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of lower alkanes (1–7), which is a process of great commer-
Effect of various hydrothermal pretreatments [at different cial importance. An isomorphous substitution of Ga for

temperatures (400–8008C) and concentrations of steam (13–80 Al in H-ZSM-5 results in an enhancement of the primary
mol%) or with liquid water at 1508C under autogenous pressure] dehydrogenation activity of the zeolite and also an appre-
to H-gallosilicate (MFI) zeolite (bulk Si/Ga 5 33 and ciable decrease in the primary cracking/dehydrogenation
Na/Ga 5 0.1) on its acidity/acid strength distribution (deter- rate ratio, thus causing a large increase in its alkane aroma-
mined by chemisorption and step-wise thermal desorption of tization activity (3, 6, 8). Non-FW Ga species, when existing
pyridine from 100–4008C), acid function (studied by acid cata-

in close proximity with the FW Ga, are found to be thelyzed model reactions viz. isooctane cracking for external acid-
active Ga species (2, 3, 5, 6). The non-FW Ga species inity and o-xylene isomerization and toluene disproportionation
the zeolite may be formed during its hydrothermal synthe-for internal or intracrystalline acidity), and deactivation due
sis and/or thermal and hydrothermal pretreatments (3,to coking in propane aromatization (at 5508 and time-on-stream
6, 9–11).of 8.5 6 0.5) has been thoroughly investigated. With the in-

crease in the severity of hydrothermal treatment to the zeolite, Earlier studies (12) reveal that hydrothermal treatment
its crystallinity, framework (FW) Ga (observed by 71Ga and under different conditions to H-ZSM-5 results in apprecia-
29Si MAS NMR and FTIR), acidity (measured in terms of the ble changes in its acidity and catalytic properties. Since H-
pyridine chemisorbed at 4008C and activity in the model reac- GaMFI is expected to be hydrothermally less stable, as
tions), and catalytic activity in the propane aromatization are compared to H-ZSM-5, it is very interesting to study in
decreased, but its deactivation due to coking and shape selectiv- detail the influence of various hydrothermal treatments to
ity are increased appreciably. These effects are attributed to

H-GaMFI zeolite under different conditions on its acidity/the extensive degalliation of the zeolite due its hydrothermal
acid strength distribution, acid catalysis function, activity/treatments. Its product selectivity, dehydrogenation/cracking
selectivity, shape selectivity, and deactivation due to coking(D/C) activity ratio, and aromatics/(methane 1 ethane) mass
in the propane aromatization process. The present workratio in the propane aromatization are also influenced by its
was undertaken for this purpose.hydrothermal treatments, depending upon the conversion. The

product and shape selectivity of the zeolite are also affected
EXPERIMENTALby its deactivation due to coking. The influence of hydrothermal

treatments on the activity/selectivity and catalyst deactivation
The various hydrothermal pretreatments (at differentare attributed to a combined/complex effect produced by the

decreased zeolitic acidity (i.e., FW Ga) and increased non-FW temperatures and partial pressures of steam and also with
Ga oxide species in the zeolite channels, depending upon the liquid water at 1508C under autogenous pressure) given to
severity of hydrothermal treatment. The hydrothermal stability H-GaMFI (bulk Si/Ga 5 33, crystal size 5 6–7 em and
of H-gallosilicate (MFI) is much lower than that H-ZSM-5. Na/Ga 5 0.1) are given in Table 1. The hydrothermal
 1996 Academic Press, Inc. treatment with steam was carried out by passing a

steam–N2 mixture with a total gas hourly space velocity
of about 5000 h21 over the zeolite in a quartz reactor for

INTRODUCTION
4 h at different temperatures (400–8008C) and concentra-
tions of steam (13–80 mol%). The H-GaMFI was preparedH-Gallosilicate having MFI structure (H-GaMFI) shows
by synthesizing TPA-GaMFI by its hydrothermal crystalli-high aromatization activity/selectivity in the aromatization
zation from a gel (pH 9–10) consisting of Na-trisilicate
(Fluka), gallium nitrate (Aldrich), tetrapropyl ammonium
bromide (TPABr) (Aldrich), sulfuric acid (AnalaR, BDH),1 To whom correspondence should be addressed.
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TABLE 1

Distribution of Aromatics Formed and Coke Deposition in the Propane Aromatization over H-
GaMFI Treated Hydrothermally under Different Conditions

Hydrothermal
treatment Distribution of aromatics (wt%)

Water Coke
Temp. Concn. of vapors Toluene deposition
(8C) steam in feed 1 ethyl wt%

(mol%) (mol%) Benzene benzene Xylenes C91 carbon

400 48.0 0.0 45.8 6 1.1a 34.5 6 0.5a 17.3 6 0.4a 2.5 6 1.3a 1.57
600 0.00 0.0 47.5 6 0.8a 33.2 6 1.0a 15.5 6 0.6a 2.8 6 0.8a 1.69
600 13.0 0.0 48.2 6 1.2a 34.2 6 0.5a 15.5 6 0.7a 2.1 6 0.3a 1.63
600 48.0 0.0 57.7b–72.6c 32.0b–24.1c 10.3b–3.3c 0.0 1.50
600 80.0 0.0 64.1b–89.4c 25.6b–10.6c 10.0b–3.6c 0.0 1.28
800 48.0 0.0 —No formation of aromatics— 0.18
600 0.00 4.0 43.3 6 0.5a 39.5 6 0.7a 15.6 6 0.8a 1.4 6 0.2a 1.37

a Distributrion not affected significantly due to the deactivation.
b Initial (i.e., for fresh catalyst).
c Final (i.e., for deactivated catalyst).

