the same diameter. The catalysts were pre-
treated in situ in a flow of oxygen gas of 100 ml/min. The
temperature profile for the pretreatment comprised heat-
ing at a rate of 2 K/min to 383 K, an isothermal period of
2 h, a second heating step to 723 K at 2 K/min and an-
other isothermal period of 5 h. The reactor was cooled to
353 K and the activated catalyst was contacted first with hex-
ane, pumped through the reactor at a pressure of 3 MPa

TABLE 1

Characterization of Zeolite Beta Samples

Si/Al ratio Specific mesopore Micropore
surface area volume
Sample Origin/original form Modifications Total Framework (m?g)? (ml/g)¢
Beta U Ueticon/H-form NH;-exchange 9.9b 13° 284 0.19
Beta PQ1 PQ (CP811)/H-form NHg-exchange 12.82 17.3° 361 0.17
Beta PQO.1N Beta PQ1 Acid leaching 0.1N HCI/NH4-exchange 24.6° 33P 370 0.17
Beta PQO.5N Beta PQI Acid leaching 0.5N HCI/NH4-exchange 57.7° 77° 373 0.16
Beta PQ2 PQ (CP806) Calcination at 550°C/NH4-exchange 12.5° 16.7° 346 0.17
as-synthezised
Beta C Synthezised according Calcination at 550°C/NHj-exchange 7.5° n.d. 84 0.21
to (26) ex B1
Beta F Synthezised according Calcination at 550°C/NHg-exchange 12¢ n.d. 43 0.15

to (27) ex5

2 Determined by chemical analysis, data from manufacturer.

b Determined by quantitative 2’Al MAS NMR.

¢ Determined by chemical analysis, data from original literature.

4 Determined with nitrogen physisorption at 77 K and t-plot analysis.



ALKYLATION OF ISOBUTANE

using a Waters 590 HPLC pump to establish liquid phase
conditions in the reactor. The feedstock consisting of an
isobutane/1-butene mixture with amolar ratio of 100/1, con-
taining 1 wt% of nonane as internal standard was delivered
to the reactor using a mass flow controller for liquids (Rose-
mount/Brooks Instruments B.V., type 5881) from a storage
vessel pressurized at 3.5 MPa with nitrogen. The WHSV
(weight hourly space velocity) of the liquid feedstock was
53.5hL

The reaction products were analyzed using a high res-
olution gas chromatograph with F.1.D. detector (HP 5890
series I1) and WCOT fused silica column from Chrompack
(CP-Sil-5-CB with a film thickness of 5.49 um, and a length
of 50 m). The reaction product stream was sampled at
high pressure using a liquid sampling valve with an in-
ternal volume of 0.1 ul. Collection and temporary storage
of product samples is achieved using a 10-way valve with
four external loops. A flow scheme of the unit is shown in
Fig. 1.

Catalytic Definitions

As double bond shift in 1-butene was found to be very
rapid, in the reaction conditions, the C4 double bound
isomers are considered as unconverted feed, denoted as
“butene.” The butene conversion, Xy, has been calculated

3.5 MPa
-
- —
feed hexane
o, /fumace
N, l—Treactor
| OH
o
GC
® e
3 MPa
out
FIG. 1. Flow scheme of the liquid phase alkylation reaction unit

(MFC = mass flow controller for liquids; 4LV = 4 loop valve; HPLV = high
pressure liquid valve for sampling, GC =gas chromatograph, and PC =
personal computer).
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from the integrated GC peak areas, A;, using the expression

W YA
Xo (%) = "
b

w

100

in which W stands for weight fraction; the subscripts b and s
refer to butene and internal standard, respectively; the su-
perscripts f and p refer to feedstock and reaction products,
respectively.

The selectivity for a specific product fraction i, S;, is de-
fined as the number of moles of product i produced per
mole of butene converted. It is calculated according to the
formula

We A
a CN
%) = 222100
S (%) W x, 4
MW, 100

in which CN; and MW; are the carbon number and the
molecular weight of the product molecules i.

The CN of the reaction products was always 5 or higher
(C). The sum of selectivity’s (3.S) in percentage corre-
sponds to the number of moles of C} products formed per
mole of butene converted, multiplied by 100. Pure alkyla-
tion results in a sum of selectivity’s of 200%, while pure
oligomerization gives a sum of selectivity’s of only 100%.
Sums of selectivity’s lower than 100% are indicative of a
deficiency in the hydrocarbon mass balance and retention
of heavy products on the catalyst.

