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Boroaluminosilicate zeolites have been used as n-butene isomer-
ization catalysts in this study. AI** free boron zeolites are inactive
for n-butene isomerization. Spectroscopic and microscopic studies
have been used to monitor the structure, thermal stability, and
acidity of these materials. Kinetic studies are the main focus of
this paper, with an emphasis on determination of the mechanism
of n-butene isomerization over boron zeolites. Results show that
the reaction is first order in n-butenes with slow deactivation via
coke formation. Isobutylene, propylene, and C;~C; polymeric spe-
cies are the main products. Comparisons of the activity and selec-
tivity of boroaluminosilicates, Al**-free B zeolites, and AP’* is
necessary to enhance yields of isobutylene. A two-step model is
proposed to account for product selectivity, deactivation, and ob-
served Kinetic data. © 1994 Academic Press, Inc.

INTRODUCTION

There is considerable recent interest in the production
of isobutylene (i-C,Hg) from its isomers due to its use
in production of methyl tert-butyl ether (MTBE) which
has a high octane number (115-135), and is used as a
gasoline additive, and in the production of isoprene
and methacrylic acid which are used in polymer synthe-
sis (1).

Environmental concerns have led to synthetic efforts
to form less volatile commercially useful products such
as isobutylene. Fluorinated Al,O, catalysts have been
used for n-butene isomerization (2, 3), however, such
catalysts cannot suppress polymerization reactions.

Zeolites (4—6) have been used in reactions of n-butenes
with formation of light hydrocarbons, gasoline, diesel
range hydrocarbons, and, in particular, aromatics. Re-
cently, Thomas (7) has suggested that 10 member ring
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zeolites would be useful in the transformation of n-butenes
to isobutylene.

Isomorphous substitution of ions in zeolite frameworks
has recently been a major area of research (8—10). Specific
emphasis has been on the incorporation of Fe**, B**, and
Ga**, particularly in ZSM-5 type materials (11-13). Acidic
properties of resultant materials are significantly modified
from Al**-containing zeolites (14—19). Synthesis and char-
acterization of these systems has been a major focus
(20-24), although sorption and catalytic properties have
also been reported (14, 16-19, 22, 25, 26).

In the case of B** substitution in zeolites, weak acidity
has been observed (14-19) for these materials. Reactions
catalyzed by B** zeolites include isomerization of xylene
(16, 18), n-decane isomerization and hydrocracking (9),
dehydration of alcohols (16, 24), dealkylation (16), alkyl-
ation (17, 22, 25), toluene disproportionation (17, 26),
n-hexane cracking (16), catalytic dewaxing (18), hexene
isomerization (27), pentane hydroisomerization (28), and
cyclopropane isomerization (16). Catalytic activity in
these systems was often linked to trace amounts of A"
in the zeolite and not to the B** content or B’* sites
(16, 20).

Both B-ZSM-5 and B-ZSM-11 with low levels of
AP ions have weak acidity and are thermally stable
in air to about 900°C (29). Luminescence, "B NMR,
Fourier transform infrared, and temperature-pro-
grammed desorption studies were used to monitor the
local B** environment in the zeolite, migration of boron
to the surface of the zeolite and trends in acidity
and stability as a function of boron content. Ab initio
calculations have also been used to study acidic proper-
ties of boron zeolites (30).

This paper concerns the isomerization of n-butenes to
isobutylene over boroaluminosilicates, Al**-free borosili-
cates, and AP**-containing ZSM-5, ZSM-11, and BETA
zeolites. The objective of the work is to study the mecha-
nism, deactivation, and regeneration of boron zeolite cata-
lysts.
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II. EXPERIMENTAL

A. Catalytic Reactor System

The isomerization of #-butenes to isobutylene has been
studied in a stainless-steel continuously stirred tank reac-
tor (CSTR) of 1.5 cm?® volume as has been described pre-
viously (31). The weight of the powdered catalyst is in
the range of 0.1 to 0.3 g and supported on glass wool.
The gas flow control system was operated at 1 atm total
pressure to give flows in the range of 5 to 500 ¢m®/min
which permits work under differential reactor conditions
(conversion <109). In some experiments, water is intro-
duced into the reactive mixture using a saturator.

