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Acid strength distribution, catalytic activity in cumene cracking and o-xylene isomerization 
reactions, and the distribution of hydrocarbons formed in methanol and ethanol conversion reac- 
tions on H-ZSM-5 zeolites obtained from NH,-ZSM-5 under different deammoniation conditions 
(i.e., by varying temperature, period, atmosphere and heating rate in the deammoniation) have 
been studied. The catalytic properties of the zeolites are correlated to their acidity. The acid 
strength distribution, the cracking and isomerization activities, and the distribution of hydrocar- 
bons in the alcohol conversion reactions on the zeolites are affected by the changes in the tempera- 
ture, period, and atmosphere employed in the deammoniation, the effect produced by the higher 
deammoniation temperatures (>873 K) being very drastic. The heating rate employed for attaining 
the deammoniation temperature has no significant effect on either the acidity distribution or the 
catalytic properties of the zeolite. The conversion of cumene, the xylene isomerization activity, 
and the extent of aromatization in the alcohol conversion reactions on the zeolites could be very 
satisfactorilv correlated to the number of stronc acid sites on which pyridine is adsorbed irrevers- 
ibly at 673 K. 

INTRODUCTION 

Since 1972 when Mobil Oil Corporation 
introduced (1) a new high-silica zeolite des- 
ignated as ZSM-5, this zeolite has been 
gaining more and more importance as a 
high-potential catalyst in a number of com- 
mercially important reactions, such as con- 
version of methanol (2-4) and ethanol (5- 
7) to gasoline and aromatics, isomerization 
of xylenes (8), disproportionation of tolu- 
ene (9), alkylation of benzene (10, II) and 
toluene (12, I3), aromatization of olefins 
(14, Z5), hydrodewaxing of oils (Z6), etc. 
These unique catalytic properties of the ze- 
olite are attributed to both its strong acid 
sites and the three-dimensional system of 
intersecting channels (Z7), made up of ellip- 
tical straight channels (0.51 x 0.55 nm) and 
near-circular zig-zag channels (0.54 x 0.5 
nm) (18). 

ZSM-5 zeolite in its protonated form can 
be obtained by the thermal decomposition 
of the NHrexchanged form of the zeolite. 

i To whom all correspondence should be addressed. 

The conditions employed for the deammo- 
niation of NH4-ZSM-5 zeolite (tempera- 
ture, period, atmosphere, and heating rate) 
are expected to affect the acidity distribu- 
tion and catalytic properties of H-ZSM-5 
zeolite. However, the extent to which the 
acidic and catalytic properties of H-ZSM-5 
are affected by the different deammoniation 
conditions has not been investigated. 

The objective of the present work was to 
investigate the effect of the deammoniation 
conditions on the acid strength distribution 
and catalytic properties of H-ZSM-5 ob- 
tained from NH4-ZSM-5. The acid strength 
distribution on the zeolites was measured at 
near reaction temperatures by the gas chro- 
matographic adsorption/desorption meth- 
ods (19) involving stepwise thermal 
desorption (STD) of pyridine and 
temperature-programmed desorption (TPD) 
of pyridine under chromatographic con- 
ditions. The catalytic activity of the ze- 
olites in the cracking of cumene, isomeriza- 
tion of o-xylene, and the conversion of 
methanol and ethanol to hydrocarbons at 
673 K was determined using a pulse micro- 
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reactor and the catalytic activity and the 
acidity of the zeolite are correlated. 

EXPERIMENTAL 

TPA-ZSMJ (%/Al = 17.2) was prepared 
by the method described elsewhere (I). It 
was heated in air at 813 K for 12 hr to oxi- 
dize the organic part and treated with 1 M 
NHdNO3 solution at 353 K repeatedly. The 
exchanged zeolite was dried in air at 393 K 
for 4 hr, powdered, pressed without any 
binder, and crushed and sieved to get parti- 
cles of 0.2-0.3 mm size. The unit cell 
composition of the NH,-ZSMJ was 
(NH4)s.22Nao.osAls.28Si90.720t92. 

The deammoniation conditions employed 
for obtaining H-ZSM-5 [I-XIV] are given 
in Table 1. In order to maintain a particular 
atmosphere, the gases dried over molecular 
sieves were passed through the catalyst bed 
at the flow rate of 10 cm3 mitt-l. It may be 
noted that the deammoniation conditions 
were varied systematically one at a time, 
keeping the others constant. 