and demineralized water in a stainless steel autoclave at ation (at 5008C) for measuring overall acidity, over them
in a pulse microreactor (made up of quartz, 4.5-mm i.d.,1808C for 24 h. The zeolite crystals were then washed,

dried, and calcined at 5508C for 15 h in static air to remove 6.0-mm o.d., and containing 0.1 g zeolite) connected to a
gas chromatograph. The pulse reactions were carried outthe occluded organic template. The zeolite was exchanged

with 1 M ammonium nitrate solution at 808C for 1 h four by injecting a pulse (0.4 el) of isooctane (at 4008C), o-
xylene (at 4008C), and toluene (at 5008C) in the microreac-times, dried at 1208C for 4 h, pressed binder-free, and

crushed to particles of 0.2–0.3-mm size. Finally it was cal- tor and analyzing the reaction products by a Varian GC
with FID, computing integrator, and Benton-34 (5%) dino-cined to convert its NH4 form to H form at 6008C in static

air for 4 h. The MFI framework structure of the gallosili- nylphthalate (5%) on a Chromosorb-W column (3 mm 3
5 m), using moisture-free N2 (.99.99%) as a carrier gas.cate was confirmed by the XRD and FTIR analysis and

its composition was determined by chemical analysis. The detailed procedures for carrying out the pulse reac-
tions and product analysis were described earlier (15, 16).The hydrothermally treated zeolite samples were charac-

terized by XRD (using a Phillips diffractometer-1700 series Time-on-stream activity/selectivity of the zeolite in the
propane aromatization (at 5508C) was determined using aand a CuKa radian), FTIR (using a Perkin–Elmer FTIR-

1600 series), SEM (using a JOEL scanning electron micro- continuous flow quartz reactor (i.d. 5 13 mm), packed with
about 1 g particles of the zeolite and provided with a Cr–Alscope), and 29Si and 71Ga MAS NMR (using a Bruker

MSL300 MHz NMR, 2 esec pulse, a flip angle of 458, and thermocouple located at the center (axially) of the catalyst
bed, at atmospheric pressure, using a 33 mol% propanesamples spun at 3–3.5 kHz).

The acidity/acid strength distribution on the samples was and 67 mol% N2 gas mixture as a feed at a gas hourly
space velocity of 3100 cm3 (at STP) ? g21 ? h21. The reactiondetermined by measuring the chemisorption and stepwise

thermal desorption (STD) of pyridine (chemisorbed at products were analyzed by an on-line GC using PoropaK-
Q (3 mm 3 3 m) and Benton-34 (5%) dinonylphthalate1008C) from 100 to 4008C in a number of temperature steps

(viz. 100–175, 175–250, 250–325, and 325–4008C) by using (5%) on Chromosorb-W (3 mm 3 5 m) columns for sepa-
rating C1–C4 and aromatics, respectively. The carbon de-the GC adsorption/desorption techniques (13, 14). The

determination of acidity/acid strength distribution of zeo- posited on the catalyst was determined by microanalysis.
The catalytic activity/selectivity data at different space ve-lites by the GC methods was described in detail earlier (7,

13, 14). The chemisorption of pyridine has been defined locities (440–121,000 cm3 ? g21 ? h21) were obtained in the
absence of catalyst deactivation (i.e., initial activity/selec-as the amount of pyridine retained by a presaturated zeo-

lite after it is swept with pure nitrogen for a period of 1 h. tivity) at 5508C by carrying out the propane aromatization
under steady state for a short period (2–5 min) and thenThe acid function of the zeolite samples was studied by

carrying out acid catalyzed model reactions, viz. isooctane replacing the reactant by pure N2 during the period of
product analysis by GC.cracking (at 4008C) for studying external acidity and o-

xylene isomerization (at 4008C) and toluene disproportion- Before the catalytic reactions, the zeolite samples were
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zeolite under different conditions are shown in Fig. 2. The
intensity of the NMR peak for 71Ga is drastically reduced
at the higher temperature and/or steam concentration of
the treatment. No peak for 27Al MAS NMR is observed.

The acid strength distribution on the hydrothermally
treated zeolite at different conditions, measured by the
STD of pyridine (initially chemisorbed at 1008C) from 100–
4008C in different temperature steps, is presented in Fig.
3. The columns in this figure show acid strength distribution
of the sites involved in the chemisorption at 1008C. Each
column of the acid strength distribution represents the
number of acid sites measured in terms of the pyridine
desorbed in the corresponding temperature step. The acid
strength of these sites is expressed in terms of the desorp-
tion temperature, Td , which lies in the range of tempera-
ture, T1 , Td # T2 , in which the chemisorbed pyridine is
desorbed. T*d corresponds to the temperature at which all
the chemisorbed pyridine is desorbed (or it is the tempera-

FIG. 1. Influence of (a) hydrothermal treatment (HT) temperature
(concn. of steam: 48 mol%) and (b) concentration of steam in HT (at
6008C) on crystallinity, IR asymmetric stretching frequency, and frame-
work Si/Ga ratio of H-GaMFI.

pretreated in situ under a flow of moisture-free N2 at 5508C
for 1 h.