The composition of the gas mixture at the outlet of the
reactor is studied with gas chromatography (GC) with a
flame ionization detector. The separation of hydrocarbons
is obtained using a GasCHROM C8 column at either a
constant temperature (40°C) for paraffins and olefins up
to C4 (except unresolved C;H, and C,H,) or with tempera-
ture programming (up to 110°C) for heavier hydrocarbons.
The compounds identified at the outlet of the reactor are
CH,, (C,H, or C,H,), C;H,, C;Hq, iso-C;H,y, n-C;H,q,
1-butene, isobutylene, ¢-2-butene and ¢-2-butene with nu-
merous heavier products (30 peaks) detected at lower
concentrations when using temperature programming.
Isobutylene is the primary product with propylene as the
main secondary product of the reaction with its concentra-
tion increasing with conversion (vide infra).

As an example, the composition of the gas mixture at
the outlet of the reactor for 20% 1-butene feed at a high
conversion for a reaction temperature of 523°C is CH, =
0.15%, C,H, or C,H, = 0.4%, C;H; = 0.05%, C;H, =
3.3%, iso-C,H,, = 0.15%, n-C;H,, = 0.02%, I-butene =
2.4%, isobutylene = 5.9%, t-2-butene = 3.3%, and ¢-2-
butene = 2.5%. The other 30 products have not been
quantified but the total area of their peaks from GC studies
represents about 2% of the total area for all peaks. A GC
mass spectrometry (MS) study showed that compounds
having masses as high as 250 corresponding to C;—C,,
compounds were formed. The formation of aromatic com-
pounds from n-butenes over zeolites (ZSM-5) has been
observed by Ono et al. (32).

For some experiments the outlet of the reactor was
connected to a Nuclide magnetic sector mass spectrome-
ter for continuous quantitative analysis of specific gases.
For example, deactivation of the catalyst is observed with
time on stream. Regeneration of the catalyst is obtained
using either hydrogen or oxygen treatment (vide infra).
With the mass spectrometer, the rate of production of
CH, is recorded continuously (peak m/e = 15) during H,
treatment. For O, treatment, the rate of production of
CO, is recorded using the peak with m/e = 44. A diagram
of the reactor is shown in Fig. 1.
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FIG. 1. Diagram of reactor and apparatus: (1) low valves, (2) rota-

meter, (3) three-way valve, (4) reactor, (5) 4 way valve, (6) GC, (7) MS,
and (8) vent.

B. Catalyst Treatment before Reaction

The solids are dehydrated and activated at 520°C under
argon flow (30 cm?/min). The temperature is increased at
50°C/h from room temperature to 350°C and then at 100°C/
h until final temperature (4 h treatment at final temper-
ature.

C. Synthesis of Catalysts

Boron containing zeolites ZSM-5 [B/Al-ZSM-5] and
ZSM-11[B/Al-ZSM-11] containing low levels of AI** ions
were prepared according to procedures discussed else-
where (29). In some cases, Al**-free B-ZSM-11 [B~ZSM-
11] catalysts were prepared by mixing boric acid and tetra-
butylammonium hydroxide at pH 13 in NH,OH and tetra-
ethylorthosilicate to form a sol. This sol was heated at
170°C in an autoclave for 5 days. At times tetrabutylam-
monium iodide salts were used instead of TBAOH. AI’*-
free B~ZSM-5 zeolites [B-ZSM-5] were also prepared in
a similar manner by using tetrabutylammonium bromide
(33). For some experiments, boron-BETA zeolite [B/Al-
BETA] was prepared according to procedures described
in the literature (34).

D. Morphology Studies

Scanning electron microscopy (SEM) experiments
were done onan AMRAY 1810 D scanning electron micro-
scope with an AMRAY PV9800 energy dispersive X-ray
(EDX) analyzer.

E. Infrared Experiments

Fourier transform infrared (FTIR) experiments were
done on a Mattson Galaxy spectrometer having a resolu-
tion of 2 ecm™! by using either self supporting wafers or
KBr pellets and a triglycine sulfate detector. Pyridine
chemisorption experiments were done with self support-
ing wafers in a home-built in situ cell by first dehydrating
the zeolite to a desirable temperature (typically 380°C)
followed by sorption of pyridine at room temperature.
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TABLE 1
Synthetic and Analytic Data for Catalysts”

Catalyst (B]* [AI Si source?
B-ZSM-5 0.40 <1 TEOS
B-ZSM-11 0.25 <1 TEOS
B-Beta 0.85 <1 TEOS
B/AI-ZSM-S 0.52 200-300 Ludox
B/Al-ZSM-11 0.25 200-300 Ludox
B/Al-Beta 1.24 200-300 Ludox

« [B] and {Al] determined by atomic absorption methods.
b In wt%.

¢ In parts per million.

