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Abstract

Vapour phase tertiary butylation of toluene widrt-butylalcohol was studied over high silica large pore mordenite catalysts with varying
silica to alumina ratios. Influence of acidity, reaction temperature, time on stream, weight hourly space velocity and concentration of the
alkylating agent on the yield and selectivity gdra-tert-butyl toluene was investigated. Among the isomers formed during the reaction, the
paraisomer was found to be in significant amounts followed by rietaisomer, while noortho-isomer was found in the products as a
result of steric factors. Selectivity f@ara-isomer reduces at higher temperatures and it goes through a maximum in the temperature range
413-433 K. Mordenite catalysts with high silica to alumina ratio, with strong acidity but lower acid site density, offer good conversion, high
alkylation selectivity and bettgrara-selectivity. The improve@ara-selectivity on high silica mordenites is attributed to the low isomerization
activity of the producp-tert-butyltoluene on this catalyst when compared to low silica mordenites. Lower concentratitimftylalcohol
in the feed lead to better alkylation as wellgra-butylation selectivity.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ment of solid acid catalysts that are environmental friendly
[5-13]

Acid catalyzed reactions such as Friedel-Crafts alkyla- A petrochemical process is evaluated not only on the basis
tion, acylation, isomerization, etc are important processes of conversion of a given reactant, but also in terms of selec-
in organic synthesis, fine chemical production as well tivity tothe desired product. During the butylation of toluene,
as in petrochemical processfls2]. The butylated prod-  formation of all the threedrtho, para andmetg positional
ucts of toluene, particularly thpara-tert-butyltoluene has  isomers of butyltolunes is thermodynamically feasible, how-
great commercial significance as its derivatiyesa-tert- ever positional selectivity depends on the electrophilic and
butylbenzoic acid angdara-tert-butyl-benzaldehyde find ap-  steric factors. It is found that steric factors hinder the for-
plications as modifiers in alkylated resins, as solvents, in the mation ofo-butyltoluene, whileneta andpara-isomers are
production of fragrances, pharmaceuticals, herbicides and aformed in excess. Based on reports of methylation and ethy-
polymerization regulators for polyestdgs3]. Butylation of lation of toluene$14,15] itis expected that on catalysts with
toluene has been reportgl] over homogenous catalysts like  high acidity (higher acid site densityp-tert-butyltoluene
sulphuric acid, phosphoric acid and boron triflouride. But (PTBT) formed during butylation of toluene is isomerized
these catalysts are not environmentally benign, difficult to to m-butyltoluene, leading to enhanced concentrations of the
regenerate and also lead to the corrosion of equipment. Therefater isomer in the product.
fore considerable attention has been devoted for the develop- Mordenite based (HM) catalysts have strongisted

acidity. Coupled with their high surface area, pore volume

* Corresponding author. Tel.: +91 20 5893300; fax: +91 20 5893761,  and large pore openings, they offer immense scope for
E-mail addresssatya@cata.ncl.res.in (C.V.V. Satyanarayana). the transformation of various alkyl aromatics. The present
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investigation deals with the effects of various parameters thatrecorded after evacuation of the sample (for 2 h) at various

enhance the concentration of PTBT ws#is other positional ~ desorption temperatures. All the spectra were recorded us-

isomers during butylation of toluene on HM catalysts. It is ing a Nicolet 60 SXB spectrometer with 2 cthresolution,

known that acidity, in terms of acid site concentration and averaging over 500 scans.

strength vary with Si@/Al,O3 ratio. Hence, efforts were

made to investigate and find suitable $i8,03 ratio that 2.3. Butylation of toluene

offers not only good conversion of toluene but also high selec-

tivity of PTBT. The mordenite with Si@dAl,O3 = 90 offers Thetert-butylation of toluene was carried out in a down

good yield oftert-butyltoluene and also higherselectivity flow fixed-bed reactor using 2 g of catalyst. The catalyst was

as a result of suppression of isomerization reaction. Hence,activated at 773 K in a flow of air for 6 h prior to cooling it

this catalyst was further explored to understand influence to reaction temperature (393—-453 K) in nitrogen atmosphere.

