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Liquid-phase cycloisomerization of 5-(o-tolyl)-pentene (OTP)
was conducted using a commercial nanocrystalline zeolite BEA.
Zeolite BEA was a good catalyst for selective synthesis of 1,5-
dimethyltetralin (1,5-DMT). However, over certain zeolite BEA,
isomerization of 1,5-DMT to other isomers occurred after cycliza-
tion of OTP was almost complete at high temperatures. Textual
properties of nanocrystalline BEA did not influence the cycliza-
tion activity, but the degree of postsynthetic treatments such
as surface poisoning, passivation, and dealumination had great
effects. Reactions over BEA modified by triphenylphosphine poi-
soning and Si layer coating of the outer surface of zeolite crys-
tallites revealed that strong acid sites residing only on the ex-
ternal surface of zeolite BEA were responsible for isomerization
activity. The 2’Al magic-angle spinning nuclear magnetic reso-
nance study for dealuminated zeolites together with the IR study
of adsorbed pyridine clearly demonstrated that the concentration
of Brgnsted acid sites due to the framework aluminum was di-
rectly related to cyclization activity. On the other hand, octahedral
aluminum did not participate in either OTP cyclization or DMT
isomerization.  © 2002 Elsevier Science (USA)

Key Words: 1,5-dimethyltetralin; zeolite BEA; passivation;
27 A1 NMR; Brgnsted acid sites; microcrystallites; surface poison-
ing; external surface acidity.

INTRODUCTION

1,5-Dimethyltetralin (1,5-DMT) is a useful intermediate
for synthesizing 2,6-naphthalenedicarboxylic acid (2,6-
NDCA), a raw material used to make polyethylene naph-
thalate (PEN). 1,5-DMT can be obtained from 5-(o-tolyl)-
pent-1-ene (i), 5-(o-tolyl)-pent-2-ene (ii), and their mixture
(hereafter referred to as OTP) through cyclization over
acidic zeolite catalysts (Fig. 1). After cyclization, 1,5-DMT
(iii) undergoes dehydrogenation to produce 1,5-dimethyl-
naphthalene (1,5-DMN), isomerization to produce 2,6-
DMN, and finally oxidation to 2,6-NDCA (1).
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When OTP is cyclized with conventional zeolite catalysts,
side reactions accompany the cyclization due to further
isomerization and dehydroisomerzation of 1,5-DMT. Due
to these side reactions involving isomerization, less-useful
DMT (iv) and DMN isomers are produced in significant
amounts. Because of their similar physical properties, DMT
and DMN isomers are difficult to separate to give the pure
1,5-isomer. Further, it is known that these by-products,
once converted to DMNSs, are virtually impossible to iso-
merize completely into a desired isomer, for isomerization
of DMNs occurs within the same triad in the isomers of
naphthalene rings (within 1,5-, 1,6-, and 2,6-isomers; 1,3-,
1,4-, and 2,3-isomers; 1,7-, 1,8-, and 2,7-isomers, respec-
tively), according to Fries’ law.

Many patents disclosed techniques for preparing 1,5-
DMT from OTP with various modified zeolite catalysts,
such as Pd- and Pt-impregnated Y (1), USY, and BEA (2-6).
Though BEA is known to have the highest activity among
these catalysts, side products of isomerization remain the
key problem in obtaining 1,5-DMT selectively.

There is no report concerned directly with the low selec-
tivity problem in OTP cyclization over zeolite BEA. Some
research groups, however, have reported that acid sites on
the external surface of the zeolite crystals may affect se-
lectivity for fine chemical synthesis (7, 8). Thus, we cannot
ignore the effect caused by the outer surface of microcrys-
talline BEA having relatively high external surface areas
(over 200 m?/g vs ca. 700 m?/g of total area).

According to van Bekkum and coworkers (9) and Prins
and coworkers (10), the acid sites on the external surface of
the zeolite crystals influence reaction by their own strong
acidity or by deposition of cokelike materials near the pore
mouth resulting in the problem of reactant accessibility. In
order to remove external surface acidity, they introduced
bulky materials such as tetraethylorthosilicate (TEOS) as a
source of Si layer passivation and triphenylphosphine as
a surface-poisoning reagent. By applying the passivated
BEA samples to several reactions, they showed that TEOS
treatment of BEA effectively removed external surface
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A reaction scheme of cycloisomerization of OTP over zeolite

acidity permanently and the Si layer remained even af-
terrepetitive regenerations. Furthermore, through catalytic
activity tests over BEA using various crystal sizes, they re-
ported that the activity of catalysts with relatively large crys-
tal sizes was more effectively controlled by passivation of
external surface due to the ease of Si layer formation and
its stability after calcination (9, 10).

