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Abstract

The protonic forms of zeolite beta (B with different crystallinities were obtained by postsynthesis modification of phases that were
obtained by varying crystallization periods during progressive crystallization from a gIEAgO-SiO—Al,03—Ho0O system at 413 K.
These catalytic materials were characterized using powder X-ray diffraéfiahyIAS NMR, nitrogen adsorption, temperature-programmed
ammonia desorption (TPAD), sorption of benzene probe molecules, and chemical composition. Evaluation of the catalysts for isopropylation
of benzene reaction using isopropanol as alkylating agent was carried out in a continuous, down—flow, fixed-bed reactor at 483 K, liquid hour
space velocity (LHSV) of 2.5, and feed (isopropanol: benzene) molar ratios ranging from 1:6.5 to 4:6.5. The effect of time on stream
on the benzene conversion and cumene selectivity was also studied. The pore volume accessible to benzene in catalyst was found to provid
a more realistic measure for screening the catalyst as compapidentage XRD crystallinity. Aatalyst, which is XRD amorphous in
nature, has exhibited nearly 27% benzene conversion and 48% cumene selectivity when compared with fully crystalline catalyst. Cumene
selectivity was found to increase with increase in time on stream when the feed used contained a IPA/benzene molar ratio below 0.31. The
number of strong Brénsted acid sites was found to increase witmtnease in the crystallinity up ®6% XRD crystallinity. Above 85%
XRD crystallinity, no considerable improvement was observed in catalyst activity as far as benzene conversion and cumene selectivity are
concerned.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction cropore system. The control of the crystallinity during the
pathway of the crystallization process is crucial for moni-
Hydrothermal crystallization of zeolite beta from alumi- toring adequately the activignd selectivity of the catalyst.
nosilicate gel is a very complex@eess. The crystallization  The influence of various parameters such as gel composition,
period is one of most important parameters that governsnucleation, temperature, and reaction time on the synthesis
the kinetics of nucleation and crystal growth of the zeolitic of zeolite beta under hydrothermal conditions has been well
phase. Pure and fully crystalline zeolite beta was found to be documented6—-8]. Among ion-exchanged forms of zeolite

a suitable catalyst for the cracking of paraff[d$ isomer-  peta, the protonic form was found to possess the highest
ization of n-heptang2] andn-hexan€3], and for the dis- acidity[9].
proportionation and transalkylation of toluene angl &o- Isopropyl benzene or cumene is an important industrial

matics[4,5]. The efficiency of the zeolite beta as a catalyst intermediate for the production of phenol. The processes
is mostly related to its well-defined crystalline structure that pased on the use of Friedel-Crafts cataljja®] or solid

leads to shape-selective cafsib occurring within the mi-  phosphoric acid11] catalysts suffer substantially from the
drawbacks deriving from corrosion and environmental prob-
* Corresponding author. Fax: +91 20 25890976. lems. To minimize these drawbacks, a variety of solid cata-
E-mail address: joshi@cata.ncl.res.itP.N. Joshi). lysts, especially zeolites, have been studied for this reaction
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[12-15] Zeolite beta has been proven to be a potential cata-

lyst on account of its high activity, selectivity, and stability,
under both liquid andiapor phase conditiorf85-19] The

parameters such as /@il ratio, isomorphous substitution,
alkylating agent, temperatyrepace velocity, and reactant

mole ratios are reported for alterations in the product se-

lectivity [20,21] The influence of yet another important pa-
rameter, viz. the percentage crystallinity of zeolite beta on
catalytic behavior in cumengusthesis, has not received any
attention in previous publications. However, ZSM-5 zeolite-
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proportion 15 ml per gram of solid) for 3 times at 343 K for
6 h. Excess salt was washed by deionized water until there
was no detectable chloride ions and the solid was dried at
393 K. These samples were faer subjected to calcination
at 773 K for 6 h under flowing air for converting them into
corresponding protonic forms and designated as Cat A, Cat
B, Cat C, Cat D, and Cat E.

The phase purity and crystallinity of the samples obtained
at different intervals of time were determined by powder
X-ray diffraction (Rigaku D Max Il VC, Japan) using Ni-

based aluminosilicate samples of low crystallinity have been filtered CuK « radiation. After background subtraction, the

reported22] to exhibit higher selectivity and yield in skele-
ton isomerization of linear butenes.