of various process parameters such as temperature, weighThe reactantfeed consisting of toluene and TBA inthe desired

hourly space velocity (WHSV) and mole ratio of reactants on (molar) ratio was fed to the reactor at required weight hourly

yield of tert-butyltoluene and selective productionmfert- space velocity (WHSV) using a liquid injection syringe pump

butyltoluene. (Isco Model 500D). The products were condensed using a
chilled condenser and analysed periodically on a gas chro-
matograph (Shimadzu 14A) with a FID detector, equipped

2. Experimental with BP-1 capillary (50 m length< 0.32 mm ID) column.
The conversion of toluene, alkylation selectivity and PTBT

2.1. Materials selectivity are calculated according to the following equa-
tions:

The toluene antert-butylalcohol (TBA) used in this study
are of analytical reagent grade and obtained from S.D. Fine
Chem Ltd. and Qualigens Fine Chemicals. They were used = fraction of toluene converted (Wb) x 100
without further purification. Reference standards used for gas
chromatographic analysis were obtained from Sigma-Aldrich alkylation selectivity
Corporation. Three mordenite zeolites with $i8,03 ra-
tios of 20 (M-20), 45 (M-45) and 90 (M-90) were obtained = fractional moles of TBA utilized for alkylation
from Zeolyst International. % 100

conversion of toluene (W)

2.2. Characterization PTBT selectivity
All the zeolite samples were characterized for phase purity PTBT in prod. (wt%)
and crystallinity by Rigaku Miniflex X-ray powder diffrac- ~ Y tert-butyl toluenes in prod (wt.%)
tometer with Ni-filtered Cu I radiation.2’Al MASNMR
spectrawere obtained ata magnetic field of 11.7 T on a Bruker
DRX-500 spectrometer equipped with 4 mm BB MAS probe. 3. Results and discussion
Spectra were recorded at a sample rotation of 10 kHz, while

chemical shifts were referenced using Ad®B)s. Specific The powder XRD analysis of the three mordenite samples
surface areas were determined at liquid nitrogen tempera-with various SiG/Al 203 ratios show that these samples are
tures on a Coulter 100 instrument. highly crystalline pure phases. The specific surface areas of

The acidity was monitored through temperature pro- these samples were determined by a&disorption and were
grammed desorption of ammonia (MTPD, Micromeritics found to be 491, 499 and 502fg. The results show that
autochrome 2910). About 200 mg of H-mordenite was placed there is a marginal increase in surface area with increasing
in a quartz reactor and was activated at 773 K for 4 h in a he- SiOy/Al 03 ratio.
lium flow of 20 mImin~1. The sample was then cooled to The NHs-TPD profiles of the mordenite catalysts with
373K prior to adsorption of ammonia by pulsing 10% NH  different SiQ/Al>03 ratio are shown irfFig. 1 At least two
in helium. Followed by saturation of sample with ammonia, peaks, one at low desorption temperaturggnd another at
it was purged at 373K in helium for one hour. The desorp- high desorption temperatur@)(were observed for all the
tion experiment was carried out by heating the sample up to three mordenite samples. While there was a gradual decrease
1073 K at a uniform rate of 10 K mirt. in the intensity of the high temperature desorption peak with

For Infrared spectra of chemisorbed pyridine, self- increasing SiQ/Al,Os ratio, drastic reduction in intensity
supported thin wafers (5-6 mg crf) were prepared, evacu-  of the low temperature signal was observed for high silica
ated (10°° Torr) at 673 K for 12 h and cooled to 373 K. Then sample M-90. High temperature peak is assigned to desorp-
pyridine vapours were introduced into the cell and sample tion of ammonia from strong acid sites, while the low tem-
was equilibrated for 30 min. Subsequently, the spectra wereperature peak is assigned for desorption of ammonia from
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Fig. 1. NHs-TPD profiles of the mordenite catalysts with various 373K
SiO,/Al 03 ratios.
silanol and other weakly acidic cent¢t$]. Since, total acid- 473K
ity (Bronsted and Lewis) and structural aluminum content of
the zeolite are linearly related, it is expected that acidity de- 573K
creases for samples with high Si@l,03 ratios, which is
confirmed by these results. 673K
In general, two peaks are reported in the literafi@ for ) ) :
mordenite zeolites, one atlowtemperature (LT) and another at 1750 1650 1550 1450
high temperature (HT). Though our results are in conformity Wavenumber, cm™!