In the present work, we investigate the effect of external
surface acidity in OTP cycloisomerization using modified
commercially prepared nanocrystalline BEA and look for
any relationship between structural difference and reactiv-
ity. In addition, we show how framework Al concentration
affects cyclization activity by studying dealuminated BEA
using 2’ Al magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) and adsorbed pyridine using Fourier
transform infrared (FT-IR).

EXPERIMENTAL

Materials and Postsynthetic Modifications

Through passivation and dealumination treatments, sam-
ples of zeolite BEA with various Si/Al ratios and different
external surface acidity were obtained and tested for cyclo-
isomerization of OTP.

Commercial BEA samples were purchased from Tosoh
Co., Japan (denoted BEA1) and PQ Co., US.A. (BEA2).
They were in the NH] form when purchased. All the sam-
ples were calcined to obtain the H-form at 773 K for 4 h in
air (75 pmols~!) before reaction.

Chemical liquid deposition was performed to passivate
the external surface of the zeolites (9). Tetraethylorthosili-
cate (TEOS; Aldrich, 99%+ ) was used as Si source. TEOS
(0.2 g/g of catalyst) was stirred under nitrogen atmosphere
for 2 h. After deposition, obtained samples were stirred
and filtered with n-hexane (Aldrich 99%) to remove resid-
ual TEOS. Finally the samples were calcined for 4 h with
air at 773 K before reaction.
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The dealumination of BEA was carried out using nitric
acid of various concentrations (30 ml/g of catalyst) at 353 K
for 4 h under reflux condition. To remove residual acid and
impurities, samples were repeatedly washed and filtered.
After dealumination, samples were dried for 24 hin an oven
at 383 K and calcined for 4 h at 773 K in air (75 umols™)
before reaction.

In designation of various BEA samples, the letter “P”
identifies passivated samples. Dealuminated samples are
denoted by “D” followed by the concentration of acid used
for the treatment. For example, BEA1-D-1 denotes a dea-
luminated BEA1 sample (from Tosoh Co.) treated with 1 N
nitric acid and BEA2-Pis a passivated BEA?2 (from PQ Co.)
sample.

Characterization

The quantitative analysis of Si, Al, and mineral im-
purities was performed by means of atomic absorption
spectroscopy (AAS) on a Perkin—-Elmer AAS 5100PC.
The surface Si/Al ratio was calculated from the X-ray
photoelectron spectroscopy (XPS) peak areas of Si 2p
and Al 2p obtained on a Perkin-Elmer Phi5400 ESCA
(Mg K «, 350 W). Nitrogen adsorption isotherms were ob-
tained at 77 K using a Micrometrics ASAP 2010C sorp-
tion apparatus. Cold-field emission scanning electron mi-
crographs (FE-SEM) were recorded on a Hitachi S-4200
FE-SEM.

27Al MAS NMR spectra were collected using a Varian
Unity Inova 300 spectrometer (7.4 T), equipped with a
7.5-mm Chemagnetics MAS probe. Magic-angle spinning
(MAS) was carried out at a rotor speed of 5.5 kHz and
Al(H,0)>" was referenced to 0 ppm. The ? AlMAS NMR
spectra were recorded with a pulse sequence of a single 7 /2
pulse (2.5 ps), 400-1000 accumulated scans, and a recycle-
delay time of 0.1 s. Dehydrated samples for  AIMAS NMR
were prepared on a modified shallow-bed Cavern appara-
tus (12). The sample was heated to 773 K (1 K/min), evacu-
ated at 773 K for 12 h under a 10~ Torr vacuum, and then
transferred to a 7.5-mm zirconia MAS rotor after cooling
to room temperature.