The conversion and selectivity in the catalytic reactions
were obtained from the product distribution, as follows.
Conversion (%) 5 100 2 wt% of reactant in products.
Selectivity (%) 5 [(wt% of particular product in products)/
(100 2 wt% of reactant in products)] 3 100. The conversion
and selectivity data are reproducible within 2–4% error.

RESULTS

Catalyst Characterization

The influence of the hydrothermal treatments (HT) at
different temperatures and concentrations of steam on the
crystallinity, IR asymmetric stretching frequency, and
framework Si/Ga ratio (estimated from 29Si MAS NMR)
of H-GaMFI zeolite is shown in Fig. 1. The zeolite crys-
tallinity and FW Si/Ga ratio are very strongly affected by
the severity of the treatment (i.e., HT at higher tempera- FIG. 2. 71Ga MAS NMR of H-GaMFI treated hydrothermally at
tures and/or concentrations of steam). 6008C with different concentrations of steam (a) and at 400 and 8008C

with 48 mol% steam in N2 (b).71Ga MAS NMR spectra of the hydrothermally treated
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5) (bulk Si/Al 5 34) zeolites are compared in Table 2 for
the influence of HT on their stability against structural
break down, degalliation, or dealumination and also for a
decrease in their strong acidity due to the HT with 48
mol% steam at different temperatures. The comparison
clearly shows that the hydrothermal stability of H-GaMFI
is much lower than that of H-ZSM-5.

Acid Catalyzed Model Reactions

The influence of the HT conditions on the external (i.e.,
intercrystalline) acidity of the zeolite has been investigated
by the isooctane cracking (at 4008C) reaction and on the
overall acidity (i.e., both the external and internal) by the
o-xylene isomerization (at 4008C) and toluene dispropor-
tionation (at 5008C) reactions.

Figure 6a shows a sharp decrease in the isooctane crack-
ing activity and consequently in the external acidity of the
zeolite with an increase in the severity of the HT treatment.
The results in Fig. 6b show that the xylene conversion is
decreased with increased HT temperature or the concen-
tration of steam in HT. The influence on the catalytic
activity due to the increase in the HT temperature is, how-

FIG. 3. STD of pyridine (chemisorbed at 1008C) on H-GaMFI treated
hydrothermally under different conditions [Temperature steps: (1)
100 , Td # 1758C, (2) 175 , Td # 2508C, (3) 250 , Td # 3258C, (4)
325 , Td # 4008, (5) 400 , Td # T*d ].

ture at which pyridine is not chemisorbed). The data for
400 , Td # T*d were obtained as the chemisorption of
pyridine at 4008C, measured by the GC pulse technique
(12). A variation of the pyridine chemisorption with tem-
perature is shown in Fig. 4.

Both the STD of pyridine and the chemisorption of
pyridine at different temperatures (Figs. 3 and 4) reveal
that the acid strength distribution on the zeolites is quite
broad and it is strongly influenced by the HT conditions.
Figures 5a and 5b show a sharp decrease in the strong acid
sites (measured in terms of the pyridine chemisorbed at
4008C) with an increase in HT temperature or concentra-
tion of steam in the HT. The treatment of the zeolite

FIG. 4. Temperature dependence of the chemisorption of pyridinewith liquid water at 1508C under autogenous pressure also
on H-GaMFI treated hydrothermally under different conditions. [HT atcauses a decrease in the strong acidity (Fig. 4). The strong
6008C with 0.0 mol% steam (s), HT at 4008C with 48 mol% steam (d),

acidity of the zeolite is directly proportional to its FW Ga HT at 6008C with 13 mol% steam (j), HT at 6008C with 48 mol% steam
(Fig. 5c). (h), HT at 6008C with 80 mol% steam (m), HT at 8008C with 48 mol%

steam (D), HT with water at 1508C (=) (under autogenous pressure).]H-GaMFI (bulk Si/Ga 5 33) and H-AlMFI (or H-ZSM-
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TABLE 2

Comparison of H-GaMFI and H-AlMFI Zeolites Hydrothermally Treated with 48 mol% Steam
at Different Temperatures for Their Crystallinity, FW Composition, and Strong Acidity

Strong acidity
Hydrothermal Crystallinity (%) FW Si/(Ga or Al) ratio (mmol ? g21)

treatment
temp. (8C) H-GaMFI H-AlMFI H-GaMFI H-AlMFI H-GaMFI H-AlMFI

400 97 100 44 37 0.24 0.26
600 83 99 64 51 0.09 0.20
800 62 92 224 66 0.04 0.14

ever, very large. The toluene conversion activity is also Time-on-Stream Activity/Catalyst Deactivation in
Propane Aromatizationdecreased with increased severity of the HT. The catalytic

activity of the zeolite in all these reactions is also decreased
Influence of HT on deactivation kinetics. Variation of

but to a small extent due to its pretreatment with liquid
propane conversion (at 5508C), total and to aromatics,

water at 1508C under autogenous pressure.
over the zeolite pretreated hydrothermally under different