The objective of the work described here was to investi-
gate the catalytic behavior of the protonic forms of zeolite
beta (HB) catalysts with different crystallinities in the com-
mercially important isopropylation of benzene reactiorn H/

sum of the areas under the five characteristic peaks of zeo-
lite beta in the 2 range of 6.44-9.44, 19.32-24.42, 26.30—
27.52, 32.72-34.16, and 42.84-44.82 was taken as a mea-
sure of crystallinity, by comparison to a most crystalline and
pure beta phase, sample E, obtained in the present study.
27Al MAS NMR spectra were obtained on a Bruker MSL-

catalysts with different crystallinities were obtained by post- 300 NMR spectrometer at 78.2 MHz with 3.0 kHz spinning
synthesis modification of the phases that were obtained byspeed, 1.5 us excitation pulses (solutiof2 = 9 us), and
varying the crystallization period during progressive crystal- 0.25 s recycle times. Chemical shifts were referred to ex-
lization from a (TEA»O-NgO-SiQ—Al,03—H>0 system ternal Al(H20)g3" in aqueous AlJ{ solution. Low temper-

at 413 K. The samples were characterized for percentageature nitrogen adsorption was carried out using Omnisorp,
crystallinity, nature of aluminic species, surface area, acid- 100 CX. Benzene sorption was carried out using an all-glass

ity, benzene uptake capagcignd chemical composition.

2. Experimental
2.1. Catalyst synthesis and characterization

All the samples used in this work were crystallized under
hydrothermal conditions frormrhe aluminosilicate gel hav-
ing an oxide molar composition 6.0 (TEA):2.4 N&0:30.0
Si0O;:Al203:840.0 HO. The reagents used were sodium alu-
minate (43.8% AIO3, 39.0% NaO), silica sol (40% SiQ),
tetraethylammonium hydroxide (TEAOH, ag. 30% wt/wt so-
lution), sodium hydroxide (AR), and deionized water. In or-
der to obtain the samples with different crystallinities, the
kinetics of crystallization was carried out under static con-
ditions at 413 K. The final homogeneous reaction mixture

apparatus at 298 K. The sample was activated at 623 K un-
der vacuum (10® Torr) and then it was cooled down to
298 K. The vapors of liquid benzene at a relative pressure
of 0.5 were allowed to contact with the activated sample
for 2 h. and weight gain was measured with the help of a
cathetometer. The chemical composition of the samples was
established by determining the silicon and aluminum content
by combination of wet chemicaind atomic absorption (Hi-
tachi Z-8000) methods. Temperature-programmed ammonia
desorption (TPAD) was performed on protonic forms using a
Micromeritics AutoChem 2910 (USA). The amountof 0.1 g
of sample was loaded and activated at 773 K, in a quartz
cell, in He flow (20 mymin) for the period of 2 h. Presat-
uration was accomplished by passing 10% ammonia in He
for 1 h at ambient temperatewrThen the sample was flushed
with He for 1 h at 373 K to remove excess ammonia. The ad-
sorbed ammonia was desorbed in He flow (3@mih) with

was distributed into several stainless-steel autoclaves, whicha heating rate of 10 gmin and the temperature was raised
after being sealed were placed in an air-heated oven main-from 373 K to 773 K. The desorbed ammonia was detected
tained at 413 K. After reaching the crystallization tempera- by TCD. The TPAD profile was subjected for deconvolution
ture, the autoclaves were taken out of the oven one by oneusing Gaussian lineshapes for quantitative estimation.