The FT-IR spectroscopy of adsorbed pyridine was used
to analyze acid properties of zeolite BEA. A self-supported
wafer (ca. 10 mg/cm?) was placed in an infrared cell made
of quartz with a CaF, window, heated to 773 K at a rate
of 5 K/min under vacuum (5 x 107> Torr), and evacuated
for 2 h. On cooling to 473 K, pyridine (Aldrich, 99.8%,
anhydrous) was adsorbed for 30 min and the sample was
evacuated at 523 K for 2 h. Following this pretreatment,
IR spectra in the 1400- to 1700-cm~! region were recorded
using a Perkin—Elmer 1800.

Catalytic Activity Measurements

All the chemicals were purchased from Aldrich Chem-
ical Co. and stored in the presence of zeolite 13X before
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reaction. Bulk 2,6-DMN (95%+) was kindly provided by
S-Oil Corporation.

As a standard for gas chromatograph analysis, 1,5-DMT
was synthesized from hydrogenation of 1,5-DMN as fol-
lows: 1 g of 1,5-DMN (Aldrich, 98%) and 3 g of isopentyl
alcohol (99%+, anhydrous) were stirred at 413 K for 5 h
with metallic Na (lump in kerosene, 99%). After reac-
tion, alkoxide was extracted with deionized water, and
residual alcohol and water were removed by distillation.
2,6-DMT and 2,7-DMT were prepared in the same ways.
The obtained DMT mixture contained small quantities of
dimethyldihydronaphthalene and dimethyltrihydronaph-
thalene impurities that were identified with gas chromato-
graphy/masspectrometry (GC/MS).

A liquid-phase cycloisomerization reaction was carried
out in a sealed batch reactor under nitrogen equipped with
a magnetic stirrer. Reactions were carried out in the tem-
perature range 373-518 K under nitrogen pressure with 0.5
3 wt% catalyst/OTP.

Catalytic activity of triphenylphosphine-poisoned BEA
was measured under the same condition mentioned above.
Before reaction, triphenylphosphine (1 or 5 wt% catalyst
samples) was added to the catalyst dissolved in the
n-tetradecane as solvent and stirred for 0.5 h at room tem-
perature.

The reaction products were analyzed quantitatively by
gas chromatography on a Hewlett Packard 5890 series II
equipped with a HP PONA 50-m capillary column and
were identified by GC/MS (HP 5890 IIGC/597 MS Detec-
tor) analysis.

RESULTS

Reaction Conditions for Cycloisomerization

Product distribution.  As can be seen in Fig. 2, all BEA
samples maintained high selectivity in the cyclization of
OTP. Only BEA1, however, showed activity for isomer-
ization to other DMTs. Contrary to DMN isomerization
known to occur within a triad position of the naphthalene
ring (1), 1,5-DMT was converted to isomers belonging to
other triads (2,7-DMT and 1,7-DMT) in addition to the one
within the same triad (2,6-DMT).

Most interesting, in the case of BEA2, we could see only
cyclization activity and the rate of OTP conversion was sub-
stantially slower than for BEA1. While BEA1 showed a
characteristic concentration-time curve typical for a series
reaction, BEA2 did not. We attempted isomerization of
1,5-DMT as reactant over BEA2 and obtained only trace
amounts of other DMT isomers. This result implies that the
poor activity of BEA2 for DMT isomerization cannot be
explained by the slow formation of the intermediate (1,5-
DMT) but by the absence of the isomerization activity on
BEA2.
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FIG. 2. Product distribution of OTP cycloisomerization over (a) zeo-
lite BEA1 and (b) BEA2 (1 wt% catalyst/OTP, 473 K).

Effect of catalyst weight and temperature. With BEA1,
the dependence of 1,5-DMT selectivity on catalyst weight
and reaction temperature was investigated and the results
are shown in Figs. 3 and 4, respectively.

As can be seen in Fig. 3, more than 95% of OTP was con-
verted to 1,5-DMT in 0.5 h regardless of catalyst (BEA1)
loading. In the case of the 8-h reaction, however, the high se-
lectivity for 1,5-DMT was maintained only with the 0.5 wt%
catalyst loading, and the selectivity abruptly decreased with
increasing catalyst loadings. The temperature effect of the
reaction was investigated in Fig. 4 for 2 wt% BEA1/OTP in
the temperature range 373-474 K. 1,5-DMT was obtained
selectively at low temperatures but isomerization to other
DMT isomers was observed above 443 K. These results
clearly show that some acid sites exist on BEA1 that are
responsible for the isomerization of DMT, and the reac-
tion occurs only at higher temperatures. The rate of DMT
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FIG.3. OTP conversion and 1,5-DMT selectivity versus catalyst
weight over BEA1 (473 K) after a (a) 0.5-h and (b) 8-h reaction.

isomerization, however, seems much slower than that of
OTP cyclization, and high 1,5-DMT selectivities could be
obtained only at short reaction times, small catalyst load-
ings, and low reaction temperatures.