A variation in the catalytic activity in the o-xylene and
conditions with the time-on-stream is presented in Fig.

toluene conversion reactions with the strong acidity (mea-
8. The catalyst deactivation rate is affected by the HT

sured in terms of pyridine chemisorbed at 4008C) of the
conditions. The dependence of the deactivation rate con-

zeolite is shown in Fig. 7. A linear correlation between the
stant, kd , on the HT temperature and concentration of

catalytic activity and the strong acidity is observed for both
steam is shown in Fig. 9. The deactivation rate constant

the reactions over the zeolite.
was estimated from linear plots of lnhln[1/(1 2 x)]j vs time-
on-stream (where, x is fractional conversion) according to
the following rate expression for the case of a first-order
catalyst deactivation in a plug flow fixed-bed reactor (17):

lnhln[1/(1 2 x)]j 5 ln(k/kd) 2 kdt [1]

For both the propane conversion and aromatization, kd

is increased with increased HT temperature and concentra-
tion of steam. However, the deactivation rate is reduced
very significantly when water vapors (4 mol%) are added
to the feed in the propane aromatization (Fig. 8); the value
of kd is found to be 0.04 h21 for the total propane conversion
and 0.07 h21 for the propane-to-aromatics conversion. In
this case the zeolite was not pretreated with steam but the
HT occurs continuously during the reaction over the ze-
olite.

In our earlier study (7), it was shown that the deactiva-
tion of H-GaMFI in the propane aromatization process is
mainly due to the coke formation on the catalyst. The
amount of coke deposited on the zeolite (pretreated hydro-
thermally at different conditions) during its time-on-stream
of 8.5 6 0.5 h is given in Table 1.

Influence of HT and time-on-stream on product selectiv-
ity. The effect of time-on-stream (or extent of catalyst
deactivation) on the selectivity for aromatics, propylene,
ethylene, ethane, and methane in the aromatization ofFIG. 5. Influence of (a) HT temperature (concn. of steam: 48 mol%),
propane over the zeolite pretreated hydrothermally at dif-(b) concentration of steam in HT (at 6008C), and (c) framework (FW)

Ga on the strong acidity of H-GaMFI. ferent concentrations of steam (at 6008C) and temperatures
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Since the selectivity in propane aromatization depends
on the conversion (6, 7), which is decreased with increased
time-on-stream (Fig. 8), the observed influence of the time-
on-stream or catalyst deactivation on the selectivity (Figs.
10, 11) is quite apparent. Hence, in order to know the
influence of deactivation on the product selectivity, the
fresh and deactivated catalysts are to be compared at all the
same conversoin level. The fresh and deactivated (extent of
deactivation P 40%) zeolite, pretreated hydrothermally
under the different conditions (or having different non-
FW Ga/FW Ga ratios), are compared in Table 3 for their
selectivity for aromatics, propylene, and C1 1 C2 hydrocar-
bons and also for their dehydrogenation/cracking (D/C)
and aromatization/cracking (A/C) activity ratios [D/C ac-
tivity ratio 5 (100 5 selectivity for C1 and C2)/(selectivity
for C1 and C2) and A/C activity ratio 5 (selectivity for
aromatics)/(selectivity for C1 and C2)] and p-X/m-X ratio,
at nearly the same propane conversion. The comparison
reveals that for the zeolite pretreated hydrothermally un-
der mild conditions (or for those zeolites with non-FW
Ga/FW Ga ratio # 0.68), because of the deactivation, the
selectivity for aromatics and propylene is decreased but
that for C1 1 C2 hydrocarbons (i.e., propane cracking prod-
ucts) is increased; the D/C and A/C activity ratios are also
decreased appreciably. However, when the severity of HT

FIG. 6. Influence of HT temperature (concn. of steam: 48 mol%)
and concentration of steam in HT (at 6008C) on the conversion rate in
(a) isooctane cracking (at 4008C), (b) o-xylene isomerization (at 4008C),
and (c) toluene disproportionation (at 5008C) reactions.

(with 48 mol% steam) is shown in Figs. 10 and 11, respec-
tively. In general, the propylene selectivity is increased
and the aromatics selectivity is decreased appreciably with
increased time-on-stream. The effect of time-on-stream on
the selectivity for C1 and C2 hydrocarbons depends upon
the HT condition and it is relatively smaller. However, the
aromatic selectivity is very strongly influenced by the HT
condition; there is a large increase in the propylene selec-
tivity but a large decrease in the aromatic selectivity with
an increase in the HT temperature and/or concentration
of steam. No formation of aromatics is observed for the
zeolite pretreated with 48 mol% steam at 8008C.