and quenched to room temperature and thus the extent of

crystallization as a function of crystallization period was 2.2. Catalyst performance

monitored. The solid products were separated by centrifu-

gation, washed thoroughly with deionized water, and then  Isopropylation of benzene over protonic forms of beta ze-
dried at 393 K in a static air oven for 12 h. The dried prod- olite samples with different crystallinities was carried out in
ucts obtained after crystallization periods of 17, 37, 54, 63, a continuous, down—flow, fixed bed reactor at atmospheric
and 72 h were designated as A, B, C, D, and E, respectively.pressure. The amount of 2.0 g of 10-20 mesh granules of
These samples were then calcined at 823 K for 10 h un- self-bonded catalyst was loaded in the reactor. Before the
der flowing air. The temperature was increased from room start of the reaction run, the catalyst was activated at 723 K
temperature to 823 K with rate of 1/in. The calcined  for 8 h in air to drive off moisture and adsorbed hydrocar-
sample thus obtained was further subjected for repetitive ion bon, if any. Reactants (benzene and isopropyl alcohol) were
exchange using 1 M ammonium chloride solution (in the fed through a syringe pump (ISCO, USA) into the reactor at
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the desired reaction temperegu The analytical grade ben- 72 h (sample E), which was assigned as 100% crystallinity.
zene and isopropyl alcohol (E.Merck India Ltd.) were used The intermediate samples B, C, and D have shown 31, 67,
in this study. The products were analysed in a Shimadzu gasand 85% crystallinity, respectively. Crystallization kinetics
chromatograph (Model GC 15A), fitted with an Apiezome L curve ig. 1, inset) exhibited a sigmoidal or S-type nature,
(B.P. 1/1) column, using a flame ionization detector. The col- indicating different rates of crystallization at different crys-
umn employed was of 0.0032 m i.d 50 m length. The con- tallization periods. Moreover, the rate of crystallization was
version of benzene and cumene yield as a function of time onfound to decrease as the cnjbzation process approaches
stream over H/beta catalysts was investigated at 483 K with completion, indicated by constancy, i.e., 100% crystallinity.
liquid hour space velocity (LHSV) of 2.51 and feed (iso- ~ The powder XRD pattern of sample E matches well with
propanol:benzene) molar ratios ranging from 1:6.5 to 4:6.5. the reported ong8], confirming the well-crystalline zeolite
Quantification of various products was accomplished using beta phase with no other impurity. The powder XRD patterns
response factors of typical standard mixtures and the liquid of the samples before and after postsynthesis modifications
mass balance was of the order of 98%. such as calcination, ion exchange followed by calcination
showed identical profiles, indicating no phase change or
structural damage. Although, some alterations in the rela-

3. Resultsand discussion tive peak intensities were observed, there were hardly any
difference in the peak positions and percentage crystallinity
3.1. Characterization values. Thus any postsynthesis treatment has not affected the

percentage crystallinity as well as the phase purity.
3.1.1. Powder X-ray diffraction

From several synthesis runs, samples were selected on thg.1.2. 27Al MASNMR
basis of different crystallinitieszig. 1 shows the progressive 2TAl MAS NMR spectra of different H8 samples are
development of the nature of the phases at different crystal-shown in Fig. 2 All the samples have exhibited a peak
lization periods and in turn of different crystallinities. The about 50 ppm assigned to tetrahedral aluminum. The ab-
powder XRD pattern of sample A has shown an amorphoussence of a signal (around zero ppm) due to octahedrally
nature and hence it was assigned to 0% crystallinity. Char- coordinated aluminum species confirms the fact that there
acteristic peaks of zeolite beta start appearing after 17 h ands neither dealumination from the crystalline framework oc-
the fully crystalline pure beta zeolitic phase is obtained at curring during postsynthesis modification nor any octahedral
aluminic species present in all the samples under investiga-

tions. However, the extent of broadening of NMR lines was
_2_-"133 found to decrease with the increase in the crystallinity, sug-
é 60 gesting reduced distribution of aluminum with atoms having
.g 40 lower average coordination symmefRa].
2 20
": 1Y I R 3.1.3. Compositional, textural, and sorptive characteristics
. = 0 2%{‘,{',:?“3&300120 Table 1shows the evolution of the SiGand AbOs con-
;3. tent and in turn SiQ/Al>,0O3 molar ratio in the solids as a
< Wt AE,
= D
=
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’_”,/\‘\\—« A Cat C
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Fig. 1. Powder X-ray patterns of as-prepared zeolite beta phases obtained

during hydrothermal crystallization. @et: Kinetics of crystallization at Fig. 2.27Al MAS NMR spectra of HB samples with different crystallini-
413 K.) ties.
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Table 1
Compositional, textural, and sorptive properties of ldatalysts
Sample Powder XRD Chemical analysis (on dry basis) - allsorptioft Benzene sorptidh
designation crystallinity Si® Al,O3 SiOy/Al»03 micropore uptake
(%) (Wt%) (wt%) molar ratio surface area %rﬁg) (mmolg1)
CatA 0 9430 561 2858 6223 04
CatB 31 9435 556 2881 27000 09
CatC 67 9444 549 2920 42800 18
CatD 85 9459 536 2995 48600 22
CatE 100 9561 529 3038 53600 24

