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NOTE

Factors Affecting the Selective Isomerization of n—Butene into Isobutene
over Ferrierite Catalysts

The selective isomerization of n-butene has been ex-
tensively investigated during the past few years (1-5) be-
cause of the need of isobutene for methyl-tertiobutyl ether
synthesis.

Among the catalysts which are effective for this reaction,
medium pore zeolites have been widely studied: it has been
shown that after a few hours on stream, ferrierite (1, 2),
ZSM-23 (MTT) (3), and ZSM-22 (TON) (4) are highly se-
lective for isobutene formation.

In a recent note, O’Young et al. (5) have compared 10-
member ring zeolite catalysts (FER, MTT, TON, MFI) and
it has been concluded that “it is not very clear why FER
is more selective than MTT even though FER has slightly
larger intersecting channels.”” The authors compared the
catalysts after several hours on stream where the solids ac-
quired high selectivity to isobutene formation. The coke
content and its location were considered to have a ma-
jor effect on the selectivity. More recently, Pellet et al.
(6) have investigated the influence of hydrothermal dea-
lumination of FER and of subsequent acid washing treat-
ment on the skeletal isomerization of n—butene. The authors
concluded that the deactivation effect of unmodified FER
“could be due to blocking of sites by carbon deposition or
to spatial restrictions caused by carbon sterically limiting
the nonselective reactions.” They have shown that dealu-
mination by steaming creates “two types of nonframework
alumina.” One type, located in the 8-MR channels, was rel-
atively inert and resistant to extraction by acid treatment.
The second type, located in mesoporous voids created by
steam, was catalytically active but nonselective for isomer-
ization. This type of alumina was easily removed by acid
washing.

The aim of the present work was to investigate, on a fer-
rierite catalyst, the role of different factors which can affect
the isobutene selectivity, these factors being:

—the presence of acid sites on the external surface of the
zeolite crystal or in the mesoporosity of the solid,

—the density of the acid sites,

—the space available around the acid site.

To examine these factors, we have used a ferrierite
(Si/Al=10) which was synthesized without a template.
Characterization of this material which exhibits high crys-
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tallinity will be reported elsewhere. This material has cata-
lytic properties close to those of Tosoh ferrierite (1) from
Tosoh Atlanta (U.S.A).

The synthesized material was washed with water and
dried at 373 K overnight. This zeolite was then exchanged
twice with ammonium nitrate (1M solution) at 353 K
overnight. After this treatment, the remaining content of
K* and Na' is lower than 0.1% for both ions as indi-
cated by elemental chemical analysis. This sample was then
transformed in the protonic form by calcination under N,
at 773 K overnight and will be labelled as the starting
material.

Part of this batch was treated with a 1 M oxalic acid so-
lution at 353 K for 4 h in order to remove the aluminum
located on the external surface of the zeolite grain and in
the mesoporosity of the zeolite crystal (7, 8).

Another part of the batch was exchanged with a CsNO3
solution (1 M solution) at 363 K overnight. This exchange
level was 90% as determined from the elemental analy-
sis results. A third batch was prepared by exchanging the
starting FER with a lithium nitrate solution (1 M solution
for 4 h), and the exchange level was 95% as measured by
elemental analysis.

Another part of the initial batch was heated for 3 h at
873 K in a flow of Nz 4+ H,O (Pu,0 =10 kPa). Part of this
hydrothermally dealuminated material was then treated in
an oxalic acid solution (1 M solution) for 4 h at 363 K in or-
der to remove the extraframework aluminum formed dur-
ing the hydrothermal treatment and located on the external
zeolite surface or in the mesoporosity.

All the catalysts were tested in the n-butene skeletal
isomerization at 673 K. Reactants and products were an-
alyzed by gas chromatography by using a PONA (Alletech
France) capillary column. Infrared spectroscopy was used
to estimate the number of acid sites (adsorbance of OH
groups). For this purpose, samples were pressed into the
form of small wafers with weights in the range of 20—
25 mg; these wafers were mounted in an IR cell allow-
ing in situ treatments. The samples were outgassed (P =
10723 Pa) overnight, at 673 K, before registration of the IR
spectra.