with these reports for low silica samples, they are at variance o _ _

for high silica samples as an additional peak at higher Fig. 2. IR spectra of pyridine at various desorption temperatures on M-20
catalyst.

temperature was observed for these samples. As may be seen

from Fig. 1that an un-ambiguous third peak was observed

for M-90 sample, while a hump indicating the presence ofa  To elucidate the origin of the third peak in the ammonia-

third peak could be clearly seen for M-45 mordenite catalyst. TPD, 2’Al MASNMR of the mordenite catalysts were anal-

Previous reports attributed this to strong Lewis acigily]. ysed. Fig. 3 shows2’Al MASNMR spectra of mordenite
To probe this aspect, chemisorption of pyridine at different samples of different SigAl,O; ratios. Two peaks, one at
temperatures was monitored using FT-IR spectroscopy.  55.3ppm, assigned to aluminium in tetrahedral framework

Infrared spectra of pyridine chemisorbed on the sample and another peak at 0.5ppm assigned to octahedral alu-
after evacuation at various desorption temperatures has beefminium was observe{f19,20] No other?’Al peak that is
given in Fig. 2 for the low SiGQ/Al,03 mordenite M-20  attributed to other than these co-ordinations was observed.
sample. Pyridine bound to Bnsted (By, 1544cnT?) and Surprisingly2’Al spectra show relatively high concentration
Lewis sites (lpy, 1452 cnT!) and the common C—C stretch-  of octahedral species for low silica samples. In fact, high

ing band (1489'cm1) corresponding to B, and Lpy could SiOy/Al,03 ratio samples are expected to have more of this
be clearly seen in these spedtt,18] Lewis (Lpy) pyridine octahedral aluminum species as these are usually obtained on
was desorbed at lower temperatures than tiiemSted (By) severe de-alumination of low silica samples, followed by its

pyridine on all mordenite catalysts. The variation in relative extraction with various treatments.

Bpy/L py ratio with increasing evacuation temperature is given

in Table 1 For all mordenite catalysts &/L py ratio went on

increasing with the evacuation temperature, except that there’able 1 ) o ) ) )

was slight drop at 673 K. Even at this temperature, the ratio Bror;ste_d to LeIW|s pyridine ratios at various desorption temperatures on
on M-90 is close to 3.8, suggesting thatBsted acidity is mordentte catalysts

much higher than Lewis acidity even at this temperature. If

Temperature of Bronsted to Lewis pyridine ratio (B/L)
desorption (K)

the third peak+) in the TPD spectra of M-90 corresponds M-20 M-45 M-90
to Lewis acidity, the By/Lpy ratio should have been either 373 1.751 2.168 1.205
<1, on desorption of pyridine at 673 K. Hence, it may not 473 3.423 3.616 4.397
be proper to attribute third peak in the TPD spectra to strong 273 3.455 4.077 5.283
673 2.517 3.055 3.784

Lewis acidity.
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Fig. 3. 2’Al NMR spectra of mordenite catalysts with various $i8,0j3 ratios. (a) M-20; (b) M-45 and (c) M-90.

Origin of the third peak in Ng-TPD may be ascribed to  ture, whereasrtho-butyltoluene is completely absent in the
the desorption of ammonia from strong acid sites which may product. PTBT selectivity was greater on catalysts with high
have been inaccessible prior to de-alumination of the parentsilica content at any reaction temperature when compared to
mordenite to obtain the high silica sample. Hence, these acidlow silica catalysts. On an acid catalyst that has strong acid-
sites may be structural hydroxyls that are associated with alu-ity, consecutive reactions of isomerization and de-alkylation
miniuminthe eight-memberedrings. Itis to be noted that high are expected to take place, followed by alkylation. However,
silica mordenites are prepared through severe de-aluminatiorthese consecutive reactions may be suppressed if the acid
and this process may lead to development of secondary poresite density of the catalyst is reduced as a result of increased
structureg[21]. The development of secondary pore structure SiO./Al»,O3 of the sample. This is clearly reflected in our
may have led to a better accessibility of hydroxyls present results, as the PTBT selectivity is high on catalysts that have
in the eight-member rings and thgeak may be interpreted  high SiG/Al O3 ratio [22,23]
for the ammonia desorbed from these sites. However, this  The butylation reaction on the mordenite catalysts is quite