4 TEOS, tetraethylorthosilicate.

Samples were evacuated at 1 x 107° Torr overnight to
remove physisorbed pyridine.

F. Ammonia Desorption

Ammonia sorption and desorption experiments were
done on a home-built reactor system consisting of a gas
chromatograph detector, a tube furnace, a temperature
programmer, an integrator, and a stainless-steel reactor.
Linear temperature program rates are used in these exper-
iments. Samples were first dehydrated in situ in He at
500°C for 1 h, then cooled to 100°C in He, then ammonia
was sorbed at 100°C, then physisorbed ammonia was re-
moved with flowing He at 100°C overnight for sorption
experiments. Temperature programming in He gas was
then carried out.

III. RESULTS

A. Synthesis

Synthesis of AP*-free B-ZSM-5 and B-ZSM-11 crys-
tals was verified by X-ray powder diffraction, atomic ab-
sorption, and energy dispersive X-ray analyses. X-ray
powder diffraction patterns consistent with the desired
B-ZSM-5 or B-ZSM-11 phases were obtained. Unit cell
volume for B-ZSM-5 with no A" is 5304 and 5343 A® for
B-ZSM-11. AI** content was consistent with levels below
1 ppm from atomic absorption experiments. Crystallo-
graphic diffraction patterns for boron-BETA zeolite were
obtained that are consistent with the BETA structure.
Compositions of all B-containing materials reported
throughout this paper are given in Table 1 along with B
and Al contents determined from atomic absorption ex-
periments.

B. Morphology

The morphology of Al**-free B-ZSM-11 crystals was
markedly different than materials containing 300 ppm AI**
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[B/Al-ZSM-11] materials as described in earlier research
(29). An SEM photo of an AP*-free B-ZSM-5 crystallite
having a rice shape and a length of about 2 um and a
width of about 1 wm is shown in Fig. 2. A corresponding
energy dispersive X-ray analysis for this material is given
in Fig. 3.

C. Infrared Spectroscopy

Infrared spectra for B/Al-ZSM-5 dehydrated at 700,
800, and 900°C are shown in Fig. 4. Bands at 1383 and
961 cm™! are observed for this material. Similar bands
at 1384 and 933 cm™! are observed for B/AI-ZSM-11.
Pyridine chemisorption experiments with FTIR detection
show the presence of both Lewis and Bronsted sites in
all of these boroaluminosilicate materials, including B/
Al-ZSM-5, B/AI-ZSM-11, and B/AI-BETA.

D. Ammonia Desorption

Ammonia TPD Data for B/Al-ZSM-11 for different
calcination temperature treatments are shown in Fig. §.
The number of micromoles of ammonia decreases almost

in a linear manner as calcination temperature is increased
from 600°C to 900°C.

E. Kinetic Results

The major goal of this research is to determine the
experimental conditions to be used for selective conver-
sion of n-butenes to isobutylene over boroaluminosilicate
zeolite catalysts. The conversion of n-butenes (1-butene,
B1; ¢-2-butene, B2C; and ¢-2-butene, B2T) to isobutylene
(I) on AI**-free materials (B—ZSM-5, B-ZSM-11, and B-
BETA) has not been detected in the range T < 530°C.
At these temperatures over borosilicate materials, only
interconversion of n-butenes is observed. All other stud-
ies reported here are for boroaluminosilicate zeolites (29)
containing some AlI** (300-800 ppm). Earlier reports sug-
gest that trace levels of AI’" are responsible for acid-
catalyzed reactions (16, 20).

For boroaluminosilicate solids studied here, intercon-
version of n-butenes is observed even at room tempera-
ture. Starting with B1 (20% B1/He) as reactant, the initial
selectivity at room temperature for a conversion of 2% Bl
is B2C/B2T = 1.4, a value higher than the thermodynamic
ratio. Deactivation with time on stream (TOS) is ob-
served. Others have studied the conversion of B1 to B2C
and B2T (35) in great detail. These reactions are first order
as on classic oxide catalysts like SiO, and Al,O; (36) and
global reversible kinetic models (35) have been proposed
as depicted below:

//BZC\

Bl == B2T
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FIG. 2.

The activation energy for the isomerization of Bl has
been found to be about 55-63 kJ/mol for various zeolites
(35). Therefore, at the high temperatures needed for for-
mation of I (T > 400°C) even with a high space velocity
the conversion of Bl to B2C and B2T will be high. In
fact, the thermodynamic ratio for normal butenes here is
almost obtained. For example, the thermodynamic mole
fractions x; (i = 1, Bl; i = 2, B2C; and i = 3, B2T) at
523°C are x; = 0.213, x, = 0.30, and x; = 0.445 [using
thermodynamic data from (37)]. At the same temperature
using 20% B1/He, the composition of normal isomers is
x; = 0.30, x, = 0.30, and x; = 0.31 for a conversion of
n-butenes to isobutylene of 10%. These values are close
to the thermodynamic equilibrium for s-butenes (38).