BEAZ2 showed the same trend of change in OTP con-
versions with increasing catalyst weights and temperatures,
yet isomerization to other DMTs was not observed even
at high temperatures and with high catalyst loadings (13).
Furthermore, BEA2 showed relatively lower activity in cy-
clization of OTP throughout all conditions, as shown in
Fig. 2b. Thus, there must be a difference in properties be-
tween the two BEA zeolite catalysts that play more impor-
tant roles than do reaction conditions in the cycloisomer-
ization of OTP.

Comparison of BEA Samples by FE-SEM
and N, Adsorption

The SEM images are shown in Fig. 5. BEA1 samples
consisted of aggregates with diameters of 0.5-1 um that
were made of spherical primary crystallites, whereas ag-
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gregates of BEA2 samples had diameters less than 150 nm.
Primary crystallites of both BEA1 and BEA2 samples were
smaller than 50 nm and could be called “microcrystallites”
or “nanocrystallites.” Based on the SEM images, we could
expect that all samples would have high external surface
areas.

The physical properties derived from N, adsorption/
desorption data are summarized in Table 1 together with
Si/Al ratios determined by chemical analysis. High exter-
nal surface areas (ESAs) obtained from the slope of the
t-plot of the N, isotherm are consistent with the presump-
tion based on FE-SEM images (13). Also, the shape of N,
isotherms of calcined BEA1 and BEA?2 was in accordance
with that reported for nanocrystalline BEA of high Al con-
tent prepared by Camblor et al. (14).

BET areas of passivated samples decreased slightly, sug-
gesting that the coated Si layer effectively smoothed the
rough outer surface. The ESA of BEAl1 was reduced
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reaction.
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more markedly, because interparticle volumes of aggre-
gates, which would be interpreted as ESA in N, adsorp-
tion measurements, were filled up with several-nanometer-
thick Si layers. However, ESA of BEA2 was not reduced
much due to its relatively small degree of aggregation. Al-
most constant micropore volumes for both BEA samples
indicate that the passivation treatment may not affect their
inner pore system.

External Surface Poisoning with Triphenylphosphine

To eliminate external surface activity, the cyclization of
OTP was carried out with triphenylphosphine-poisoned
catalysts (1 or 5 wt%). Because triphenylphosphine has too
large a size to enter inner pores of zeolite BEA, it can be
used to eliminate selectively external surface acidity of zeo-
lite crystals (7) by adsorption on the external Brgnsted acid
sites (15).

From 3'P MAS NMR (not shown), we observed that
triphenylphosphine adsorbed on the external surface with-
out significant decomposition and with only small amounts
of triphenylphosphine converted to other unidentified
phosphine species.

Figure 6 shows the effects of triphenylphosphine addi-
tion on conversion and 1,5-DMT selectivities of BEA cata-
lysts. The conversions to 1,5-DMT decreased with an in-
creasing amount of triphenylphosphine. The selectivities
were high for all cases and did not change significantly with
triphenylphosphine loading. Triphenylphosphine is known
to deactivate preferentially external surface Brgnsted acid
sites and block gradually the pore mouth as its amount is
increased. In the case of BEAI treated with 1 wt% triph-
enylphosphine, incomplete poisoning of the inner part of
aggregates caused negligible reduction in conversion but
eliminated isomerization reactivity completely. However,
even with the small amount of triphenylphosphine, the

TABLE 1

Physical Properties of BEA Samples

Si/Al Micropore External Micropore
Crystallinity® BET area volume surface area area
Sample Bulk® Surface” (%) (m?/g) (cm3/g) (m?/g) (m?/g)

BEA1 14 13.8 81 625 0.16 282 343
BEA1-D-0.5 20 15.4 82 679 0.18 299 379
BEA1-D-1 21 — 78 698 0.19 297 401
BEA1-D-10 42 — 69 742 0.20 311 430
BEA2 17 11.6 110 605 0.17 240 365
BEA2-D-0.5 73 — 106 629 0.18 246 383
BEA2-D-1 81 — 106 635 0.18 248 386
BEA2-D-10 126 — 102 661 0.19 254 407
BEAI1-P 16 — — 579 0.16 236 343
BEA2-P 18 — — 563 0.16 221 342

¢ By chemical analysis.
b By XPS.