Since all oligomerization products cannot be distin-
guished from alkylation products, it was not possible to de-
termine the alkylate yield exactly. The alkylate yield (Y)
used in this work is defined as the yield of C} products (g)
obtained per unit weight of catalyst (g), integrated over the
catalyst lifetime from the start of the catalytic experiment
until a time 7 at which the sum of selectivity’s dropped be-
low 120%:

Y = /O(Z S/lOO)(Xb/IOO)(Fb/WC)dt.

The 1-butene fed (Fp) and the catalyst weight (W;) are ex-
pressed in grams.

RESULTS AND DISCUSSION

Characterization of Beta Samples

The hydroxyl spectra of zeolite beta catalysts (Fig. 2), all
show typical hydroxyl bands: an intense silanol band at ca
3745 cm™?, bridging hydroxyls at ca 3610 cm™2, a weak very
high frequency (VHF) band at 3780 cm™, and a weak sig-
nal at 3660 cm~L. In the literature, the bands at 3780 and
3660 cm~! are assigned to hydroxyls linked to aluminum
atoms dislodged from the framework (29-31). The intensi-
ties of the VHF and 3660 cm~! bands are lower in sample
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FIG. 2.

Beta PQ2, compared to the two other commercial samples.
In sample beta C, the relative intensities of the hydroxyl
bands are different. The higher intensity of the stretching
vibration band of the bridging hydroxyls (3610 cm~1) is due
to the higher aluminum content of sample beta C (Si/Al ra-
tio of 7.5). In beta C, the intensities of the silanol vibration
band and, especially, of the band at 3660 cm™2, are signifi-
cantly lower compared to the commercial samples.

Dealumination of Beta PQ1 with HCI leads to a gradual
reduction of the intensity of the 3780, 3660, and 3610 cm™*
bands and to an increase of the intensity of the silanol vibra-
tion. This dealumination was also evidenced with quantita-
tive 2Al MAS NMR. The framework Si/Al ratio increases
from the value of 17.3 for the parent sample to 33 and 77
after treatment with 0.1 N and 0.5 N aqueous HCI, respec-
tively (Table 1). A plot of the framework Al content de-
termined with 2’ Al MAS NMR against the absorbance at
3610 cm~* (Fig. 3) teaches that the concentration of bridg-
ing hydroxyl groups in the zeolite is proportional to the
concentration of framework aluminum atoms determined
with Al MAS NMR.

F
_Al
Al siF
0.10
] -
P L 2
0.064 x
P d
-~
P
0.02T - - *
X _a
o= ¢ : : :
0 1 2 3 4 5
absorbance 3610 cm™' IR band
¢ BetaU ®  BetaPQI
* _ BetaPQOIN B Beta PQOSN
FIG. 3. Framework Al/(Al+ Si) atomic ratio, determined with Al

MAS NMR versus IR absorbance at 3610 cm™? (arbitrary units).

3000

4000 3500 3000
Wavenumbers (cm 1)

IR hydroxyl stretching spectra of beta zeolite catalysts.

The morphology of the zeolite beta samples evidenced
with scanning electron microscopy corresponds to ill-
defined particles. The particle size was therefore charac-
terized with nitrogen physisorption and t-plot analysis. The
specific surface area in meso- and macropores derived from
the slope of the t-plots is a measurement of the external spe-
cific surface area of the elementary microporous particles.
The beta samples studied represent a variation of specific
external surface areas from 43 m? g~ up to 373 m? g!
(Table 1). The dealumination of the Beta PQ sample with
HCI did not significantly alter the texture (Table 1).

Alkylation of Isobutane with 1-Butene on Zeolite Beta

The change of butene conversion with time-on-stream,
expressed as the weight of 1-butene per unit weight of
catalyst, is shown in Fig. 4 for Beta PQ1, Beta PQO.1N,
and Beta PQO0.5N. The butene conversion decreases with
time-on-stream due to catalyst deactivation. On sample
Beta PQO.5N, even initially, butene was not entirely con-
sumed. The catalytic activity of zeolite beta is decreased by
dealumination.

X (%)

604

201

0 0.6 1.2 1.8 2.4 3.0
K,/ W, (g/g)
€ Beta PQ1 ®  Beta PQO.IN

¥+  Beta PQ0.5N

FIG. 4. Butene conversion obtained over Beta PQ1, Beta PQO.1N,
and Beta PQO0.5N samples versus its amount fed per unit weight of cata-
lyst (g/g). Reaction conditions: temperature =353 K; pressure =3 MPa;
isobutane/butene (molar) ratio = 100.
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FIG.5. Sum of Selectivity’s obtained over Beta PQ1, Beta PQO.1N,
and Beta PQO.5N samples versus the amount of butene fed per unit weight
of catalyst (g/g) (experiments of Fig. 4).