2 | ow-temperature (78 K) nitrogen adstign data; activation temperature, 623 K.
b Temperature= 298 K, P/ Po = 0.5 (Po = 95.2 Torr), time=2 h.

function of the degree of the crystallinity. It clearly indicates
that the SiQ/Al>,03 molar ratio in the product increases
with the increase in the crystallinity. Since the chemical
analysis of mother liquor has not shown any contribution of
aluminum, most of the aluminum was found to be located in
the recovered X-ray amorphous solid of whose 8i&l 03
molar ratio was 28.58. Moreover, all the aluminum was
in the tetrahedral coordination as indicated ¥l MAS
NMR. Upon progressive crystallization, solids were found Q
to become more and more siliceous. It is difficult to correlate
the SiG/Al,03 molar ratio in the crystals to that of the solid  *=
as partly crystalline solids contain both the amorphous mate-
rial and the zeolite beta crystals. The micropore surface area
obtained from low-temperature nitrogen adsorption data was
also found to increase in nonlinear fashion with the increase<
in percentage crystallinity. It is interesting to note that the

XRD amorphous sample has shown a micropore surface aree ' ' - '
of the order of 62.28 ®yg, which is around 12% of that of 373 473 373 673 773

fully crystalline samples. Probably, the presence of crystals . A

of ;leol?ie beta that r?ave a much Zmallepr) size and belgw the Tempel At © K

XRD detection limit may be contributing to the micropore Fig. 3. TPAD profiles of H catalysts with different crystallinities. (Inset:
surface area observed for Cat A. The benzene uptake caRelationship between number of stroBgnsted acid sites and percentage
pacity for different HB catalysts was estimated, as benzene XRD crystallinity.)

is the feed molecule for probg the catalytic performance

of these catalysts. It can be seen frdable 1that, there is  ining the relation between crystallinity and number of strong
a concurrence between the crystallinity and the equilibrium Brénsted acid sitessig. 3, inset, depicts the relationship ob-
benzene sorption capacity. The pore volume of Cat E calcu-served between number of strong Bronsted acid sites and
lated from the equilibrium benzene uptake capacity matchespercentage XRD crystallinity. The XRD amorphous sam-

1
"0 20 40 60 80 100
% XRD Crystallinity

No.of Bronsted Acid Sites
{mmolimg)
[=]
N W

esorbed A.U

a

mimon

well with that of reported data in the literatuj@24] ple has exhibited few Bronsted acid sites (6.5% of fully
crystalline sample) indicative of the presence of small ze-
3.1.4. Temperature-programmed ammonia desorption olite beta crystals that are below the XRD detection limit.

The variation in the number and distribution of the acid It is interesting to note that, even though the solid becomes
sites as a function of crystallinity was estimated by TPAD. more and more siliceous with increase in the crystallinity,
Fig. 3illustrates the TPAD curves for all Id/catalysts. After the number of Bronsted acid sites increases up to 85% crys-
deconvolution, two desotion peaks were classified as weak tallinity. This suggests that progressive incorporation of the
and strong acid sites according to lower and higher temper-aluminum in the framework takes place during the crystal-
atures of the peak maximum, respectively. Since the low- lization process up to 85% crystallinity. Moreover, the rate of
temperature peak was ascribed to the desorption of weaklyincorporation of silicon in the framework seems to be higher
held ammonia from nonacid sites and distinct long tailing than that of aluminum. In addition to this, the leveling off of
desorption of ammonia at temperatures higher than 600 K number of Bronsted acid sites at crystallinity values higher
is a characteristic of beta zeolif25], the high-temperature  than 85% indicates that further increases in the crystallinity
peak that corresponds to strong Brénsted acid sites (—-OH ofmay be due to incorporation of silicon only in the framework
the framework aluminum atoms) was considered for exam- resulting in a silica-rich surface.
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3.2. The catalytic behavior of H/S zeolite catalysts with cumene selectivity. By a comparison to Cat E, these values
different crystallinities of benzene conversion and cumene selectivity amount nearly
to 27 and 48%, respectively. In order to examine the typical
The alkylation of benzene with isopropanol is knoj2f] catalytic behavior of Cat A, another XRD amorphous ma-