¢ Determined from intensities of an X-ray diffraction peak 26 =22.5° relative to those for the ammonium form of BEA1 and BEA2.
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FIG. 6. Conversion (a) and selectivity (b) of OTP cycloisomeriza-
tion (2 wt% catalyst/OTP, 473 K) over poisoned BEA (1 and 5 wt%
triphenylphosphine/catalyst).

poisoning effect was much more serious for BEA2. BEA2
has a relatively short internal pore length and its internal
sites also appear to be affected by triphenylphosphine poi-
soning.

These results imply that only external surface acidity is
related to DMT isomerization and that morphology of BEA
aggregates may affect the extent of poisoning by triph-
enylphosphine.

Passivation of External Surface with TEOS

The external surface acidity was removed by silica coat-
ing with TEOS for BEA1 and BEA2. The effect of
this surface passivation with TEOS on OTP cycloisomer-
ization is shown in Fig. 7. BEA1-P showed almost the
same activity of OTP cyclization and complete suppres-
sion of DMT isomerization activity. BEA2-P exhibited only
70% of the activity of calcined BEA2 before passivation
and no activity for DMT isomerization even after a 7-h
reaction.
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These results demonstrate that the formed silica layer
effectively passivates the external surface acid sites with-
out significant effects on sites inside the pores. According
to Kunkeler et al. (9), passivation treatment can be more
effectively applied to the macrocrystalline BEA, for micro-
crystalline BEA has a rough external surface which could
interfere with the formation of Si layer and cause the de-
struction of the Si layer during calcination. In our cases,
however, passivation treatment successfully removed ex-
ternal surface acidity although both BEA1 and BEA?2 are
microcrystalline crystals.

From these facts, we might consider that OTP cycliza-
tion and DMT isomerization take place at different acid
sites. Together with the poisoning experiment with triph-
enylphosphine, it can be proposed that 1,5-DMT isomer-
ization occurs only at the external Brgnsted acid sites while
OTP cyclization is mainly related to acid sites of the inner
channel.
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catalyst).
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Effect of Dealumination

Asdiscussed above, itappeared that only external surface
acidity affected 1,5-DMT isomerization. Yet, the low OTP
cyclization activity for BEA2 could not be explained by
structural difference and/or external surface acidity. Thus,
to investigate further the relationship between the nature
of acid sites and OTP cyclization activity, we tested dealu-
minated BEA zeolites for the reaction.

As shown in Fig. 8, dealuminated BEA2 showed a re-
duced activity in OTP cyclization. BEA2-D-0.5 showed
about 20% reduction in OTP cyclization activity compared
with the untreated BEA2, but no reactivity for isomeriza-
tion of DMT. The severe dealumination treatment with 10N
nitric acid (BEA2-D-10) induced complete deactivation for
both cyclization and isomerization. Dealuminated BEA1
maintained high activity for OTP cyclization but did not
show DMT isomerization activity at all, and it appeared
that acid treatment removed external surface acidity. There
was not much difference in activity and selectivity among
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FIG. 8. Conversion (a) and selectivity (b) of OTP cycloisomerization
over dealuminated BEA (1 wt% catalyst/OTP, 473 K).
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FIG.9. %Al MAS NMR spectra of dealuminated BEA1: (a) NH/
form, (b) BEA1, (c) dehydrated BEA1, (d) BEA1-P, (¢) BEA1-D-0.5,
(f) BEA1-D-1, and (g) BEA1-D-10.

dealuminated BEA1 treated with nitric acid of different
concentrations.

Dealuminated samples showed reduced activity for OTP
cyclization. However, BEA1 samples had consistently
higher activity than BEA2 irrespective of Si/Al ratios. Thus,
BEA1-D-10 with a relatively high Si/Al ratio had a higher
activity than untreated BEA2. There must be some other
factor that is responsible for the different activities of the
two BEA zeolites from different sources.