The TPA-ZSM-5, NH4-ZSM-5, and H- 

ZSMJ [I-V] were analyzed for their crys- 
tallinity by the X-ray powder diffraction 
method using a Holland Philips, PW 1730 
X-ray generator with a Ni-filtered Cuba! ra- 
diation source and a scintillation counter. 
The d-spacing values for all the zeolites 
were the same and were found to match 
exactly with those reported earlier (I, 20). 
However, an enhancement of the peaks at 
low angles due to replacement of TPA ions 
by NH4+ ions or protons, and a small de- 
crease in the intensity of the peaks for the 
zeolites obtained at high deammoniation 
temperatures were observed. 

A Perkin-Elmer Sigma 3B gas chromato- 
graph fitted with a flame ionization detector 
was used for measuring the acid strength 
distribution and for analyzing the products 
of the catalytic reactions on the zeolites. 

The acidity distribution of the H-ZSMJ 
zeolites, obtained from the NH4-ZSM-5 
under the different deammoniation condi- 
tions, was investigated by the adsorption/ 
desorption of pyridine at catalytically im- 
portant temperatures and studying the TPD 
of pyridine under chromatographic condi- 

TABLE 1 

Deammoniation Conditions Employed for Obtaining H-ZSM-5 Zeolites from NHd-ZSMJ 

Zeolite 
formed 

Atmosphere Deammoniation 
temperature, 

To.4 
W) 

Heating 
rate, p 

(K . min-I) 

Deammoniation 
period 

IDA 

(hr) 

H-ZSMJ [I] Air 673 2.5 
H-ZSMJ [II] Air 773 2.5 
H-ZSMJ [III] Air 873 2.5 
H-ZSM-5 [IV] Air 1073 2.5 
H-ZSM-5 [VI Air 1223 2.5 
H-ZSMJ [VI] Air 773 2.5 
H-ZSMJ [VII] Air 773 2.5 
H-ZSM-5 [VIII] Air 773 2.5 
H-ZSMJ [IX] Nitrogen 773 2.5 
H-ZSM-5 [X] Hydrogen 773 2.5 
H-ZSM-5 [XI] Vacuum 773 2.5 
H-ZSM-5 [XII] Moist nitrogen” 773 2.5 
H-ZSM-5 [XIII] Air 773 20.0 
H-ZSM-5 [XIV] Air 773 Flash* 

12 
12 
12 
12 
12 
1 
4 

48 
12 
12 
12 
12 
12 
12 

a Partial pressure of water = 4.5 kPa. 
* The NH,-ZSM-5 was directly subjected to the deammoniation temperature of 773 K. 
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tions on the zeolites presaturated with the 
irreversibly adsorbed pyridine at 673 K. A 
catalyst column was prepared by packing 
0.2 g of the catalyst in a stainless-steel tube 
(i.d.: 2 mm; o.d.: 3 mm; and length: 15 cm). 
One end of the column was directly con- 
nected to the detector and the other end to 
the injection block through a 60-cm-long 
stainless-steel capillary (o.d.: 1.5 mm; i.d.: 
0.7 mm), which acted as the preheater. 
Prior to the measurements, the catalyst was 
heated at 673 K for 1 hr in the flow of nitro- 
gen. 

The initial concentration of pyridine ad- 
sorbed reversibly at 673 K was kept the 
same on all the catalysts in the TPD study. 
The TPD data for all the zeolites were col- 
lected under identical conditions (viz., 
weight of the zeolite: 0.2 g; N2 flow rate: 10 
cm3 * min-‘; initial temperature: 373 K; fi- 
nal temperature 673 K; initial surface con- 
centration of reversibly adsorbed pyridine 
at 673 K: 0.62 mmol * g-r; and linear heat- 
ing rate: 10 K * min-‘) by injecting a known 
amount of pyridine in the catalyst column 
at 373 K, allowing a period of 1 min to 
elapse for the redistribution of the base on 
the catalyst, and starting TPD in the flow of 
nitrogen. 