to proceed through the dehydration of an alcohol to alkene terial was obtained by following the same procedure except
formation and the alkeneacts via a carbonium ion mecha- autoclaving and hydrothermalystallization thereafter. This
nism with gas-phase benzene or cumene to produce cumensample was found to be completely inactive under the same
and/or diisopropylbenzene (DIPB), respectively. In this reac- reaction conditions. Thus, it can be concluded that much
tion, in addition to the alkylton, other undesired reactions smaller size crystals of zeolite beta, which are below the
such as isomerization, cracking, and disproportionation of XRD detection limit, may be present in Cat A.

alkyl aromatics also occur, resulting in the formation of com- The cumene selectivity was found to follow the same
pounds such as toluene ang-C;1 aromatic§20,21] Due trend as benzene conversion. The leveling off of cumene se-
to presence of such products formed by secondary reactionlectivity at crystallinity values higher than 85% indicates that
in the locus of the reaction pathway, the yield of desired a further increase in the crystallinity has no considerable ef-
product drops considerably, depending upon the reactionfect on either benzene conversion or cumene formation

conditions and characteristics of the catalysts. The concentration of compounds such as toluene and C
aromatics that are formed by the occurrence of secondary
3.2.1. Catalyst screening reactions[21] was found to decrease with the increase in

The influence of the percentage XRD crystallinity opH/  crystallinity of the catalyst. Since the improvement in the
catalysts on the product distribution in the alkylation of ben- crystallinity is associated with the changes in other proper-
zene with isopropanol was investigated under an identical ties such as micropore surface area, pore volume, framework
set of reaction conditions. The results obtained after 4 h composition, nature of aluminic species, and acidity, the cu-
time on stream are summarizedTiable 2 All the catalysts mulative effect of these properties is believed to suppress
have shown propylene ¢ conversion more than 98%, in- other side reaction by reacting propylene with benzene in
dicating propylene conversion is independent of the catalystone step (fast reaction regimégavinglittle opportunity for
crystallinity mainly because of the formation of propylene furtherisomerization or ecking or disproportionation reac-
via dehydration of isopropanol that is occurring at 483 K tions.
prior to reacting with benzeri26]. Therefore, the results are Even though, all the catalysts have shown the formation
discussed on the basis of benzene conversion. Itis clearly ev-of n-propylbenzene less than 0.5 wt%, a marginal but in-
ident from Table 2that, the characteristics of the catalytic creasing trend in the formation efpropylbenzene with in-
materials govern the extent of the desired and undesiredcrease in crystallinity was observed. Thus, it seems that the
reactions leading to the formation of different products in formation ofn-propylbenzene by isoerization of cumene
different concentration. Cat A has shown the formation of formed might be occurring due to higher contact time (lower
aliphatics in high concentration as compared to other cata-LHSV of 2.5 h1) [20] and in particular the extent of ts for-
lysts. Moreover, other products (desired and undesired) aremation depends on the characteristics of the catalyst and the
formed in lower concentrations. Thus, higher propylene con- level of cumene formation.
version and lower conversion of benzene over Cat A seems The Go_11 aromatics are formed by the alkylation of
to be responsible for the formation of aliphatics in higher benzene with ¢ alkenes that are produced from the reac-
concentrations. The benzene conversion was found to fol-tion of isopropanol over acidic zeolit¢®7]. The decreasing
low the trend Cat E= Cat D> Cat C> Cat B> Cat A. trend observed in the formation ofi§ 11 aromatics with
Cat A has exhibited 5.43% benzene conversion and 42.82%increasing crystallinity suggests that the rate of reaction to-