27Al MAS NMR and FT-IR Studies

Figures 9 and 10 show 2’ Al MAS NMR spectra of modi-
fied BEA1 and BEA?2 samples, respectively.

According to Jansen et al. (16), Brgnsted acid sites
are located on both external and internal surfaces and
Lewis sites are on the internal defect sites. Furthermore,
the environment of Al atoms is known to be related
to two acid sites: Lewis acid sites due to octahedrally
connected Al (Oh-Al) and Brgnsted acid sites attributed
to tetrahedrally coordinated framework Al (Td-Al). From
27 Al multiple-quantum (MQ) MAS study, Miiller et al. (17)
assigned a peak at 60 ppm as tetrahedrally coordinated
framework Al, a peak at 0 ppm as octahedrally coordi-
nated “extraframework” Al, and a peak between 30 and
50 ppm as penta-coordinated Al and/or distorted tetra-
hedrally coordinated extraframework Al. On the other
hand, Fajula and coworkers (18) and van Bekkum and
coworkers (19) noted that Oh-Al was partially connected
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framework Al through tetrahedral-octahedral intercon-
versions.

In Fig. 9, tetrahedrally coordinated framework Al at
54 ppm and octahedrally coordinated Al at O ppm appe-
ared for calcined and slightly dealuminated BEA1 samples
(BEA1-D-0.5), but the Oh-Al peak disappeared as dealu-
mination progressed to a higher extent. This is in a good
agreement with what Bourgeat-Lami et al. reported (20).
The Oh-Al peak was also observed in BEA1-P. We could
not distinguish two Td-Al sites that were reported to exist,
due to two different crystallographic sites of BEA (21) near
54 ppm. However, we observed two Si(0Al) sites in separate
2Si MAS spectra (22).

Contrary to BEA1, the 7 Al MAS NMR spectra of
BEA2 samples shown in Fig. 10 have much broadened
linewidths, indicating that considerable amounts of ran-
domly distributed Al species are present. We pretreated
all the samples with so-called “deep bed calcination” (16),
and BEA2 showed an intense Oh-Al peak and broad peaks
superimposed between 0 and 50 ppm due to Al species with
a low symmetry.

As the concentration of nitric acid used for dealumina-
tion treatment increased, the Oh-Al peak intensities of
BEA?2 gradually decreased and their linewidths became
much broader. However, unlike the case with BEAI1, the
Oh-Alpeak appeared even for the sample treated with 10 N
nitric acid. Dealuminated BEA1 samples also showed
broadened Td-Al peaks, although the degree of broaden-
ing was insignificant compared with those of the BEA2
samples.

Infrared spectra recorded on pyridine adsorption on dea-
luminated BEA are presented in Fig. 11. With the exception
of dealuminated BEA2 (Figs. 11e and 11f), three typical
peaks appeared in the range 1400-1600 cm~! due to vibra-
tions of adsorbed pyridine over BEA zeolites. IR bands at
1545 and 1445 cm™! correspond to pyridinium ion adsorbed
on Brgnsted acid sites and pyridine on Lewis acid sites, re-
spectively. The band at 1490 cm™! is caused by pyridine
adsorbed on both Brgnsted and Lewis acid sites. All BEA1
samples showed a strong IR band at 1545 cm~! and this
bandstill remained for dealuminated BEA1. However, only
traces of this peak were detected for dealuminated BEA2.

DISCUSSION

Several postsynthetic treatments were conducted to ob-
tain a suitable catalyst for selective formation of 1,5-
DMT while suppressing the formation of other isomers.
Among the isomers obtained from 1,5-DMT isomeriza-
tion, 2,6-DMT could be converted to 2,6-DMN directly
and is a desirable product. Some investigators have tried
to make 2,6-DMN from commercially less-useful other
DMN + DMT isomers, especially the 2,7-triad, by hydroi-
somerization/dehydrogenation with a noble metal/acidic
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silica—alumina catalyst (23).In 1,5-DMT isomerization over
zeolite BEAT1, we also obtained 2,6-DMT as the main prod-
uct. However, small amounts of 2,7-triad isomers still re-
mained (included in light fraction, Fig. 2). In our previous
study (13), reactions with zeolites of different pore systems,
Y and mordenite, showed similar product distribution.
From these facts, we might consider that isomerization of
1,5-DMT to 2,6-DMT is not subject to any shape selectivity.