SiKa
OKa ‘
— } + —+ t i
0 1.00 2.00 3.00 4.00 5.00
FIG. 3. Energy dispersive X-ray analysis of AP*-free B-ZSM-11.

Scanning electron micrograph of Al**-free B-ZSM-11.

Therefore, only the conversion of n-butenes (B) to [ is
discussed here.

F. Deactivation Effect

Figure 6 shows al/ar at 523°C vs TOS for a 20% B1/
He feed, a mass of B/AI-BETA catalyst of 0.115 g, a flow
rate of 20 cm*/min, and a conversion of 5%. The B/Al-
BETA catalyst deactivates slowly at this temperature and
a real steady state is never obtained even after several
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FIG. 4. FTIR spectra of B/AI-ZSM-5 Calcined at 700, 800, and
900°C.
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FIG. 5. Plot of micromoles ammonia vs calcination temperature (°C)
for B/AI-ZSM-11 (0.28 wt% B).

hours. A slow accumulation of by-products occurs contin-
uously. If the temperature of reaction is increased the
rate of deactivation is higher. This general effect is ob-
served for all boroaluminosilicate catalysts that have been
studied in our laboratories.

G. Diffusion Effects

1. External diffusion. External diffusion effects have
been studied for low conversion values for n-butenes
(<5%), under differential reactor conditions. Figure 7
shows the rate of I formation as a function of flow rate
for three temperatures of reaction, using a mass of B/Al-
BETA catalyst of 0.12 g. A constant rate is obtained only
for flow rates >18 cm?/min because at lower flow rates,
external diffusion influences the rate of production of /
(39a). In order to avoid external diffusion control, flow
rates >18 cm’/min were always used. Note that these
two curves can not be used to determine the activation
energy of reaction because (due to continuous deactiva-
tion of the catalyst) activities can not be measured for the
same surface densities of sites. The data at 532°C repre-
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FIG. 6. Plot of activity (umol/g - min) for isobutylene formation vs
time in min, B/AI-BETA catalyst, 523°C, 5% conversion.
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FIG. 7. Plot of activity (umol/g - min) vs flow rate for B/AlI-BETA
zeolite: (A) 440°C, (O) 523°C, and (+) 502°C.

sent a B/AI-BETA catalyst that has already been used
for several hours longer than the data at 502°C, however,

activity is significantly lower. Similar trends were ob-
served for B/AlI-ZSM-5 and B/Al-ZSM-11.

2. Intraparticle diffusion. The effects of intraparticle
diffusion can only be estimated since it is difficult to pro-
duce zeolites of controlled particle size, especially for
zeolites having different amounts of B and Al and different
pore sizes. Crushing the initial particles (average diameter
2 um, see Section 1V.B) to obtain particles of smaller
sizes may change the morphology of the particles and
catalytic sites.

Using the classical formula (39a)

;= R} (r)/Dyy ¢ (1]

and considering the value of the various parameters, R,
the radius of the particles = 1 X 107 cm, r the rate of [
formation at 502°C = 0.8 umol/g s, with a density of
zeolite of 1.1 g/cm?, ¢ the reactive concentration in the
gas phase = 3.1 umol/cm® and a D of 2.6 x 107 cm?/
s (40) a Thiele modulus (®,) of 1.3 x 1072 is obtained.
The value of D is unknown, however, a value at ambient
temperature of 2.6 X 107° cm?/s has been obtained by
Kirger and Michel (40). This &, value is so small (ac-
cording to the kinetic order of the reaction) that diffusion
can not contribute significantly to kinetic processes (39b).
Since the value of D will even be higher at higher temper-
atures (such as reaction temperatures) the value of ®, will
even be lower. These calculations suggest that internal
diffusion does not contribute significantly to kinetics de-
scribed here.