Table 2

Performance comparison of catalysts for benzene isopropylation reaction

Product composition (wt%) Cat A Cat B CatC CatD CatE
Aliphatics 185 016 015 017 017
Benzene 844 8200 7930 7600 7530
Cumene %65 1393 1741 2125 2182
Toluene+ Cg aromatics D2 256 140 082 085
n-Propylbenzene - .05 010 013 020
C10_11 aromatics B9 034 029 015 009
DIPB 0.95 100 138 151 161
Performance

C3 conversion (%) 985 9984 9985 9983 9983
Benzene conversion (%) B 1300 1590 1940 2015
Cumene selectivity (%) 432 7740 8400 8854 8834

Reaction conditions: Temperature, 483 K; feedan¢isopropanol:benzene) ratio, 1:6.5; LHS\2.5 h L. Time on stream, 4 h.
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ward desired product increases with reduction inatkene benzene conversion and cumene selectivity was studied over
formation. The increased fimation of DIPB with increase  H-beta catalysts with different crystallinities.
in crystallinity may be attributed to the higher rate of alkyla-
tion of cumene as compared tate of alkylation of benzene  3.2.2. Effect of |PA: benzene mole ratio
and/or transalkylation reactig@0] on account of increasing One of the typical ways of monitoring conversions and
total acidity of the catalysts. selectivities is to vary the mole ratio of reactants. The influ-
Since Cat A was found to be catalytically active to some ence of isopropanol (IPA) to benzene mole ratio on benzene
extent, an attempt was made to compare the catalytic behavconversion and cumene selediwvas investigated by vary-
ior of the catalysts with different crystallinities as a function ing the IPA/benzene mole ratio in the range of 0.154 to
of pore volume accessible to benzene instead of XRD crys-0.615 [IPA:benzene- 1:6.5 to 4:6.5]. Two extreme catalysts
tallinity. A comparison of pore volume calculated on the ba- were chosen for this study, viz. Cat A and CatHig. 5il-
sis of benzene uptake capacity with percentage crystallinity lustrates the relationship between benzene conversion and
estimated from X-ray powder diffraction data is presented cumene selectivity with the time on stream for both cata-
in Fig. 4 (inset). Though, a linear relationship was observed lysts. The effect of IPAbenzene mole ratio on the benzene
between pore volume and percentage XRD crystallinity, the conversion and cumene seledtvover Cat A is represented
pore volume that is accessible to benzene molecules in Cat Ain Figs. 5 and b, respectively. It is clearly evident from
was nearly 16% of the pore volume of Cat E. This again sup- Fig. 5a that, by increasing isopropanol concentration in the
ports the presence of X-ray amorphous zeolitic material in feed keeping benzenconcentration constant, Cat A exhib-
Cat A. If it is assumed that the extent of adsorption of ben- ited a decreasing trend in thefizene conversion. This can
zene depends on the number and/or extent of negative chargbe explained partly on the basis of lower pore volume and
of the framework oxygen atoms in the unit cell, the increase less available active surface area for the reaction. Since the
in crystallinity might result in more numbers of negative formation of propylene via dehydration of isopropanol oc-
charges or higher negative charge on the oxygen atoms recurs at 483 K prior to reacting with benzeff@§], the multi-
sulting in a greater interactioof hydrogen atoms of benzene layer formation of propylene over the active catalyst surface
molecules with accessible oxygen atoms. Thus, we believearea may cause reduction in the mass-transfer diffusional
that benzene uptake capacityaipowerful tool for evaluat-  rate of benzene resulting in a drop in the rate of reaction
ing the crystallinity and in turn the catalytic performance of of benzene with propylene. Similarly, the benzene conver-
these catalytic materials. fiew of the above, the catalytic  sion was found to decrease with increase in time on stream
behavior of these catalysts was compared with the pore vol-for all the mole ratios. Howeer, the extent of decrease was
ume accessible to the benzene of freshly activated samplefound to depend on the reactant mole ratio. It is interest-
Such correlation has been depictedrig. 4. Both the ben- ing to note that, despite showing higher benzene conversion
zene conversion and cumene selectivity were observed to bewith the use of feed having a lower IPBenzene mole ratio,
increased with the increase in pore volume up to 0.18ml  faster deactivation was observed with time on stream. Such
of the catalyst. Further increase in the pore volume has notdecrease in the catalytic activity may be due to catalyst de-
shown considerable increase ither benzene conversionor  activation on account of the formation of heavy coke on the
cumene selectivity. However, the deviation from the linear- active surface of the catalyst. It is knojib,28]that fewer
ity of both the correlations and with each other may partly acid sites lead to the formation of more oligomers which are
be attributed to other characteristics such as acidity, frame-responsible for the coke formation. In the present case, since
work composition, and to some extent amount and natureisopropanol is dehydrating to propylene/propene, it is likely
of amorphous material present in the catalysts. Prompted bythat Cat A which has fewer acid sites may be deactivating
the above observations, the influence of other reaction pa-fast on account of the formation of higher amounts of propy-
rameters such as reactant mole ratio and time on stream orlene/propene oligomers with increase in time on stream.