The STD of pyridine was carried out as 
follows. The catalyst was saturated with 
the base at 513 K by injecting a pyridine 
pulse and the reversibly adsorbed pyridine 
at this temperature was desorbed in the 
flow of nitrogen. Pyridine chemisorbed irre- 
versibly at 5 13 K was desorbed thermally in 
the flow of nitrogen (10 cm3 * min-‘) by 
heating the catalyst from 513 to 673 K in 
four steps (each representing a jump of 40 
K). The temperature in each step was 
raised at a linear heating rate of 10 K * 
mm’. After the maximum temperature of 
the respective step was attained, it was 
maintained for a period of 1 hr to desorb the 
base reversibly adsorbed on the catalyst at 
that temperature. The amount of irrevers- 
ibly adsorbed pyridine desorbed in a step 
due to the increase in temperature from T1 
to T2 is obtained from the relation 

h&j = Ad/b * WI, (1) 
where [q& is the amount of pyridine de- 
sorbed between temperatures TI and T2 ; Ad 
is the area under the desorption chromato- 
gram; S is the detector sensitivity; and W is 
the weight of the catalyst. The amount of 
pyridine irreversibly chemisorbed at differ- 
ent temperatures [ qi(n] was calculated from 
the STD data as follows: 

qi(T) = qi(673 K) + [qd16T7’, (2) 

where qi(n is the amount of pyridine irre- 
versibly adsorbed at temperature T. The ir- 
reversible adsorption at 673 K was deter- 
mined by the pulse method (21). 

The irreversible adsorption in the present 
study is defined as the amount of base re- 
tained by the presaturated catalyst after it 
was swept with pure nitrogen for a period 
of 1 hr. 

The catalytic activities in the cracking of 
cumene, the isomerization of o-xylene, and 
in the conversions of methanol and ethanol 
were measured using a pulse microreactor. 
The experiments in the pulse microreactor 
(i.d.: 4 mm) combined with the gas chro- 
matograph were carried out under the fol- 
lowing conditions: for cumene cracking and 
o-xylene isomerization: amount of catalyst 
= 0.05 g; catalyst bed length = 5.0 mm; N2 
flow rate = 780 cm3 * min-‘; reaction tem- 
perature = 673 K; total pressure = 370 kPa; 
and pulse size = 0.07 mmol; and for metha- 
nol and ethanol conversion reactions: 
amount of catalyst = 0.1 g; catalyst bed 
length = 10 mm; N2 flow rate = 24.5 cm3 * 
min-I; reaction temperature = 673 K; total 
pressure = 244 kPa; and pulse size = 0.049 
(methanol) and 0.034 (ethanol) mmol. The 
reaction products of the cracking and isom- 
erization reactions were analyzed using a 
column of Carbowax 20M (10%) on Chro- 
mosorb-W (3 mm x 2 m) at 343 K (carrier 
N2 flow rate = 40 cm3 * min-I), while for 
analyzing the products of the alcohol con- 
version reactions, a column of Bentone- 
(5%) and dinonyl phthalate (5%) on Chro- 
mosorb-W (3 mm x 6.6 m) was used with 
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the column temperature programmed from 
323 to 363 K at the rate of 5 K - min-I; the 
initial and final temperatures were held for 
10 and 30 min, respectively. 

RESULTS 

Acidity of H-ZSM-5 Zeolites 

In order to ascertain the extent to which 
the acid strength distribution of H-ZSM-5 
zeolite is affected by the different deammo- 
niation conditions employed for its prepara- 
tion from NI-&ZSM-5, the zeolites ob- 
tained under different conditions were 
characterized by the TPD and STD of pyri- 

dine at temperatures close to those em- 
ployed in catalytic reactions and also by 
studying the model reactions, cracking of 
cumene and isomerization of o-xylene, cat- 
alyzed by the protonic acid sites (22). In 
this paper the acid sites which adsorb pyri- 
dine irreversibly at 673 K are considered 
strong acid sites. 

TPD of pyridine under chromatographic 
conditions. The TPD chromatograms of 
pyridine showing the effect of deammonia- 
tion temperature [ TD*] and period [ toA] on 
the strength distribution of weak acid sites, 
which can adsorb pyridine irreversibly at 
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\ 
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FIG. 1. TPD chromatograms of pyridine on H-ZSMJ [I-VIII] zeolites. 
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qi,6,3K) =0~3Smmol-g-’ 

Hz ;H-ZSM-5(X) ; 
q,,673KI =O-36mmolq-’ 

MOIST Nz ; H-ZSM-5(X,) ; 
q,le,,Kj= 0~33mmol~g“ 

H-ZSM-5(K) ; 
q,(6,1y,= 0.38 rnnwl .i’ 

AIR ; H-ZSM-5(I) ; 

FIG. 2. TPD chromatograms of pyridine on H-ZSM-5 [II, IX-XIV] zeolites. 