The distribution of aromatics formed in the propane
aromatization is presented in Table 1. The aromatic distri-
bution is strongly affected by the HT condition. The distri-
bution, except for the zeolite pretreated at 6008C with 48
and 80 mol% steam, is not affected significantly due to the
catalyst deactivation. For the zeolite pretreated with 48
and 80 mol% steam at 6008C, the concentration of benzene FIG. 7. Relationship between the strong acidity and catalytic activity
in the aromatics is increased while that of toluene and C8- of the hydrothermally treated H-GaMFI in (a) o-xylene isomerization

and (b) toluene disproportionation.aromatics is decreased with increased catalyst deactivation.
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stream on the p-X/m-X and p-X/o-X ratios in products of
the aromatization over the zeolite are presented in Fig.
12. At the equilibrium, the p-X/m-X and p-X/o-X ratios
(at 5508C) are 0.45 and 0.89, respectively. The results sug-
gest that the para selectivity or shape selectivity of the
zeolite is strongly influenced by the HT at different condi-
tions. It is generally increased with increased severity of
the treatment (Table 3 and Fig. 12) and also is increased
with increased catalyst deactivation, depending upon the
HT conditions (Fig. 12). The influence of catalyst deactiva-
tion on the shape selectivity is increased with increased
severity of the HT. A comparison of the fresh and deacti-
vated zeolite samples for their p-X/m-X ratio at nearly the
same conversion further confirms the increase in the shape
selectivity of the zeolite due to the catalyst deactivation.

Initial Activity in Propane Aromatization

Figure 13 shows that the initial catalytic activity for pro-
pane conversion (both total and to aromatics) is sharply
decreased with increased temperature or concentration of
steam in the hydrothermal pretreatment. The initial activ-
ity data were obtained by extrapolating the time-on-stream
activity data to zero time-on-stream. These results are con-
sistent with that obtained using a pulse microreactor (18).

Variation in the propane conversion activity with the
strong acidity (measured in terms of pyridine chemisorbed
at 4008C) and FW Ga/(FW Ga 1 non-FW Ga) ratio of
the zeolite treated hydrothermally under the different con-

FIG. 8. Variation with time-on-stream of (a) propane conversion
and (b) conversion to aromatics in the propane aromatization over H-
GaMFI pretreated hydrothermally under different conditions (j, without
HT: d, without HT but with 4.0 mol% vapors in the feed; D, HT at 4008C
with 48 mol% steam; s, HT at 6008C with 13 mol % steam; m, HT at
6008C with 48 mol% steam; h, HT at 6008C with 80 mol% steam; and
=, HT at 8008C with 48 mol% steam).

to the zeolite is increased (i.e., when non-FW Ga/FW Ga
ratio $0.88), the influence of the catalyst deactivation on
the product selectivity and activity ratios is reversed. Thus,
the influence of catalyst deactivation on the selectivity of
the zeolite pretreated hydrothermally is quite complex and

FIG. 9. Influence of (a) HT temperature (concn. of steam: 48 mol%)depends strongly on the severity of HT.
and (b) concentration of steam in HT (at 6008C) on the deactivation rate

Influence of HT and time-on-stream on shape selectiv- constant (kd) for total conversion (d) and conversion to aromatics (s)
in the propane aromatization over H-GaMFI.ity. Results showing the influence of HT and time-on-
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zeolite catalysts are compared for their selectivity for
aromatics and propylene, D/C activity ratio, and
aromatics/(methane 1 ethane) mass ratio at the same con-
version. Results showing the influence of HT conditions on
the selectivity, activity, and product ratios at the propane
conversion of 5, 15, and 30% are presented in Figs. 15 and
16. The aromatics/(methane 1 ethane) ratio at all the
conversions is decreased with increased severity of the HT.
The D/C activity ratio is also decreased with increased

FIG. 10. Variation with time-on-stream of the product selectivity in
the propane aromatization over H-GaMFI pretreated at 6008C with steam
at different concentrations (j, without HT; d, without HT but 4.0 mol%
water vapors in feed; s, HT with 13 mol% steam; and h, HT with 80
mol% steam).

ditions is shown in Fig. 14. The activity is increased with
increased acidity or the FW Ga of the zeolite; the increase
in the activity follows an S-type curve in both the cases.
This reveals the importance of the acidity or FW Ga of
the zeolite in the propane aromatization.

FIG. 11. Variation with time-on-stream of the product selectivity inInitial Selectivity in Propane Aromatization
the propane aromatization over H-GaMFI pretreated with 48 mol% steam

Because of a strong dependence of the selectivity in at different temperatures (s, HT at 4008C; d, HT at 6008C; and D, HT
at 8008C).propane aromatization on the conversion (6, 7), the
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TABLE 3

Influence of Catalyst Deactivation on the Selectivity, Dehydrogenation/Cracking (D/C) and Aromatization/Cracking (A/C)
Activity Ratios, and Shape Selectivity (p-X/m-X ratio) in the Propane Aromatization over H-GaMFI Treated Hydrothermally
under Different Conditions

Hydrothermal

Selectivity (%) Activity ratio

treatment

Concn. Catalyst Propane p-X/
Temp. of steam Non-FW (Fresh or conversion m-X
(8C) (mol%) Ga/FW Ga deactivated) (%) Aromatics Propylene C1 1 C2 D/C A/C ratio