The sum of selectivity’s obtained with the three catalysts
is plotted against time-on-stream in Fig. 5. On the parent
zeolite beta, initially the sum of selectivitys is 180%, in-
dicative of almost pure alkylation. The decreasing sum of
selectivitys indicates that oligomerization becomes gradu-
ally more important. Hence, deactivation is accompanied
by a decrease in alkylation selectivity, a phenomenon com-
monly observed with zeolites (9, 12, 13, 18). Dealumination
of zeolite beta leads systematically to lower sums of selec-
tivity’s.

However, when the time-on-stream is expressed on
bridging hydroxyl (or framework aluminum) basis, the ex-
perimental butene conversion data (Fig. 6) and the sum of
selectivitys (Fig. 7) can be fitted to a common curve for the
three beta samples. It can be concluded that the number
of butene turnovers performed by an individual acid site in
beta zeolites under the present reaction conditions is inde-
pendent of the aluminum content. Furthermore, itindicates
that catalyst deactivation is caused by a deactivation of the
individual active sites of these beta zeolites, rather than
by a pore-plugging mechanism. The latter would not yield

Xp(%)
100
601
201 * +
0 } } y 4
0 24 48 72 . 9 120
mole butene fed per mole bridging hydroxyls
* Beta PQ1 o Beta PQO.IN
L Beta PQO.5N
FIG. 6. Butene conversion obtained over Beta PQ1, Beta PQO.1N,

and Beta PQO.5N samples versus the number of moles of butene fed per
mole of bridging hydroxyls in the zeolite (experiments of Fig. 4).

549

2Si (%)
200
i
NS
120 ////%//
| _
* | /%//////////////////////////////////////z
OO 24 48 72 .9 120
mole butene fed per mole bridging hydroxyls
< Beta PQ1 o Beta PQO.IN
& Beta POO.5SN
FIG. 7. Sum of selectivity’s obtained over Beta PQ1, Beta PQO.1N,

and Beta PQO.5N samples versus the number of moles of butene fed per
mole of bridging hydroxyls in the zeolite (experiments of Fig. 4).

unique curves. The alkylate yield obtained during the cata-
lyst lifetime corresponds to ca 3 kg per mole framework alu-
minum, irrespective of the aluminum content of the zeolite.
A similar sequential deactivation model has been proposed
by Simpson et al. for ultrastable Y zeolites (24). Such acid
site poisoning finds a rational basis in the reaction mecha-
nisms of acid catalyzed alkylation and oligomerization (32).
Cs alkylcarbenium ions obtained after addition of butene
to C,4 alkylcarbenium ions either abstract a hydrogen atom
from isobutane and desorb as an isoalkane, or react with
butene molecules to become large oligomers irreversibly
adsorbed on the acid site. Corma et al. (22) have investi-
gated the influence of the Si/Al ratio of USY zeolites on
the isobutane/butene alkylation and concluded that a high
aluminum content was favorable for the activity, selectiv-
ity, and stability of the catalyst, as presently observed for
beta zeolites. Its assignment to an enhanced hydride trans-
fer capacity of Al-rich zeolites (22) does not hold for the
present series of high-silica beta zeolites, since the activ-
ity and stability per site is independent of the aluminum
content.

With the different beta samples tested, the reaction prod-
uct distribution, determined at high butene conversion is
very similar and not dependent on aluminum content, nor
on particle size (Table 2). This observation further supports
the proposed unique activity and stability of the acid sites
in beta zeolites. Corma et al. (34) reported sample depen-
dent product distributions for isobutane/2-butene alkyla-
tion using an alkane/alkene ratio of 15 and at 90% alkene
conversion. Under those reaction conditions, alkylation is
accompanied by some oligomerisation, depending on the
nature of the zeolite beta samples.