temperatures below 673 K, are shown in 
Fig. 1. The TPD chromatograms of pyridine 
in Fig. 2 show the effect of heating rate [/3] 
employed for attaining the final deammo- 
niation temperature, and the effect of the 
atmosphere in which the deammoniation of 
NH4-ZSM-5 was carried out on the distri- 
bution of weak acid sites. It may be noted 
that all these TPD chromatograms were ob- 
tained on the zeolites presaturated with the 
irreversibly adsorbed pyridine at 673 K at 
the same initial concentration of reversibly 
adsorbed pyridine at that temperature. The 
corresponding values of the irreversible ad- 

sorption of pyridine at 673 K, qi(673 k) are 
given in the figures. In the TPD, the desorp- 
tion started at a temperature much higher 
than the boiling point of pyridine, indicating 
that the base was chemisorbed on the zeo- 
lites at the start of TPD. 

The comparison of the TPD chromato- 
grams in Figs. 1 and 2 shows that the 
strength distribution of the weak acid sites 
(which can adsorb pyridine irreversibly at 
~673 K) is affected by the change in the 
deammoniation conditions. The TPD 
curves shift more and more toward the 
lower energy region and become narrower 
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(a) H-EM-5 (I) 

A . . . * 

(e) H-ZSM- 5 (Y) 

1 (bl H-ZSM-5 (I) t (Cl H-ZSM-5(I) 

Lf) H-ZSM-5 (W) 

(d) H-ZSM-5 OY) 

(h) H-ZSM-5 (PI) 

(1 1 513K< Td d Td*; (2) 5f3K<Td4553K ; (3) 553 .C li,<593K ; 

(41 593 -Z Td Q 633K ; (5) 633 < TdG 673K ; (6) 673K C Td C Td: 

FIG. 3. Acid strength distribution of H-ZSMJ [I-VIII] zeolites obtained from NH4-ZSM-5 under 
different deammoniation conditions. 

with the increase in the temperature and the quently desorbed when the temperature 
period of deammoniation; and with the was increased from TI to T2. 
change in the atmosphere, the shift is in the In the determination of acid sites from 
following order: vacuum > HZ > moist N2 the amount of adsorbed or desorbed pyri- 
> N2 > air. dine, it is assumed that one acid site is in- 

STD ofpyridine. The acid strength distri- volved in the adsorption of one pyridine 
butions of H-ZSMJ [I-XIV] zeolites [pre- molecule. The strength of the acid site is 
pared under the differnet deammoniation expressed in terms of the desorption tem- 
conditions (Table l)], obtained from the perature of pyridine, Td, which lies in the 
STD data, are shown in Figs. 3 and 4. The range of temperature in which the irrevers- 
first column in each of the acidity distribu- ibly adsorbed pyridine gets desorbed. G is 
tions for the different zeolites shown in the the maximum acid strength possessed by 
figures represents the number of acid sites the site and corresponds to the temperature 
having acid strength of 513 K < Td I c at which the pyridine adsorbed irreversibly 
(expressed in terms of desorption tempera- on the strongest site is desorbed. 
tures) present in the zeolite, while the other The temperature dependence of the irre- 
columns show the strength distribution of versible adsorption of pyridine on H-ZSM- 
the total acid sites. The number of sites 5 [I-XIV] zeolites, showing the effects of 
with acid strengths 513 K < Td I cand 673 the various deammoniation conditions on 
K < Td 5 fi were determined from the the irreversible adsorption, is shown in Fig. 
amount of pyridine adsorbed irreversibly at 5. In all the cases the quantity of irrevers- 
513 and 673 K, respectively, while the sites ibly adsorbed base decreases almost lin- 
of acid strength T, < Td 5 T2 were obtained early with the adsorption temperature. 
from the amount of pyridine, which was ini- Figures 3-5 show that both the total acid 
tially adsorbed irreversibly at TI, subse- sites (measured in terms of quantity of pyri- 
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(f) H-ZSM-5 (XIP) 

1 1 I 1 1 , 1 6 1 I I 1 

(23456 123456 

(1 1 513K < TdC T,,* ; (2) 513 < Td< 553K ; (31 553 < T., < 593K ; 

t4) 593 < Td d 633K ; (5) 633 -Z Td d 673K ; (6) 673K < Td 6 Td*. 