H. Kinetic Order for Isobutylene Formation

Figure 8 shows a plot of the rate of I formation at 500°C
versus partial pressure of total n-butenes for two different
values of TOS. Curves B and C represent a B/AI-BETA
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FIG. 8. Plot of activity (umol/g-min) of isobutylene, B/AI-BETA
vs partial pressure of n-butene. (A) 72 h TOS, (@) 74 h TOS and, (+)
aged catalyst (74 h TOS) spiked with H,O.

catalyst treated for 72 h TOS and the same material re-
acted for 2 more hours for a total of 74 h TOS, respec-
tively, in a 20% B1/He feed using a differential reactor
with a conversion <10%. In both cases, a straight line is
obtained which shows that a1/dt is first order in n-butenes.
Similar data are observed for B/AI-ZSM-5 and B/
Al-ZSM-11. Assuming that each n-butene produced iso-
butylene in a first-order reaction, the rate of isobutylene
(1) formation will be

alll/at = k,[B1] + &,[B2C] + k,[B2T]. [2]

Assuming the same rate constant for each step, i.e., k| =
k, = ky = k, this gives:

o{I)/ar = k([B1] + [B2C] + [B2T}) = k[B}, (3]

which is the same as the observed experimental law.

The second major product after I is propylene. The
Kinetic order for the formation of propylene from n-bu-
tenes is 3/2. A straight line is obtained by plotting the
rate of formation of propylene versus Py(3/2) with Pg (the
total pressure of n-butene).

I. Selectivity to Isobutylene Versus Total
n-Butene Conversion

Figure 9 (@) shows a plot of selectivity to 1 defined as
Y = [11/[B,] (B, = initial [butene]) versus total conversion
{X = ([By,] — [B])/[B,]} ranging from 0 to 1) for B/Al-
BETA zeolite at 523°C for a feed of 20% Bl/He. The
maximum value of Y for [ is 0.29 obtained for a total
conversion X of n-butenes of 0.5. At this point, almost
half of the n-butenes produce byproducts, the majority
of which is propylene. The slope near X = 0 is about 0.62
and the slope near X = 1 approaches a value of 1. Figure
9 (A) shows a similar curve but represents a feed of 70%
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FIG. 9. Plot of isobutylene selectivity vs total conversion for B/
Al-BETA zeolite: (@) isobutylene selectivity, 20% n-butene feed; (A)
isobutylene selectivity, 70% n-butene feed; (O) C,Hg selectivity, 70%
n-butene feed; and (+) C;H, selectivity, 20% n-butene feed.

Bl/He. The maximum yield of 7 is lower than that ob-
served for 20% B1 with a maximum total n-butene conver-
sion (X) occurring at 0.52. The slope at X = 0is 0.47 and
for X = 1 approaches —1. Figures 9 (O) and (+) represent
conversion of C;H, for the 20% B1 and 70% BI feeds,
respectively. Similar trends are observed for B/Al-ZSM-
5 and B/AI-ZSM-11.

J. Selectivity to n-Butenes during
Isobutylene Conversion

Isomerization of I to n-butenes has been studied using
similar experimental conditions described above for a-
butene isomerization by using a 20% I/He feed with a B/
Al-BETA catalyst. Figure 10 gives the selectivity of -
butene ([B]/1,]) versus total conversion (X) of I {({I, —
(ID/[1,]}. These data show a value of ¥ of 0.46 at a total
conversion of I of 0.58. The slope for a value of X near
01is 1 and for X at 1 approaches —1. These data suggest
that during n-butene isomerization to I that n-butenes (not
1) are responsible for the formation of byproducts.
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—

0.80

0.00

0.00 0.20 040 0.60 1.00

Total Conversion, X

FIG. 10. Plot of n-butene selectivity vs total conversion for B/Al-
BETA zeolite, 20% I/He feed, 523°C.
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K. Other Kinetic Data

1. Hydrogen production during isobutylene forma-
tion. The production of H, during n-butene conversion
over B/Al-BETA zeolite was recorded using a mass spec-
trometer instead of the FID. About 0.9 umol/g min H, is
produced for a rate of / formation of 86.5 umol/g min.
These data suggest that there is no direct correlation be-
tween the I and H, products. The low value for H, forma-
tion suggests that this product comes from dehydrogena-
tion steps during the formation of byproducts. In order
to show that H, does not have a significant effect during
I formation, a reactive mixture of 20% B1/20% H,/He
was used. No change in rate of / formation was observed
under these conditions with respect to non-H, containing
feeds. These data suggest that H, does not participate in
I formation or in n-butene transformations.

2. Effect of the presence of water during n-butene con-
version. At a reaction temperature of 523°C for B/Al-
BETA catalyst, a switch was made between two reactive
mixtures: (20% B1/He) and (20% B1/H,0/He) with water
saturated at 18°C. The rate of I formation increases from
28.8 umol/g min to 32.4 umol/g min on spiking the catalyst
treated for 74 h shown in Fig. 8, Curve C with water
(Curve A of Fig. 8). This enhanced rate of formation of /
can be explained by an increase in the number of Brgnsted
sites of the solid due to the dissociation of H,O on Lewis
sites. This is verified by monitoring the IR spectrum.