The main characteristics of the different materials are
summarized in Table 1. It appears from this table that the
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TABLE 1

Characteristics of the Different Solids under Study

Sample H-FER® A-H-FER¢ H-Li-FER H-Cs-FER D-H-FER® D-H-FER' + acid treatment
SilAIR 10 13 10 10 10 Not measured
Number of acid sites®’mg (arbitrary units) 100 70 5 10 4 4

2 As measured from chemical analysis.

b As measured by using IR spectroscopy. In arbitrary units, the adsorbance of the OH vibration at 3600 cm~* was fixed to 100 for the starting

material.

¢ Starting material after exchange with NH,Cl and calcining at 773 K (see text).

d Sample treated with oxalic acid.
¢ Sample dealuminated through hydrothermal treatment.
f Hydrothermally dealuminated sample treated with oxalic acid.

starting material exhibited the highest number of acid sites
(Bronsted acid sites as evidenced by IR OH vibration at
3600 cm™1).

The oxalic-acid-treated sample, as expected (6), exhib-
ited a lower number of acid sites, most of them being lo-
cated inside the microporosity of the zeolite as we will re-
port in an upcoming paper. The relative number of OH
groups vibrating at 3600 cm~! is in reasonable agreement
with that calculated from the Al content determined by
chemical analysis.

For Cs- or Li-exchanged samples, due to the high degree
of exchange (see Table 1) the remaining number of OH
groups is less than 10%: The OH concentration, as mea-
sured by IR spectroscopy, is in good agreement with the
number of remaining protons as deduced from chemical
analysis results (Li+ Cs analysis).

For the hydrothermally dealuminated FER, the problem
is more complex because part of the framework Al is ex-
tracted, causing a decrease in the corresponding number
of acid sites (von = 3600 cm~1) but extra framework alu-
minum creates new hydroxyl groups (von=3650 cm™1).
Nevertheless, the number of acid OH groups was estimated
by IR spectroscopy (Table 1). The Si/Al ratio of the start-
ing material determined by ?Si MAS-NMR is 10.2. The
2T Al MAS-NMR spectrum of this solid showed only a sin-
gle line at +54 ppm assigned to tetra-coordinated Al, in-
dicating that all Al-atoms are framework atoms. By con-
trast, the Al MAS-NMR spectrum of the dealuminated
FER showed a very small line at +54 ppm and two intense
lines at ca. +30 ppm and 0 ppm attributed to penta- and

hexa-coordinated Al respectively. It has not been possible
to determine accurately the Si/Al ratio of the dealuminated
sample because of the overlap of the signals of Si (1 Al, 3 Si)
and Si (4 Si).

A treatment with oxalic acid does not change the num-
ber of OH groups vibrating at 3600 cm~! but decreases the
number of OH groups linked to extraframework Al.

These catalysts were used for n—butene isomerization at
673 K, Pc,n, = 26 kPa, supplemented to atmospheric pres-
sure by nitrogen.

WHSYV were adjusted to achieve low conversions. In or-
der to avoid the coking of the solids with time on stream,
the bracketing technique was used to measure the cata-
Iytic properties on fresh solids: the sample was reacted
for 2 min with butene. After 2 min on stream, the reac-
tion was interrupted and the reactor flushed with nitrogen
(5 min), then with oxygen (30 min), and again with nitrogen
(10 min) before the next experiment; in these experimental
conditions (low conversion, short time on stream, brack-
eting technique) the results obtained by runing the last
experimental point in experimental conditions identi-
cal to those used for the first experimental point in-
dicated that the deactivation is minimized and results
can be considered as being obtained on nondeactivated
samples.