FIG. 4. Acid strength distribution of H-ZSM-5 [IX-XIV] zeolites obtained from NH,-ZSM-5 under 
different deammoniation conditions. 

dine irreversibly adsorbed at 513 K) and the 
strong acid sites (measured in terms of the 
quantity of pyridine irreversibly adsorbed 
at 673 K) decrease with the increase in the 
deammoniation temperature and period, 
and also with the change in the atmosphere. 
This decrease is in the following order: vac- 
uum > N2 > Hz > moist N2 > air. How- 
ever, the heating rate at which the final 
deammoniation temperature (773 K) is at- 
tained has no significant effect on the acid- 
ity distribution of the zeolite. When H- 
ZSM-5 [IV] (obtained by deammoniation at 
1073 K) was rehydrated by passing water 
vapors over the zeolite at 773 K for 8 hr, the 
amount of pyridine adsorbed irreversibly 
on the rehydrated zeolite was found to be 
0.025, 0.017, 0.011, 0.008, and 0.006 mmol 
. g-’ at 513, 553, 593, 633, and 673 K, re- 
spectively. 

Catalytic Activity in Cumene Cracking 
and o-Xylene Isomerization 
The variation in the catalytic activity 

(measured in terms of the fractional conver- 

sion [x] of cumene and o-xylene in the 
cracking and isomerization reactions, re- 
spectively) at 673 K and the number of 
strong acid sites with the deammoniation 
temperature [ ToA] and period [ tDA] is 
shown in Fig. 6. The catalytic activity for 
the two reactions at 673 K on the zeolites 
obtained by the deammoniation in different 
atmospheres and at different heating rates 
[PI is given in Table 2. 

Figure 6 reveals that the activity of the 
catalyst in both the cracking and isomeriza- 
tion reactions decreases with the increase 
in the temperature and period of deammo- 
niation. The conversion data in Table 2 in- 
dicate that (a) the effect of the nature of the 
atmosphere on the catalytic activity for 
both the reactions is only slight, the activity 
being in the following order: Vacuum > N2 
> air > H2 > moist N2 and (b) the effect of 
heating rate on the catalytic activity is not 
significant. 

The dependence of the conversion of cu- 
mene and o-xylene in the cracking and 
isomerization reactions, respectively, on 
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(a) EFFECT OF DEAMMONIATION 

TEMPERATURE (TDA) 

TDA = 673K 

1073K 
-- 

/1223 K 1 
1 

(4 EFFECT OF ATMOSPHERE IN THI 
DEAMMONIATION 

, I I 

io3 553 603 663 
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PERIOD (lo&) 

\ 46 hr 

d) EFFECT OF HEATING RATE IN 
THE DEAMMONIATION 

I I 1 

553 603 653 

TEMPERATURE,T(K) 

FIG. 5. Variation of irreversible adsorption of pyridine on H-ZSM-5 [I-XIV] zeolites (obtained from 
N&-ZSM-5 under different deammoniation conditions) with temperature. 

TABLE 2 

Activity of H-ZSM-5 Zeolites, Obtained by 
Deammoniation in Diierent Atmospheres, under 
Vacuum, and Using Different Heating Rates, in 

Cracking of Cumene and Isomerization of o-Xylene 

Deammoniation 
condition 

Zeolite Fractional 
conversion [xl 

Cumene o-Xylene 

Atmosphere 
Au H-ZSM-5 [II] 0.786 0.148 
Nitrogen H-ZSM-5 [IX] 0.809 0.150 
Hydrogen H-ZSMJ [Xl 0.769 0.147 
Vacuum H-ZSM-5 [XI] 0.813 0.159 
Moist nitrogen H-ZSM-5 [XII] 0.718 0.136 

Heating rate @I] 
2.5 K * min-I H-ZSMJ [II] 0.786 0.148 
15-20 K . mint H-ZSMJ [XIII] 0.784 0.154 
Flash H-ZSM-5 [XIV] 0.787 0.144 

the number of strong acid sites on the zeo- 
lite is shown in Fig. 7. The data on the H * 
Na-ZSM-5 zeolites having the same SilAl 
ratio as that of the zeollte used in the 
present investigation but with different de- 
grees of H+ exchange (23) are also included 
in the figure. 

In the case of o-xylene isomerization, the 
conversion increases linearly with the num- 
ber of strong acid sites. 