£ 0.25
22020
100 - Cumene Selectivity LR RT
el
@ 80 - Es 0.10
. 35 0.05
= 4 ¢ £0.00
& %0 S 0 20 40 80 80 100
g 40 4 w % XRD Crystallinity
F'j: Benzene Conversion
20 /_)____.J.—o
0 — T T T

004 008 016 018 022
Pore Volume accessible to benzene (ml/g)

Fig. 4. Correlationship between catalytic performance and pore volurhis thizcessible to benzene of the H-beta catalyst with different crystieli. (Inset:
Relationship between pore volume accessible to benzene and XRD crystallinity.)
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a in Figs. & and d, respectively. It can be seen clearly from
S Fig. & that the benzene conversion not only increases with
L =20 the increase in IPAbenzene mole ratio but also with the time
g g }3 on stream for all the ratios. It is interesting to note that these
E § 5 trends are exactly opposite to those observed for Cat A. This
Z 0+ T T ; reverse trend can be partly attributed to the higher pore vol-
“ 2 3 4 5 ume and larger number of active centers on the larger surface
area of Cat E. In order to examine the cause of the least deac-
Time on Stream (h) tivation of Cat E as compared to Cat A, the spent Cat A and
b Cat E were analyzed for carbon and hydrogen contents after
running them for 5 h time on stream with feed containing an
60 IPA/benzene mole ratio of 1:6.5. Spent Cat A has shown the
50 — s . /: contribution of 6.22% carbon and 2.37% hydrogen whereas
;3 e ———" Cat E has shown the presence of 0.86% carbon and 1.25%
- hydrogen. Thus, in case of Cat E, the minimized multilayer

formation of propylene and formation of propylene/propene
oligomers on the large active surface area seems to be re-
sponsible for the increased benzene conversion and life of
the catalyst, respectively. As far as cumene selectivity is
C concerned, it is clearly seen froffig. 5d that the lower

the IPA/benzene mole ratio the higher the cumene selectiv-
ity. However, cumene selectivity was found to increase with

50 *i: : increase in time on stream when the JP&nzene mole ra-
40

tio was below 0.31. The reverse trend was observed when

—
LI

[¥)
L=
-
n

Time on Stream (h)

Cumene Selectivity (%)

Benzene Conversion (%)

ol R i = the IPA/benzene mole ratio used was above 0.31. The de-
10 v v - - creased cumene selectivity is associated with the formation
04 . of the unwanted products, such as tolueng,a@matics,
2 3 4 5 n-propylbenzene, § aromatics, and DIPB. Thus, it seems
Time on Stream (h) that u_nwanted (_:onsecutive side reactions like isomerization,
d cracking, and disproportionation are favored when well crys-

talline catalysts and feed containing |R#enzene mole ra-
tios higher than 0.31 were used. When compared to Cat A,
3% the cumene selectivity stability trend is more or less same
;:_‘"“N“'k——‘:—_g;—_—:g only when lower IPAbenzene mole ratios are used. In view
of above observations a reactant IPA:benzene mole ratio of
1:6.5 was used for the further screening the H-beta catalysts
with wide range of crystallinity for their catalytic perfor-
s % 4 &8 mance in cumene synthesis.
Thus, the influence of yet another reaction parameter, i.e.,
time on stream on benzene conversion and cumene selec-