In any case, selective synthesis of 1,5-DMT without fur-
ther isomerization to other triad isomers is more desired in
this stage of the 2,6-NDCA manufacturing process. For this
purpose, BEA1 modified by surface passivation or dealumi-
nation should be the catalyst of choice. Untreated BEA2 is
also selective for 1,5-DMT synthesis, but the reaction rates
are low.

Results of several postsynthetic modifications of BEA
zeolites revealed that only external surface acidity was re-
sponsible for the isomerization of once-formed 1,5-DMT
to other DMT isomers. The sites were present only on the
outer surface of zeolite particles and removed completely
by triphenylphosphine adsorption or surface passivation by
the Si layers. Ideally, surface poisoning or passivation would
not affect either textual or acidic properties of inner pore
system. Furthermore, isomerization of 1,5-DMT as reactant
over BEA1-P with relatively high activity for cyclization of
OTP showed no conversion to other DMT isomers. These
results imply that the isomerization activity observed over
BEA1 is not due to any process occurring inside the zeolite
pores, including the internal diffusion limitation. From the
27 AINMR spectra shown in Fig. 9, BEA1-P showed a simi-
lar framework Si/Al ratio to that of untreated BEAT, yet
negligible isomerization activity. Thus, acid density cannot
explain isomerization activity either. Interpretation of the
reactivity of dealuminated catalysts is more complicated,
because the dealumination treatment would modify the
pore structure. However, the high selectivity for these cata-
lysts could also be explained by the expulsion of isomer-
ization sites by the dealumination treatment. We were not
able to identify the external acid sites responsible for iso-
merization directly with any spectroscopic characterization
tools. They might be present in a small concentration. How-
ever, their presence is evident from the reactivities of these
modified zeolites. The most interesting is the difference be-
tween two BEA zeolites procured from different sources.
BEA?2 does not show any isomerization activity even with-
out poisoning or passivation of its outer surface. Also, as
mentioned, it shows much lower activity in OTP cyclization.

From FE-SEM and N, adsorption/desorption isotherm
data, we observed a definite difference in bulk structure
between BEA1 and BEA2. In spite of similar external sur-
face areas, BEA1 is aggregated on a larger scale compared
to BEA2. However, these textual differences between two
BEA zeolites could not account for such a great difference
in OTP cycloisomerization activity. Although BEA1 is in
the form of large aggregates, its higher activity indicates
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that there is no hindrance of reactant access to the inter-
particle volume. Thus, different textual properties between
BEA1 and BEA?2 are significant, but they are insufficient
to explain the differences in the activity and selectivity of
these catalysts in OTP-to-DMT reactions.

In contrast, the degree of dealumination for nitric acid-
treated samples clearly shows the effect of these textual
differences (see Table 1). Thus, BEA1 was only slightly dea-
luminated with strong acid treatments, whereas BEA2 was
easily dealuminated with even weaker acid treatments. The
Si/Al ratio of BEA1-D-10 was 42 and that of BEA2-D-0.5
was 73. The different effect of acid treatments can be under-
stood in terms of the difference in the degree of aggregation
that affects contact between nitric acid and framework Al
atoms. Additionally, the existence of an amorphous moiety
or unstable structures in original BEA2 can be an alter-
native explanation. The slight increase in crystallinity after
acid treatment and the higher fraction of nonframework Al
species observed by 2’ Al NMR supports the possibility.