Methanol and Ethanol Conversion 
Reactions 
Distribution of the hydrocarbons in the 

products of the reaction of methanol on H- 
ZSMJ [I-XIV] at 673 K in a pulse micro- 
reactor is given in Tables 3 and 4; while that 
of the reaction of ethanol on the zeolites is 
given in Tables 5 and 6. In both the reac- 
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CUMENE CRACKING 

DEAMMONIATION TEMPERATURE, T,, (K) 

1.0. I I 1 1 I 

(b) x AND STRONG ACID SITES vs tDA 
c 
5 

- 2.5 E 

CUMENE CRACKING a 

8 
- 2.0 J 

2 

!I 

DEAMMONIATION PERIOD , toA (hr) 

FIG. 6. Variation of the conversion of cumene and o-xylene and irreversible adsorption of pyridine 
molecules at 673 K [qi(673 KJ with the deammoniation temperature and period on the H-ZSM-5 zeo- 
lites. 

tions, the concentrations of aliphatics (ole- 
fins and saturated hydrocarbons) increase 
with the deammoniation temperature, the 
increase being very significant above 873 K 
(Tables 3 and 5), while the concentrations 
of most of the aromatics (viz., benzene, tol- 
uene, xylenes, and Cs+ aromatics) decrease 
(Tables 3 and 5). 

Figure 8 shows the effect of the deammo- 
niation temperature on the distribution of 
aromatics produced in the alcohol conver- 
sion reactions. It can also be noted that the 
change in the deammoniation temperature 
from 673 to 873 K causes no significant ef- 
fect on the distribution of aromatic hydro- 
carbons formed in the two reactions. How- 
ever, a very significant effect on the 

distribution is observed above the deammo- 
niation temperature of 873 K. 

The effect of the deammoniation temper- 
ature on the distribution of xylene isomers 
is shown in Fig. 9. In both the reactions the 
distribution is not affected up to the deam- 
moniation temperature of 873 K, but above 
this temperature the ratios of p- to o-xylene 
and p- to m-xylene increase exponentially 
with increase in deammoniation tempera- 
ture. 

The concentration of p-ethyl toluene in 
ethyl toluenes formed in both the reactions 
(Tables 3 and 5) increases very sharply 
when the deammoniation temperature is in- 
creased above 873 K. 

The total integration counts for the chro- 
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TABLE 3 

Product Distribution in the Reaction of Methanol on H-ZSMJ [I-VIII] Obtained from NH4-ZSM-5 under 
Different Deammoniation Conditions 

H-ZSM-5 

I II III IV V 
Conversion (%): 100 100 100 100 100 

Concentration of hydrocarbons (wt%) 
Aliphatics 72.06 72.21 77.18 92.64 99.34 
Benzene 2.97 2.90 2.18 0.20 0.00 
Toluene 10.57 10.38 8.68 1.32 0.10 
Ethyl benzene 0.31 0.33 0.32 0.49 0.04 
p-Xylene 2.53 2.53 2.27 1.89 0.33 
m-Xylene 5.69 5.73 4.72 0.90 0.03 
o-Xylene 2.61 2.63 2.13 0.21 
[Total xylenes] HO.831 [lo.891 [9.12] r3.001 [S:] 
p-Ethyl toluene 0.18 0.16 0.16 0.74 0.11 
m-Ethyl toluene 0.41 0.42 0.40 0.44 0.00 
o-Ethyl toluene 0.12 0.19 0.13 0.00 0.00 
Trimethyl benzenes and 2.55 2.52 1.83 1.17 0.05 

other aromatics 
[Total C9+ aromatics] [3.26] [3.29] [2.52] [2.33] [0.16] 

Total 100 100 100 100 100 

VI VII VIII 
100 100 100 

72.10 72.56 79.17 
2.91 2.89 1.70 

10.40 10.31 7.07 
0.31 0.31 0.29 
2.55 2.48 2.02 
5.79 5.76 4.41 
2.61 2.58 2.27 

i10.951 [10.82] [8.70] 
0.25 0.14 0.13 
0.35 0.28 0.30 
0.10 0.13 0.06 
2.63 2.56 2.58 

i3.331 f3.111 [3.07] 

100 100 100 

TABLE 4 

Product Distribution in the Reaction of Methanol on H-ZSMJ [IX-XIV] Obtained from NH4-ZSM-5 under 
Different Deammoniation Conditions 

H-ZSM-5 

IX X XI XII XIII XIV 
Conversion (%): 100 100 100 100 100 100 

Aliphatics 
Benzene 
Toluene 
Ethyl benzene 
p-Xylene 
m-Xylene 
o-Xylene 
[Total xylenes] 
p-Ethyl toluenes 
m-Ethyl toluenes 
o-Ethyl toluenes 
Trimethyl benzenes and 

other aromatics 
[Total C9+ aromatics] 