interpretation is being probed further. selective as they hardly yield any side products. The alkyla-
tion selectivity, defined in terms of fraction of TBA utilized
3.1. Butylation of toluene for alkylation was found to be greater for catalysts that have

high silica content. As a result, conversion of toluene was

Toluene butylation was carried out using TBA as the alky- Nigh on these catalysts, though acidity in terms of number
lating agentin a down flow fixed-bed reactor. Effect of various ©Of acid sites dropped with increasing silicon content. This

lectivity. toluene conversion.
- . . Table 2
3'1'1'. I.EﬁeCt of Slllcaj.alumma ratio . Butylation of toluene with TBA on mordenite catalysts with different
Acidity has two variables, the number and strength of acid sio,/Al,0; ratios
sites. It is known that number of acid sites is linearly related 5, ¢t composition (wt.%) Mordenite catalyst

to the amount of aluminium in the tetrahedral framework,
hence, it is expected to fall with increasing Sifl,03. Ef-
fect of SiQ)/Al,03 variation ontert-butylation of toluene is ~ PTBT 826 1043 1189

M-20 M-45 M-90

shown inTable 2 Conversion of TBA, the alkylating agent, MTBT 6.89 566 540

hich is used in highly dilute (TBA:toluene = 1:8) quanti- oo 885 8ast 8238
W IC_ ghly i ©)q . Toluene conversion 155 1609 1762
ties, is complete on all mordenite catalysts. Only two iSO- pTBT selectivity 5452 6485 6740
mers of butyltoluene, i.ep-tert-butyltoluene (PTBT) and  Alkylation selectivity 8107 8607 9428

m-tert-butyltoluene (MTBT) were found in the product mix-  Temperature — 433K, TOS second hour, WHSV — 3, toluene:TBA — 8:1.
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Fig. 4. tert-Butylation of toluene with TBA on M-90 catalyst at different
reaction temperatures. Catalyst — M-90, TOS second hour, WHSV — 3,
toluene:TBA — 8:1.

The above results show that mordenite catalysts with
higher SiQ/Al O3 are better equipped for butylation of
toluene than the low SigdAl,03 samples, though the acid-
ity is expected to be higher in the later samples. The M-90
catalyst, with SiQ/Al>,0O3 = 90 seems to be optimum and is
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Fig. 5. tert-Butylation of toluene with TBA at different WHSV on M-90.
Toluene:TBA — 8:1, temperature — 413K, TOS second hour.

in turn govern the product pattern, particularly in a zeolite
driven catalytic process. Space velocity also influences the
secondary and consecutive reactions. As a result, desired se-
lectivity to a particular product can be achieved by choosing
right space velocity. Influence of space velocity on toluene
conversion and selectivity to PTBT is giverkig. 5. Toluene

best among the mordenite catalysts used in this study for theconversion has increased with space velocity, reaching a max-

tert-butylation of toluene with TBA. Hence, this catalyst has

imum in the WHSV= 3-4 region. At lower space velocities,

been studied further by varying different reaction parameters the TBA might have under gone un-desirable non-selective

in order to find the optimum conditions for this reaction.

3.1.2. Effect of temperature

Effect of reaction temperature on thert-butylation of
toluene is shown inFig. 4 Compared to alkylation of
toluene with lower (G-C3) alcohols, alkylation withtert-
butylalcohol (TBA) takes place at much lower (393-453 K)

reactions, leading to formation of aliphatics and as a conse-
guence the toluene conversion is low under these conditions.
This is reflected in the high concentration of aliphatics in the
product at lower space velocities (not shown in the figure).
A similar trend was also observed in the case of alkylation
selectivity.