Comparison of zeolite beta samples with different par-
ticle sizes and similar Al contents was useful to estimate
the occurrence of diffusional limitation. The changes of
butene conversion and alkylate yield with time-on-stream
of these beta samples are reported in Figs. 8 and 9, respecti-
vely. The highest activity, stability, and alkylation yield is
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TABLE 2
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Product Distributions, Samples Taken after 0.3 g of Butene

Fed per 1 g of Catalyst

Beta U Beta PQl Beta PQ2 BetaC Beta F

Conversion (%) 100 100 100 994 923

Product fractions (wt%b6)
C5 5.4 6.5 7.9 6.3 6.6
C6 35 39 2.9 33 33
c7 6.3 6.9 6.5 6.1 6.0
C8 71.8 68.5 66.6 701 707
Co+ 12.9 14.2 16.2 141 134

C8 distribution (%)
Monobranched C8 1.9 1.6 21 14 13
Dibranched C8 15.0 15.9 15.9 150 154
2,2,4-trimethyl pentane  49.5 48.2 47.9 491 479
2,2,3-trimethyl pentane 7.9 6.9 7.6 7.0 6.2
2,3,4-trimethyl pentane  13.6 17.1 16.6 171 182
2,3,3-trimethyl pentane  11.7 10.2 9.5 9.6 10.5

obtained with beta U. With this sample, the sum of selec-
tivity’s reaches initially a value close to 200%, indicative of
pure alkylation. Beta PQ1 and Beta PQ2 are slightly less
active. Beta C and Beta F are much less active. Even initially,
the butene conversion over Beta F sample is incomplete.
These differences in catalytic activity and stability among
the samples do not reflect in every case the differences
in aluminum content or available micropore volumes as
shown by the relationship between the yield of alkylate per
active site and the external specific surface area (Fig. 10).
Up to an external surface area of ca 280 m? g%, the alky-
late yield is proportional to the available external surface
area. This can be explained by the existence of severe in-
traparticle diffusional limitation, the catalytic activity being
concentrated in the outer rim of the particles. For larger
external surface areas,the alkylate yield per site does not
depend on the external surface area and intracrystalline

38; (%)
200
1204 -\-
40}
0 } t t +
0 0.5 1.0 1.5 2.0 2.5
F, / W, (g/g)
® BetaU ® BetaPQl ¥ BetaPQ2
X BetaC B BewF

FIG.9. Sum of Selectivity’s obtained over the zeolite beta samples
versus the amount of butene fed per unit weight of catalyst (g/g) (experi-
ments of Fig. 8).

diffusion is no longer rate limiting. This situation is encoun-
tered in samples Beta U, Beta PQ1, and Beta PQ2. In these
samples the highest possible number of effective turnovers
is obtained. This maximum corresponds to ca 3 kg of alky-
late per mole of acid sites. The transition from the regime
of diffusional limitation to kinetic limitation seems to occur
at an external surface area around 280 m? g~. Assuming a
cubic shape for the zeolite particles and using a density of
1.5 g/cm? for zeolite beta (33), this critical value for the spe-
cific external surface area corresponds to particles of 14 nm.

CONCLUSIONS

In the alkylation of isobutane with 1-butene at 353 K, dif-
fusional limitations are absent in beta zeolites with specific
external surface areas larger than ca280 m?g~?, correspond-
ing to particle sizes smaller than 14 nm. Such small zeolite
beta particles deactivate by a mechanism of coverage of
the individual acid sites with bulky oligomeric reaction
products. The individual acid sites perform an identical
number of catalytic turnovers before deactivation and pro-

duce, irrespective the acid site density, ca 3 kg of alkylate

Y (g/mole OH)

Xy (%)
100
604
20
0 : : ' '
0 0.8 1.6 2.4 3.2 4.0
_Fp/ We (g/8)
® BetaU ® BetaPQl ¥ Beta PQ2
X BetaC B BetaF
FIG. 8. Butene conversion over the zeolite beta samples versus its

amount fed per unit weight of catalyst (g/g). Reaction conditions: temper-
ature = 353 K; pressure = 3 MPa; isobutane/butene (molar) ratio = 100.

40004 -7
3000+ /_,E/_ _ _ﬁ_ i
20004 -7
10004 %
N . ,
0 80 160 240 , 320 400
t -plot surface area (m”/g)
€ BetaU @® BetaPQl o BetaPQ2
X BetaC B BetaF

FIG. 10. Alkylate yield, expressed in grams per mole bridging hy-
droxyls, obtained over the different zeolite beta samples, versus the t-plot
surface area of these samples (experiments of Fig. 8).
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per mole of sites. The present study reveals that the only
way to enhance the activity and stability of zeolite beta for
isobutane alkylation is by increasing the aluminum con-
tent of zeolite beta nanoparticles. Deactivation cannot be
avoided, however.
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