400 48.0 0.29 Deactivated 26.0 47.2 24.3 23.4 3.27 20.1 0.55
(40.2%)a

Fresh 25.8 49.3 27.7 19.5 4.10 2.53 0.44
600 00.0 0.50 Deactivated 25.3 39.5 28.1 26.1 2.83 1.51 0.82

(40.4%)a

Fresh 25.1 43.5 29.0 20.0 4.05 2.30 0.65
600 13.0 0.68 Deactivated 17.8 28.7 41.8 22.2 3.50 1.30 2.0

(41.1%)a

Fresh 17.6 29.2 43.1 18.0 4.65 1.60 1.2
600 48.0 0.88 Deactivated 5.8 7.70 80.8 10.0 9.00 0.77

(40.0%)a

Fresh 6.0 6.20 75.5 15.2 5.60 0.41
600 80.0 5.26 Deactivated 4.3 2.90 91.0 6.3 14.9 0.46

(38.6%)a

Fresh 4.2 1.55 86.0 10.6 8.4 0.15

a Percentage of deactivation given in parentheses.

HT temperature but it is passed through a maximum with DISCUSSION
increased concentration of steam in HT, particularly for

Influence of HT on FW-Si/Ga Ratio and Crystallinitythe lower conversions (at x 5 5% and 15%). The observed
maximum is decreased with increased conversion; it van- The sharp increase in the FW-Si/Ga ratio of H-GaMFI
ished at higher conversion (x 5 30%). The influence of HT (Fig. 1) clearly shows heavy degalliation of the zeolite de-
on the selectivity for aromatics and propylene is, however, pending upon the severity of the hydrothermal pretreat-
complex and also depends on the conversion. ment. The determination of the FW Si/Ga ratio from 29Si

Figure 17 shows a strong influence of non-FW Ga or MAS NMR is not very accurate as the T sites in ZSM-5-type
FW Ga of the zeolite (non-FW Ga 1 FW Ga 5 constant) zeolites are crystallographically not identical (19). Never-
on the D/C activity and aromatics/(methane 1 ethane) theless, the change in the FW-Si/Ga ratio is large and hence
product ratios. Both the activity and product ratios are provides clear evidence for the degalliation. The transfor-
passed through a maximum (between non-FW Ga of 30– mation of the FW Ga into non-FW Ga is further confirmed
45%) with increased non-FW Ga due to the HT, depending by observing the increase in the IR asymmetric stretching
upon the conversion. frequency (Fig. 1) as expected (5) and also by observing the

The results (Figs. 15–17) also show a strong influence of decrease in the 71Ga MAS NMR peak intensity (Fig. 2). The
the conversion on the selectivity and also on the activity and observed large decrease on the zeolite crystallinity (Fig. 1),
product ratios. With the increase in the conversion, the aro- particularly under the severe HT conditions, reveals that
matics selectivity is increased, the propylene selectivity is during the degalliation at high temperatures and concentra-
decreased, the D/C activity ratio is decreased, and the tion of steam the original crystal structure is distorted, leav-
aroamtics/(methane 1 ethane) ratio is increased. These ob- ing defected structure with lesser crystallinity.
servations are consistent with those made earlier (7).

Results in Fig. 18 and Table 3 show the strong influence
Influence of HT on Acidity/Acid Function

of the non-FW Ga on the p-X/m-X ratio (i.e., para selectiv-
ity) of the zeolite. The shape selectivity of the zeolite is The results (Figs. 3–5) reveal a very strong influence of

HT on the acidity/acid strength distribution on the zeolite,increased pronouncedly with increased concentration of
extra-FW Ga in the zeolite. depending upon the severity of the treatment. Both the
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HT is obviously due to the degalliation of the zeolite be-
cause, similar to H-ZSM-5 (20, 21), the acidity of H-GaMFI
is attributed to the tetrahedral Ga in its frame work (7).
Indeed, the acidity (measured by pyridine chemisorption
at 4008C) is found to be directly proportional to the FW
Ga (Fig. 5c). It may be noted that the decrease in the
acidity for the HT at higher temperature (8008C) may also
be to some extent due to the dehydroxylation of the zeolite
apart from its degalliation.

The external acidity is also decreased appreciably with
increased severity of HT. It is characterized by the isooc-
tane cracking reaction because isooctane cannot penetrate
the ZSM-5-type zeolites even at 4008C (22, 23). Since, the
isooctane cracking occurs on strong acid sites (22, 23),
the decrease in the isooctane cracking activity provides
information on the external strong acid sites. The decrease
in the external acidity is expected to be mostly due to the
degalliation of FW Ga present on the external surface of
the zeolite crystallites.