Total 

Concentration of hydrocarbons (wt%) 
73.22 75.10 72.13 75.16 
2.72 2.29 2.93 2.15 

10.04 9.22 10.25 9.21 
0.34 0.39 0.27 0.30 
2.47 2.35 2.54 2.34 
5.66 5.57 5.72 5.44 
2.37 2.17 2.58 2.38 

[10.501 [10.091 [lo.841 (10.161 
0.14 0.16 0.13 0.20 
0.32 0.38 0.39 0.44 
0.17 0.04 0.17 0.17 
2.55 2.33 2.89 2.21 

[3.18] [2.91] [3.58] [3.02] [3.24] [3.12] 

100 100 loo 100 100 100 

72.66 72.72 
2.73 2.77 

10.22 10.34 
0.31 0.31 
2.51 2.48 
5.75 5.70 
2.58 2.56 

[lo.841 t10.741 
0.14 0.13 
0.34 0.32 
0.23 0.18 
2.53 2.49 
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TABLE 5 

Product Distribution in the Reaction of Ethanol on H-ZSM-5 [I-VIII] Obtained from NH,-ZSM-5 under 
Different Deammoniation Conditions 

H-ZSM-5 

I II III IV V VI VII VIII 
Conversion (%): 100 100 100 100 100 100 100 100 

Aliphatics 
Benzene 
Toluene 
Ethyl benzene 
p-Xylene 
m-Xylene 
o-Xylene 
[Total xylenes] 
p-Ethyl toluene 
m-Ethyl toluene 
o-Ethyl tolunee 
Trimethyl benzenes and 

other aromatics 
[Total C,, aromatics] 

Total 

68.81 
4.33 

13.68 
0.73 
2.27 
5.14 
2.35 

[9.76] 
0.29 
0.64 
0.15 
1.61 

[2.69] [2.56] [2.14] [1.48] [l.Oll [2.61] [2.84] [2.28] 

100 100 100 100 100 100 100 100 

Conversion of hydrocarbons (wt%) 
69.64 72.92 93.71 96.06 
4.22 3.65 0.35 0.15 

13.33 11.94 1.33 0.79 
0.71 0.74 0.56 0.38 
2.22 2.01 1.04 1.30 
5.02 4.58 0.92 0.23 
2.30 2.02 0.61 0.08 

L9.541 l8.611 [2.57] [1.61] 
0.29 0.21 0.51 0.68 
0.60 0.60 0.41 0.03 
0.19 0.11 0.00 0.00 
1.48 1.22 0.56 0.30 

69.21 69.40 73.18 
4.28 4.20 3.55 

13.54 13.50 12.01 
0.71 0.69 0.79 
2.23 2.12 1.98 
5.12 5.03 4.30 
2.30 2.22 1.91 

[9.65] L9.371 [8.19] 
0.27 0.28 0.28 
0.61 0.63 0.67 
0.15 0.18 0.15 
1.58 1.75 1.18 

TABLE 6 

Product Distribution in the Reaction of Ethanol on H-ZSM-5 [IX-XIV] Obtained from NH,-ZSM-5 under 
Different Deammoniation Conditions 

H-ZSM-5 

IX X XI XII XIII XIV 
Conversion (%): 100 100 100 100 100 100 

Aliphatics 
Benzene 
Toluene 
Ethyl benzene 
p-Xylene 
m-Xylene 
o-Xylene 
[Total xylenes] 
p-Ethyl toluene 
m-Ethyl toluene 
o-Ethyl toluene 
Trimethyl benzenes and 

other aromatics 
[Total Cs+ aromatics] 

Total 

Concentration of hydrocarbons (wt%) 
70.00 71.91 69.13 72.88 
4.02 3.82 4.26 3.68 

13.03 12.30 13.62 12.12 
0.80 0.97 0.68 0.71 
2.24 2.13 2.28 2.00 
5.01 4.66 5.06 4.54 
2.34 1.83 2.39 1.83 

[9.59] [8.62] [9.73] [8.37] 
0.31 0.29 0.26 0.26 
0.63 0.70 0.59 0.61 
0.19 0.18 0.19 0.15 
1.43 1.21 1.54 1.22 

[2.56] [2.38] [2.58] [2.24] [2.50] [2.40] 

100 100 100 100 100 100 

69.91 70.44 
4.25 4.18 

13.35 13.01 
0.67 0.65 
2.16 2.19 
4.95 4.90 
2.21 2.23 

19.321 [9.32] 
0.26 0.26 
0.60 0.59 
0.17 0.17 
1.47 1.38 
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QS,~~, (PYRIDINE MOLECULES PER U.C.) 