3. Regeneration of the catalyst. Figure 6 shows that
these boroaluminosilicate catalysts deactivate slowly at
a constant temperature. After several hours of TOS, the
rate of production of I at 523°C using 20% Bl/He with
B/AI-BETA is 22 umol/g min. The feed was then switched
to 1 atm H, (30 cc/min) and CH, production was moni-
tored using an MS. A decreasing exponential profile was
recorded with an initial rate of CH, formation of 4 umol/
g min. The total quantity of CH, formed after 75 min is
8.9 umol/g. After this treatment, the initial rate of produc-
tion of £ at 523°C using a 20% B1/He feed is 24.9 umol/g.

After the treatment in H, and a purge with He, the
catalyst has been treated in a 5% O,/Ar environment (20
cc. min) at the same temperature. The total quantity of
CO, detected by MS is 633 umol/g after 4 h treatment
(CO, is still produced at a low rate). After this treatment
followed by 10 min He purge, the initial rate of formation
of I at 523°C is 98.9 umol/g min. Therefore, the removal
of 633 umol/g of carbon increases the rate from 24.9 to
98.9 umol/g min. This suggests that the absorbed species
which deactivate one site contain 5-6 carbon atoms (as-
suming an even distribution of carbon on the surface).
Similar regeneration data were observed for B/Al-ZSM-
5 and B/AI-ZSM-11.
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TABLE 2

Comparison of Conversion, Selectivity (S), and Yield (Y) for
Various ZSM-5 Catalysts

Catalyst Temp. (°C) Conv. (%) -5 (%) I-Y (%)
B-ZSM-5 600 5.8 9.8 0.6
Al-ZSM-5 560 55.8 36.9 20.6
B/AI-ZSM-5 523 58.9 49.1 28.9
Note. [AF"] = 200-300 ppm for both Al-ZSM-5 and B/Al-ZSM-5.

4. Comparison of borosilicates, aluminosilicates, and
boroaluminosilicates. A summary of conversions and
selectivities for B-ZSM-5, B/AI-ZSM-5 and Al-ZSM-5 is
given in Table 2. Enhanced selectivity to [ is observed
for the B/AI-ZSM-5 system. Similar results were ob-
served for the ZSM-11 and BETA systems.

Figure 11 shows TPD data for AP**-free B-ZSM-5 zeo-
lites that has been dehydrated at 500°C, treated with am-
monia at room temperature, and evacuated overnight at
120°C. The same procedure was used to study chemisorp-
tion of pyridine and the resultant material shows two
different bands near 1540 and 1460 cm™'.

1V. DISCUSSION

A. Synthesis and Characterization of B Zeolites

Earlier data (29) of bulk analytical and XRD data show
that B/Al-ZSM-5 and B/AI-ZSM-11 zeolites having trace
amounts of A’* are crystalline. Similar data for B/Al-
BETA are reported here. Al’*-free materials as the
B-ZSM-11 material shown in Fig. 2 can also be prepared,
although particle sizes are smaller than materials with
A" impurities. EDX data of Fig. 3 do not show any
A" impurity ions in these samples. All these data are
consistent with literature reports (8—15, 33, 34, 38, 41, 42).

FTIR data for B/AI-ZSM-5 of Fig. 4 show a B-0O
stretch at 1385 cm ™' and a Si-O-B skeletal vibration near
960 cm™', consistent with earlier FTIR reports (10, 12,
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FIG. 11. Temperature-programmed desorption data for NH, on B/
Al-ZSM-5.
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16). These peaks do not shift very much for B/AI-ZSM-
11. There is no clear observation of trigonal B** as has
been detected near 860 cm™!, although this may be below
limits of detection of our apparatus. Earlier NMR and
luminescence data (29) for similar samples do show trigo-
nal boron as samples are calcined, thermally treated, or
treated with acid.

B. Acid Sites

FTIR data for B/AI-ZSM-5, B/AL-ZSM-11, and B/
Al-BETA after chemisorption of pyridine show the pres-
ence of both Lewis and Brgnsted sites (29), at least for
B/AI-ZSM-5. The TPD data for B/Al-ZSM-11 zeolites
calcined at temperatures of 600, 700, 800, and 900°C (Fig.
5) clearly show a decrease in amount of desorbed NH,
as was the case for B-ZSM-5 zeolites reported earlier
(29). These data agree with our suggestion from XPS,
luminescence, and NMR data (22) that B** migrates from
the lattice to the surface when temperatures near 900°C
are used for thermal treatment.