Influence of HT on Initial Activity/Selectivity and
Deactivation in Propane Aromatization

The observed pronounced effect of the HT temperature
and/or concentration of steam on the propane conversion
and aromatization activity (Fig. 13) is a result of the exten-

FIG. 12. Variation with time-on-stream of (a) p-X/m-X and (b) p-
X/o-X product ratios in the propane aromatization over H-GaMFI pre-
treated hydrothermally under different conditions (d, HT at 4008C with
48 mol% steam; m, HT at 6008C with 13 mol% steam; h, HT at 6008C
with 48 mol% steam; and j, without HT but 4.0 mol% water vapors
in feed).

total and strong acid sites (measured in terms of the pyri-
dine chemisorbed at 100 and 4008C, respectively) are de-
creased, except for the mild HT (at 4008C). The decrease
in the acidity is further confirmed by observing the corre-
sponding decrease in the catalytic activity of the zeolite in
the model reactions catalyzed by acid sites (Fig. 6). There
is a good linear correlation between the catalytic activity

FIG. 13. Influence of (a) HT temperature (concn. of steam: 48 mol%)
in the o-xylene and toluene conversion reactions and the and (b) concentration of steam in HT (at 6008C) on the propane conver-
strong acidity of the zeolite (Fig. 7). The observed sharp sion rates (total and to aromatics) in the propane aromatization over H-

GaMFI treated hydrothermally under different conditions.decrease in the acidity with an increase in the severity of
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active only in combination/association with the zeolitic
acid sites (or FW Ga) at high concentration. This is consis-
tent with the earlier observations (5, 18, 24).

The observed large increase in the para-shape selectivity
of the zeolite with an increase in the severity of the HT
(or an increase in the non-FW Ga) (Fig. 18 and Table 3)
is expected to be mostly due to the increased diffusional
resistance resulting from the presence of non-FW Ga spe-
cies (which causes a significant decrease in the effective
channel diameter) in the zeolite.

The deactivation of the zeolite, which is mostly due to
coking, is found to be increased with increased severity of
HT (Figs. 8 and 9). This is attributed to the increased
dehydrogenation activity of the zeolite due to formation
of extra-framework Ga oxide species in the HT.

Because of the presence of water vapors in the feed,
the propane conversion and aromatization activity of the
zeolite decrease appreciably but the rate of catalyst deacti-
vation is reduced. The decrease in the activity is attributed
to the degalliation and hence, to the reduction in the zeo-

FIG. 14. Influence of strong acidity (a) and FW Ga/(FW Ga 1 litic acidity due to the hydrothermal treatment received
non-FW Ga) ratio (b) on the propane conversion rate in the propane by the zeolite during the reaction. As commonly observed,
aromatization over H-GaMFI pretreated hydrothermally under differ-
ent conditions.

sive degalliation of the zeolite, causing large changes in its
acidity and extra-framework Ga. The decrease in the acid-
ity or FW Ga results in a large decrease in the propane
conversion activity (Fig. 14). This indicates the importance
of zeolitic acidity or FW Ga in the propane aromatization
and supports our earlier conclusion that high concentration
of zeolitic acid sites is essential for obtaining high propane-
to-aromatics conversion (7).

The influence of HT on the product selectivity (com-
pared at the same conversion) is quite complex (Figs. 15
and 16) and also it depends on the conversion. However,
at all the conversions, the aromatics/(methane 1 ethane)
ratio is decreased with increased severity of the HT. The
D/C activity and aromatics/(methane 1 ethane) ratios
(methane and ethane are undesirable products) are passed
through a maximum with increased non-FW Ga in the
zeolite (Fig. 17). The maximum in both the cases occurs
at the non-FW Ga concentration of 30–45%. This suggests
that to obtain a high aromatics/(methane 1 ethane) ratio
an optimum concentration of non-FW Ga relative to that
of FW Ga (i.e., zeolitic acid sites) is essential.

The non-FW Ga species formed in the HT are expected
to be well-dispersed Ga2O3 and/or [GaO]1. The results,
showing a strong influence of the relative concentration of

FIG. 15. Influence of HT temperature (concn. of steam: 48 mol%)FW Ga and non-FW Ga in the zeolite on its activity (Fig.
on the selectivity for aromatics and propylene (a), dehydrogenation/

14) and D/C activity and aromatic/(methane 1 ethane) cracking (D/C) activity ratio (b), and aromatics/(methane 1 ethane)
ratios reveal that although the non-FW Ga species have mass ratio (c) at the propane conversion (X) of 5, 15, and 30% in the

propane aromatization over hydrothermally treated H-GaMFI.high dehydrogenating activity (5, 6, 10) these species are
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lower non-FW Ga/FW Ga ratio (# 0.68), the dehydrogena-
tion and aromatization activity relative to the cracking
activity are decreased due to the deactivation, whereas an
opposite trend is observed for the zeolite with a higher
non-FW Ga/FW Ga ratio. It is also interesting to note
that the distribution of aromatics formed is not changed
significantly due to the catalyst deactivation for the zeolite
treated hydrothermally under milder conditions but not
for that treated under severe conditions (Table 1). These
observations indicate that the activity/selectivity and deac-
tivation of the zeolite pretreated hydrothermally are con-
trolled by a combined effect (which is complex) produced
by the decreased FW Ga (or zeolitic acidity) and the in-
creased non-FW Ga species, which in the presence of acid
sites are responsible for high dehydrogenation activity in
the propane aromatization process (25, 11), due to the
degalliation of the zeolite.