Fig. 5. Effect of reactant (IPAbenzene) mole rat#p) 1:6.5, @) 2:6.5, tivity was studied over H-beta catalysts with different crys-

(A) 3:6.5, (X) 4:6.5 on (a) percentage benzene conversion over Cat A, tallinities, keeping constant a reactant IPA: benzene mole
(b) percentage cumene selectivity over Cat A, (c) percentage benzene contatio of 1: 6.5.
version over Cat E, and (d) percentage cumene selectivity over Cat E.
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3.2.3. Effect of time on stream
This has also been reflected in the formation of aliphatics  In order to investigate the influence of XRD crystallinity
in higher concentrations as can be seen fii@ile 2 of H/B catalysts on the catalytic activity as a function of time
The change in the cumene selectivity with change in on stream, each catalyst was screened on stream for the pe-
isopropanol concentration over Cat A is represented in riod of 5 h under an identical set of reaction conditions. The
Fig. 5. It can be seen from this figure that the lower the product was collected after every hour. The variations ob-
IPA/benzene mole ratio the better the stability of the cumene served in benzene conversion and cumene selectivity as a
selectivity with time on stream. The abrupt variation in function of time on stream ovehese catalysts are repre-
cumene selectivity was observed with higher JB&nzene  sented inFigs. @ and b, respectively. It can be seen from
mole ratios. Fig. 6a that, benzene conversion was found to increase with
The effect of IPA’lbenzene mole ratio on the benzene con- the crystallinity up to 85%. However, there is no remarkable
version and cumene selectivity over Cat E is representeddifference in benzene conversion above 85% of the crys-
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Fig. 6. Variations in (a) percentage benzene conversion and (b) percentage cumene selectivity as a function of time on streanatalgstd-with different
crystallinities.

tallinity level. The increase in the benzene conversion with up to 85% may partly be associated with an increase in num-
the increase in crystallinity up to 85% may partly be asso- ber of acidic sites, pore volume, and surface area. The feed
ciated with an increase in the number of acidic sites, pore containing an IPAbenzene molar ratio below 0.31 is the
volume, and surface area. As far as the catalyst stability is best fit for screening the 8- catalysts with a wide range
concerned, except Cat A, most of the samples have shownof crystallinities for their catalytic performance in cumene
similar trends. The cause for faster deactivation of Cat A has synthesis. Unwanted consecutive side reactions, such as iso-
been discussed in earlier. merization, cracking, and disproportionation, were found to
It can be clearly seen frorRig. 6b that, except Cat A,  be favored when well-crystalline catalysts and feed contain-
marginal variation in cumene selectivity was observed over ing IPA/benzene mole ratios higher than 0.31 were used.
the entire range of time on stream. Cat A has shown a The micropore surface area of the order 485 gnand pore
decreasing trend in cumene selectivity as time progressesyolume of the order of 0.18 ¢g of H-8 catalyst were found
suggesting faster deactivation compared to other candidatesto be the optimum values for the maximum benzene conver-
The cumene selectivity of Cat B and C was found to be sta- sion and cumene selectivity a®ll. Except Cat A, marginal
bilized at around 8&: 4%, whereas for Cat D and E it was variation in cumene selectivity was observed over the entire
around 88t 1%. The product distribution data tabulated in range of time on stream. XRD amorphous material contain-
Table 2and relevant discussiondleon can be treated as the ing smaller crystallites of zeolite beta was found to be more
basis for such variation in cumene selectivity as a function sensitive for faster deactivation. Even though such materi-
of crystallinity. als may have a shorter pore length on account of which
alkene should have a lower residence time within a zeolite
pore environment, faster deactivation may partly be due to
4. Conclusions multilayer formation of propylene and formation of propy-
lene/propene oligomers on the less active surface area.
Catalysts with different crystallinities were prepared from
a (TEARO-NgO-SiQ—Al203-H>O system followed by
their modification to protonicdrms. These were character- Acknowledgments
ized and their potentiality was investigated in benzene iso-

propylation reactions using isopropanol as alkylating agent.  The authors acknowledge the contributions of N.E. Jacob,
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