Catalytic and treatment studies below perhaps 700°C
need to be done to avoid destruction of acid sites, although
strengths of sites generated from high temperature
calcination may afford materials with different acidity
than for the n-butene isomerization catalysts reported
here (vide infra). Boroaluminosilicate zeolites are known
to have weak acid sites (15-28).

The ammonia TPD data of Fig. 11 and pyridine chemi-
sorption experiments for A" -free B-ZSM-5 suggest that
B-ZSM-5 has very weak acidity due to the presence of
both Brgnsted and Lewis acidity. The temperature maxi-
mum for the ammonia TPD of B-ZSM-5 is at least 10°C
lower than for the corresponding B/AI-ZSM-5 catalyst
materials indicating much weaker acidity. The same
trends have been observed for AP’*-free B-ZSM-11 and
B-BETA materials with respect to B/AI-ZSM-11 and
B-AI-BETA catalyst (43).

C. Kinetic Studies

Due to the large number of byproducts, it is difficult
to propose an accurate mechanism to explain n-butene
conversion into I. However, a simple formal mechanism
for I formation can be proposed.

We note that the kinetic order for the formation of
isobutylene is 1 with respect to n-butenes and this suggests
that the rate constants for the formation of 7 from the
individual B1, B2C, and B2T are of the same orders of
magnitude. The first-order rate law can be explained by
the Langmuir—-Hinshelwood model. For example, the rate
of formation of I is proportional to the coverage of each
n-butene (B1, B2C, or B2T), for Bl 85, = yg,Pg,/(1 +
Ap1Pg) With Ag, the adsorption coefficient with Py, the
partial pressure of 1-butene. At the high temperatures
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needed for reaction to occur, Ag; Pz, < 1 and the coverage
() is proportional to the partial pressure. The rate of
formation of [ is first order in B1. The same treatment
can be applied to B2C and B2T so that one finally obtains
the following:

alll/ot = k\Pg, + kyPgoc + k3Pgor. [4]

Assuming k; = k, = k4, a first-order reaction is obtained
for the partial pressure of n-butenes:

all)/ar = kPy. (5]

The study of conversion of / to B shows that the forma-
tion reaction of I is reversible. The comparison of data
from Figs. 9 and 10 suggests that only n-butenes produce
byproducts because I can be converted with a high selec-
tivity to n-butenes even at a conversion of 0.5. The pro-
duction of H, during isomerization and the introduction
of H, in reactant mixtures shows that neither a hydrogena-
tion nor a dehydrogenation step participate significantly
in the formation of /.

Taking the above remarks under consideration, the for-
mal mechanism

B == | (6]

ks (7]

ke
B + B — By-product [8]

is proposed, with first-order reactions [6] and [7] and un-
known order for reaction [8]. From this model and the
experimental data of Fig. 9, experimental data can be
compared to theoretical curves (vide infra).

The rate of formation of I is

8[1]/8! = k6PB - k7Pl. [9]
The rate of disappearance of B is

—0[Bl/dt = ko Py + keP} — koP;. {10]
Using the definitions of selectivity to isobutylene (Y) and
total conversion (X) defined above for conversion of B
to I, and considering that Pg/P, = [Bl/[B,] it can be
shown that

3Y/aX = [ke(1 — X) — k Y)I/

k(1 — X) + kP2 (1 = XY = kyy],

This expression shows that for the curve that Y = f(X)
and:

the slope at X = 0 is 1/[1 + (kP k],
the slope at X = 1 is ~1,
and that at the maximum &-/k, = (1 — X)/Y.
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A comparison between these parameters and the exper-
imental data of Fig. 9 shows the following:

(a) Experimentally, the slope (s) approaches 1 when X
approaches 1 as predicted for the two initial values of P;.

(b) From the maximum: k,/k; = 1.7 using the curve
with P, = 20% B/He feed and &,/k, = 1.8 using the curve
with P, = 70% B/He. These two values are in good
agreement.

(¢) The expression of the slope at X = 0 gives

kelks P31 = [(1/s) — 11,
and for two values of P, it follows that
[(1/s) — 11/(1/s") — 1] = (Py/Py)""".

Using the experimental data of Fig. 9, the order of
reaction [8] is found to be n = 1.48 or 3/2. Note that this
value is the kinetic order found for C;H, production (the
second major product for B conversion). Reaction [§]
probably is responsible for the production of propylene.