The para-shape selectivity is increased with increased
catalyst deactivation (Fig. 12 and Table 3); the influence
of the catalyst deactivation on the shape selectivity is very
strong particularly for the zeolite pretreated hydrother-

FIG. 16. Influence of steam concentration in HT (at 6008C) on the
selectivity for aromatics and propylene (a), dehydrogenation/cracking
(D/C) activity ratio (b), and aromatics/(methane 1 ethane) mass ratio
(c) at the propane conversion (X) of 5, 15, and 30% in the propane
aromatization over hydrothermally treated H-GaMFI.

the rate of coking (which is a cause of the catalyst deactiva-
tion) decreases due to the presence of steam in the reaction.

Influence of Deactivation on Product and Shape
Selectivity in Propane Aromatization

Results in Figs. 10 and 11 show a strong influence of
time-on-stream on the selectivity. Since the conversion is
decreased appreciably with increased time-on-stream, the
observed influence of the catalyst deactivation on the selec-
tivity could also be due to the change in the conversion.
However, the comparison of fresh and deactivated cata-
lysts at the same conversion (Table 3) clearly shows the
influence of catalyst deactivation on the selectivity for aro-
matics, propylene, and cracking products (i.e., C1 1 C2

hydrocarbons), the D/C and A/C activity ratios, and the
FIG. 17. Influence of FW Ga or non-FW Ga on the dehydrogenation/para shape selectivity of the zeolite.

cracking (D/C) activity (a) and aromatics/(methane 1 ethane) mass ratios
It is interesting to note that the influence of catalyst (b) [at the propane conversion (X) of 5% (s), 15% (d), and 30% (D)]

deactivation is strongly dependent upon the severity of in the propane aromatization over H-GaMFI pretreated hydrothermally
under different conditions.HT or non-FW Ga/FW Ga ratio. For the zeolite with a
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(i) Both the total and the strong acidity (measured in
terms of pyridine chemisorbed at 100 and 4008C, respec-
tively) of H-GaMFI and also its external acidity are de-
creased sharply with increased severity of hydrothermal
treatment (i.e., increased temperature and/or concentra-
tion of steam in the treatment) due to extensive degallia-
tion of the zeolite. The strong acidity is directly propor-
tional to the FW Ga of the zeolite. A good correlation
exists between the strong acidity and catalytic activity in
the o-xylene isomerization and toluene disproportiona-
tion reactions.

(ii) The decrease in the acidity is reflected by the corre-
sponding decrease in the propane conversion and aromati-
zation activity of the zeolite. A close relationship exists
between the strong acidity and the propane conversion/
aromatization activity. The degalliation of the zeolite due
to its hydrothermal treatments causes not only a decrease
in the zeolitc acidity (i.e., FW Ga) but also an increase in
the non-FW Ga oxide species (which when in the associa-
tion with the zeolitc acid sites are responsible for high
dehydrogenation activity) dispersed uniformly in the zeo-FIG. 18. Influence of non-FW Ga on the p-X/m-X ratio in the pro-
lite channels. The activity/selectivity and deactivation ofpane aromatization (at 5508C and GHSV 5 3100 cm3 ? g21 ? h21) over H-

GaMFI pretreated hydrothermally under different conditions. the zeolite in propane aromatization are controlled by a
combined/complex effect produced by the decreased zeo-
litic acidity and increased non-FW Ga oxide species, de-

mally under more severe conditions (i.e., when the non- pending upon the severity of the hydrothermal treatment
FW Ga/FW Ga ratio is very high). The increase in the or extent of degalliation of the zeolite. The influence of
shape selectivity due to the deactivation is expected to be degalliation on the product selectivity and also on the dehy-
most probably due to a partial or complete blockage of drogenation and aromatization activity relative to cracking
some of the channel openings on the external surface by activity is quite complex.
the coke and also to some extent due to the presence of (iii) The deactivation rate in propane aromatization is
bulky or high molecular weight hydrocarbon molecules (or increased with increased severity of the hydrothermal
coke precursors) at the channel intersections, both causing treatment, mostly due to an increase in its dehydrogenation
an increase in the diffusional resistance in the zeolite. The activity. The product selectivity, dehydrogenation and aro-
diffusional resistance is expected to be increased further matization activity relative to cracking activity, and para-
with increased non-FW Ga species in the zeolite due to shape selectivity of the zeolite in propane aromatization
reduction in its effective channel diameter. are influenced appreciably by the catalyst deactivation due

to coking. The influence of catalyst deactivation, however,
Hydrothermal Stability of H-ZSM-5 and H-GaMFI depends strongly on the relative concentrations of FW and

non-FW Ga in the zeolite.A comparison of the H-GaMFI and H-ZSM-5 zeolites
(iv) The presence of water vapors in the feed causes a(having nearly same Si/Ga or Al ratio) for their hydrother-

large decrease in the catalytic activity of the zeolite duemal stability (Table 2) reveals that the former has much
to its degalliation during the propane aromatization butlower stability. Since the ionic radius of Ga31 (0.62 Å) is
also causes a decrease in the rate of catalyst deactivation.larger than that of Al31 (0.51 Å), the isomorphous substitu-

(v) As compared to H-AlMFI (i.e., H-ZSM-5), H-tion of Al by Ga is expected to result in a less stable
GaMFI zeolite has lower hydrothermal stability for its FWMFI structure, more susceptible to degalliation due to the
Ga or zeolite acidity and crystal structure.thermal and/or hydrothermal treatments.
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