Catalytic activity measurements for dealuminated sam-
ples show the relationship between framework Al and OTP
conversion. As the bulk Si/Al ratio measured by elemental
analysis increased, the conversion to 1,5-DMT decreased
rapidly for the dealuminated BEA2 samples. However, cal-
cined BEA1 and BEA?2 with similar bulk Si/Al ratios (14
and 17, respectively) showed a large difference in activity
in OTP cyclization; BEA1 showed higher activity even in
a more dealuminated state. Then, which property of BEA
zeolites is responsible for the different activity in OTP cy-
clization? We calculated the framework Al concentration
from the intensity of the peak at 54 ppm in 2’ Al MAS
NMR spectra. Figure 12 shows a relationship between this
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FIG. 12. A correlation between framework Alconcentrations of
BEA and OTP conversions after 1-h (@) and 2-h (V) reaction (1 wt%
catalyst/OTP, 473 K).
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number of framework Al and OTP conversion after a 1-
and 2-h reaction. The correlation is good. As Al atoms
lose their symmetry by acid dealumination or steaming, the
number of extraframework Al and/or unsaturated frame-
work Al increases, and some portions of Al sites cannot be
observed with simple 7 Al MAS NMR due to the existence
of so-called “invisible Al” (17). Furthermore, dehydration/
rehydration treatments and residual water significantly
influence the spectral shape, and consequently, the in-
terpretation of Al NMR spectrum is complicated
(18,24).

To examine any disappearance or chemical shift of peaks
due to water, 2?Al MAS NMR were also conducted for
BEA1 and BEA2 further dehydrated by treating calcined
samples at 773 K (Figs. 9c and 10c, respectively). Though de-
hydrated BEA1 (Fig. 9¢c) exhibited reduced intensity of the
Oh-Al site, the overall lineshape did not change. The 2’ Al
MAS NMR spectrum of dehydrated BEAZ2 still showed a
broad and intense peak at O ppm after treatment and the
spectrum is similar to that of dehydrated BEA reported
by Deng et al. (24). The similar spectral shape of BEA1
and dehydrated BEAT1 implies that the relatively narrow
linewidth of BEA1 samples is not the effect of moisture
or calcination methods but of different Al environments
between BEA1 and BEA2. The difference in the NMR
peak intensity of the same sample due to dehydration did
not exceed 10%. Hence, the good correlation between the
intensity of Td-Al NMR peaks and activity in OTP cy-
clization might be interpreted as Brgnsted acid sites due
to this Td-Al being responsible for the activity in OTP
cyclization.

Infrared spectra of pyridine adsorbed on zeolites (Fig. 11)
clearly support the relationship between framework Al
concentration and Brgnsted acid sites. The intensity of
the IR band at 1545 cm™! assigned to pyridinium ions
rapidly decreases for dealuminated BEA2 (Figs. 12e and
12f). However, that of dealuminated BEAT1 still remains
without a significant change in band intensity. The IR band
at 1445 cm™!, which corresponds to pyridine bonded to a
Lewis acid site, shows little changes for all the samples,
and therefore, the ratio of Brgnsted acid/Lewis acid con-
centration is higher for BEA1 and dealuminated BEAT.
Brgnsted acid sites of zeolites are responsible for the IR
band of pyridinium ions and consequently its strong band
intensity means that BEA1 have a lot of tetrahedrally
coordinated Al.

The 7 Al MAS NMR spectra of BEA1, BEA1-D-0.5 and
BEAI1-P, and all BEA2 samples showed an Oh-Al peak at
0 ppm. Whereas only BEA1 showed activity for DMT iso-
merization, the high activity for OTP cyclization was main-
tained for three BEA1 samples showing the Oh-Al peak.
Thus, there was no correlation between the Oh-Al peak
and activity and selectivity of OTP reactions. From these
facts, it might be concluded that Oh-Al is related to neither
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OTP cyclization nor DMT isomerization. More detailed
discussions about the nature of Oh-Al species through
NMR characterization is the subject of a forthcoming
publication (22).

CONCLUSIONS

We have investigated selective cyclization of OTP over
BEA zeolites obtained from different sources and sub-
jected to different postsynthetic modifications. The major
side reaction, the isomerization of once-formed 1,5-DMT to
other DMT isomers, followed OTP cyclization as a typical
series reaction. The sites responsible for the isomerization
appear to be strong acid sites residing on the external sur-
face of the zeolite crystal and are effectively removed by
triphenylphosphine poisoning, Si layer coating, or dealu-
mination. The activity of OTP cyclization showed a good
correlation with the amount of framework aluminum mea-
sured by 2’ Al MAS NMR. These results together with FT-
IR of adsorbed pyridine indicate that the Brgnsted acid
sites are responsible for the OTP cyclization activity. On
the other hand, octahedral Al species did not participate in
either OTP cyclization or DMT isomerization.
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