The same kinetic model may be used for the conversion
of I to B according to the reaction

Kz [12]

=B

kix “3]

B+B oy By-product. [14]

According to the rate of disappearance of I and the rate
of formation of B it follows from the relationships of Y
and X described above for the conversion of I to B that

aYIoX = [k(1 — X) — kY — &y P;’O" Y"1/ (5]
[k3(1 — X) — kY]

A comparison of Eq. [15] [Y = f{ZX)] to the data of Fig.
10 suggests that Y = f(X) and that:

(a) the slope at X = 0is 1 as observed experimentally;

(b) the slope at X = 1is either —1if n — 1 > 0 or infinite
if n — 1 < 0. The experimental data show that the slope
approaches —1 if X approaches | so n — | > 0 agrees
with the value of n = 3/2 found using results of n-bu-
tene conversion;

(c) at the maximum,

(kistki) (1 = X)) (= Y — kyylky) P77 YR = 0.

Using k,,/k,, = 0.6/P}~' with Py = 20% B/He from Fig.
10 and considering the values at the maximum X,, = 0.58
and Y, = 0.46 with P, = 20% I/He, the ratio k3/k,, =
2.1 which is in good agreement with the value 1.7/1.8
found using the n-butene conversion data.

559

R X ......... m
I\ B / 1st Order

3/2 Order

FIG. 12. Proposed model for n-butene isomerization with boron
zeolite catalysts. P, polymer product, and I, isobutylene product.

The comparisons of experimental and theoretical data
and the simple kinetic model described above show that
the model is a good representation of the experiment.
This means that reaction [8] is representative of the con-
version of n-butene to the various heavier hydrocarbons
that are each detected at low concentration levels.

The formation of these heavy hydrocarbons from n-
butene explains the limit in selectivity toward 1 when
conversion is increased. Since the reaction order of 1 for
I seems to be maintained even at high conversion when
the formation of C;H, and other heavier hydrocarbons is
enhanced, this suggests that the sites for the formation
of I and heavier hydrocarbons are different.

D. Overview

The similarity of performance of B/AI-ZSM-5, B/
Al-ZSM-11 and B/AI-BETA zeolites as regards activity,
selectivity and stability implies that the structure of the
zeolite is not a primary factor in the transformation of n-
B to 1. Different particle sizes and zeolites produce few
changes suggesting again that external diffusion does not
dominate. The composition of the zeolite is clearly im-
portant since AI**-free zeolites are not at all active.

On addition of Al,O, binder to these materials, there is
an approximate 2 fold increase in activity. These data
together with the fact that B¥* free ZSM-5, ZSM-11, and
BETA are either inactive or are primarily active for poly-
merization suggest a synergistic interaction between B**
and AI’* in these catalysts. The comparison of selectivi-
ties and conversions for B reactions over various ZSM-
5 catalysts shown in Table 2 suggests that Al and B to-
gether give quite different selectivities than either B or
Al alone.

A general model for the isomerization and polymeriza-
tion is given in Fig. 12. It is not now apparent whether
these reactions proceed over one or more sites. The fact
that selectivity does not change as the catalysts are poi-
soned suggests that if there are multiple sites that these
are poisoned equally. The fact that the surface C concen-
tration is quite high with respect to the number of available
sites suggests that poisoning is more of a physical nature
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rather than chemical. FTIR of boroaluminosilicate zeo-
lites with chemisorbed pyridine suggest that both
Brgnsted and Lewis sites exist on these materials. Charac-
terization of the number of sites, their types and their roles
in n-butene transformations are the focus of continuing
research efforts (43).

V. CONCLUSIONS

The above data suggest that the reaction of B to I over
boroaluminosilicate zeolites is first order in n-butenes;
that H,O generates Brgnsted acid sites; H, has no effect
on reaction order or rate; external diffusion occurs at low
(<18 cm’/min) flow rates; i-C,Hg and C;H, are the major
products; the reaction is 3/2 order in C,H,; O, regenera-
tion is more efficient than H, regeneration; deactivation
is a slow process; pure boroalites are inactive; B** and
AP* interactions appear to be important; as conversion
increases C;H, increases; and polymer forms from n-bu-
tenes, and not as a secondary product from isobutylene.
Kinetic modeling studies suggest that polymer production
is also 3/2 order. Future studies inciude characterization
of the number and types of sites on these catalysts (43)
and attempts to control rates of isomerization and poly-
merization.
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