Table 2 lists the rates of isobutene formation. It ap-
pearsthat on H-Li-FER, H-Cs-FER, deal-H-FER, and acid
leaching deal-H-FER, the rate of isobutene formation was
low, as expected for these modified H-FER containing a
small amount of the remaining protons. Figure 1 indicates

TABLE 2

Rate of Isobutene Formation on the Unmodified and Modified Ferrierite Catalysts, T=673 K, Pc,n, =25 kPa

Catalyst H-FER  A-H-FER

H-Li-FER H-Cs-FER D-H-FER  D-H-FER + acid treatment

Isobutene rate formation (mol - h~* g~* catalyst) 1.1 0.49

0.05 0.04 0.08 0.07
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FIG. 1. Change in the isobutene selectivity as a function of the con-

version for different solids. The reactant is 1-butene. Selectivity is on a
carbon basis, with all linear butenes (1-butene, 2-cis, and 2-trans butene)
being considered as reactants. Isobutene selectivity is given by the num-
ber of moles of isobutene formed/number of moles of 1-butene trans-
formed into products different from 2-butenes. Conversion is defined
as (Cin — Cout/Cin) x 100, with Cj, being the number of moles of 1-C4Hg,
Cout = £1-C4Hg + 2-cis C4Hg + 2-trans CAHg).

that the fresh nontreated solid has a poor isobutene selec-
tivity. Treatment with oxalic acid improved the isobutene
selectivity, clearly indicating that the surface acid sites are
not selective as reported earlier (1).

For the samples dealuminated via the hydrothermal tr-
eatment, the selectivity is improved, showing that the re-
moval of some framework aluminum and the consecutive
formation of extraframework aluminum either in the mi-
croporosity or in the mesoporosity is beneficial for the
isobutene selectivity.

Indeed, it could be speculated that it is the density of
protonic sites which is the major factor because the dealu-
mination causes a decrease in the number of acid sites. In
order to confirm (or to refute) this, we have exchanged a
fresh H-FER with a lithium solution (1 M solution) at 353 K
in order to have a H-Li-FER containing only 5% of the ini-
tial protons (see Table 1). This sample did indeed exhibit
a reduced activity but the selectivity is not much improved
(Fig. 1), clearly indicating that the density of acid sites is not
governing the isobutene selectivity.

The hydrothermally dealuminated sample has been sub-
mitted to an additional oxalic acid treatment in order to
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remove, at least partially, surface aluminum. The isobutene
selectivity was slightly improved, showing that the sur-
face aluminum has a detrimental effect on the isobutene
selectivity.

Fromthese results, itis observed that the surface dealumi-
nated sample exhibits a high isobutene selectivity compared
to the fresh nontreated sample. These observations are in
line with those reported recently by Xu et al. (2) who have
attributed this effect to the removal of non-shape-selective
acid sites.

A very large improvement in isobutene selectivity is ob-
served on a hydrothermally dealuminated sample, either
treated with oxalic acid or untreated. Again these results
are in agreement with those of Xu et al. (2); these au-
thors have attributed these improved performances to the
fact that the “lowering of the number of acid sites de-
creases interactions between intermediates in adjacent acid
sites.”

In order to discriminate between the two effects of the
dealumination treatment (reduction of the density of acid
sites and reduction of the porosity of FER by extraframe-
work aluminum), we have tested a H-Cs-FER material.
The initial selectivity of this solid, containing nearly the
same number of protonic sites as the H-Li-FER, is very
high indicating that the major factor governing the selec-
tivity is the space available around the active site. It is now
likely, for hydrothermally dealuminated FER, that the im-
provement in isobutene selectivity is due to the presence
of aluminum debris in the cavities and pores of the FER,
decreasing the space available in the vicinity of the acid
sites, thus rendering the FER shape selective for the n-
butene skeletal isomerization. The ageing of the solid with
time on stream is probably at the origin of the same phe-
nomenon: coke deposits increasingly block the porosity,
causing an increase of the isobutene selectivity with time on
stream.

Coming back to the surprising result reported earlier in-
dicating that FER zeolites are more selective than MTT (5),
it has to be recalled that the results were certainly obtained
on coked materials since the isobutene yields for FER were
quite high. Very probably, the reverse order of classifica-
tion would be obtained with uncoked zeolites. Work is in
progress to confirm these interpretations.
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