Lower space velocities have an adverse influence on the

temperatures. It may be seen that with increasing reactionPTBT selectivity, as it was found to be less than 30% at
temperature, though the conversion of toluene increases, itWHSV-2. However, with increasing space velocity, it rises

falls at higher (453 K) temperatures. The PTBT selectivity
too followed a similar trend, as it has initially increased in
the 393-413 K temperature zone, while it fell at higher tem-
peratures. The PTBT selectivity shows a platea@{%) at

high temperatures (433-453 K). In the case of alkylation se-

lectivity, though the trend is similar, the effective tempera-
ture shifts towards right, giving highest alkylation selectivity

quite rapidly up to a value of WHSV-3 and remains there at
that level even after further increases in space veld2iy.
These observations show that WHSV in the region of 3—4 not
only offers high selectivity but also high conversion.

3.1.4. Effect of toluene to TBA ratio
Influence of toluene/TBA ratio on activity and selectivity

of 94.3% at 433K. Increasing reaction temperature beyond to PTBT is shown irFig. 6for M-90 catalyst. Conversion of

433K led to a steep fall in its value, probably as a result

TBA is complete at all toluene to TBA mole ratios. Though

of non-selective reactions that consume the alkylating agent,toluene conversion has increased with higher alcohol content

thus reducing its availability for butylation. It is known that
butene formed through dehydration of TBA on acidic cata-
lysts can oligomerise to gCand G2 olefins and then crack

in the feed (lower mole ratio), the increase is not proportional
to the alcohol content in the feed. This lower utilization of
alkylating agent led to a steep fall in alkylation selectivity

to low boilers. Since these reactions are dominant at higherwith higher TBA contents in the feed. In addition, at high
reaction temperatures, a fall in the toluene conversion as wellmole ratios, PTBT selectivity has improved, though not to an

as butylation selectivity is expected.

3.1.3. Effect of WHSV

appreciable extent. These results suggest that feeds at high
mole ratios (low TBA content) are desirable for butylation,
particularly the mole ratios in 6:1 to 8:1 region being the most

Space velocity or contacttime is animportant parameter asappropriate. Similar observations were reported for propy-
it not only influences the conversion of areactant, italso leadslation of benzene to cumene and propylation of toluene to

to changes in selectivity of various products. Diffusion con-

cymene on various zeolite cataly$®5]. In fact, industrial

straints have a bearing on product shape selectivity, which processes based on beta zeolite for preparation of cumene
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uses low propylene concentration in the feed, to achieve high
alkylation selectivity. Among the mordenites, M-90 gave the
best alkylation selectivity, as catalysts with low acid site den-
sity promote selective alkylation through suppression of un-
desirable cracking and disproportionation reactions.

3.1.5. Effect of time on stream (TOS)

The influence of TOS was investigated on M-90 as it was
found to be a better catalyst for toluetext-butylation re-
action ig. 7). There was some surge in the conversion of
toluene in the initial stages, while a marginal reduction in
the conversion of toluene was observed with time on stream.
This kind of initial increase in activity is typical of alkylation
reactions on large pore zeolites. Alkylation as well as PTBT
selectivities increased to respectable levels with TOS, prob-
ably as a result of coke formation on the catalysts. This kind

Catalysis A: Chemical 223 (2004) 305-311

ratios. These catalysts were characterized through XRD,
BET surface area measuremert8AIMASNMR, TPD of
ammonia and IR of chemisorbed pyridine. Ammonia TPD
measurements show two desorption maxima for low silica
(SiOL/Al,03) samples, while three desorption maxima were
observed for high silica samples. Though reports attribute
the third TPD peak on high silica zeolites to strong Lewis
acidity, infrared studies of chemisorbed pyridine rule out
this possibility. 2’Al MASNMR does not show any en-
hancement in the relative concentration of hexa-coordinated
aluminium in high silica samples. Mordenite catalysts with
high SiG/Al,0O3 ratios offer good alkylation and PTBT
selectivity’s, in addition to higher toluene conversion. High
reaction temperatures and contact times are not favourable
for obtaining good yield of butyltoluenes and also that of
PTBT. Similarly, high reaction temperature and acid site
density (low SiQ/Al,O3 ratio) promotes isomerization

of pararisomer to metaisomer thus reducing the PTBT
selectivity. Feeds containing lower concentration of TBA are
better suited for attaining high alkylation selectivity and also
for the suppression of non-selective reactions. With time on
stream, alkylation and PTBT selectivity’s improved while
slight fall in the conversion of toluene was observed.
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