FIG. 7. Variation of the conversion of cumene and o-xylene at 673 K with the corresponding 
irreversible adsorption of pyridine molecules at 673 K [qi(673 Kj] on the H-ZSMJ zeolites. A,O- 
Represent data on H-ZSMJ zeolites obtained from NH,-ZSM-5 zeolites having different degrees of 
NH,+ exchange under identical deammoniation conditions. 

matograms of the hydrocarbons produced 
in the two reactions on the zeolites ob- 
tained at deammoniation temperatures up 
to 873 K were more or less the same. How- 
ever, the corresponding integration counts 
for the hydrocarbons formed on the zeolites 
obtained at the deammoniation tempera- 
tures of 1073 and 1223 K were fewer by 
about 8 and 40%, respectively, for the reac- 
tion of methanol and by about 20 and 30%, 
respectively, for the reaction of ethanol 
than those observed in the former case. 
This fact indicates that in both the reac- 
tions, certain amounts of hydrocarbons are 
retained on the zeolite obtained at higher 
deammoniation temperatures (above 873 
W. 

From the distribution of hydrocarbon 

products on H-ZSMJ [II, VI-VIII] in the 
reaction of methanol (Table 3) and ethanol 
(Table 5), it can be noted that the distribu- 
tion of the products in both the reactions is 
not affected significantly by the variation in 
the deammoniation period from 1 to 12 hr. 
However, when the deammoniation period 
is increased from 12 to 48 hr, the concentra- 
tion of aliphatic hydrocarbons increases 
from 72.2 to 79.2% and from 69.6 to 73.2% 
in the reactions of methanol and ethanol, 
respectively. 

Figure 10 shows the effect of the deam- 
moniation period on the distribution of aro- 
matic hydrocarbons formed in the reaction 
of methanol and ethanol on H-ZSMJ zeo- 
lite. 

The ratios of xylene isomers (Tables 3 
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FIG. 10. Dependence of the distribution of aromatics formed in the reactions 
ethanol on deammoniation time [ aA] of NH4-ZSM-5. 

of methanol and 

and 5) and the distribution of aromatic hy- 
drocarbons (Fig. 10) formed in both the re- 
actions were affected to only a small extent 
when the deammoniation period was varied 
from 1 to 48 hr. The data on H-ZSM-5 [II, 
IX-XII] (Tables 3-6) obtained in the differ- 
ent atmospheres show that the concentra- 
tion of aromatics in the hydrocarbons 
formed in both the alcohol conversion reac- 
tions depends on the atmosphere in the fol- 
lowing order: vacuum > air > N2 > Hz > 
moist NT. 

The concentrations of individual aro- 
matic hydrocarbons in aromatics and the 
ratios of xylene isomers do not vary signifi- 
cantly due to the change in the atmosphere. 

The results of H-ZSM-5 [II, XIII, and 
XIV] (Tables 3-6) show that the variation 
in the heating rate has only a small effect on 

the distribution of hydrocarbons in the two 
alcohol conversion reactions. 

The variation of the concentration of the 
aromatics in the hydrocarbons and that of 
the individual aromatic hydrocarbons (viz., 
benzene, toluene, xylenes, and ethyl ben- 
zene) in aromatics with the number of 
strong acid sites on the zeolite in the metha- 
nol and ethanol conversion reactions is 
shown in Figs. 11 and 12. The data on H * 
Na-ZSM-5 zeolites having the same Si/Al 
ratio as that of the zeolites used in the 
present investigation but with different de- 
grees of H+ exchange (23) are also pre- 
sented in the figures. 

DISCUSSION 

The acid sites on the H-ZSMJ zeolites 
measured by the pyridine adsorption 
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FIG. 11. Dependence of the distribution of aromatics formed in the reaction of methanol on the 
corresponding irreversible adsorption of pyridine molecules at 673 K [ qi(673 KJ on the H-ZSMJ zeo- 
lites. Solid symbols represent data on H-ZSM-5 zeolites obtained from NH,-ZSM-5 zeolites having 
different degrees of NH4+ exchange under identical deammoniation conditions. Open symbols repre- 
sent the present data. 

method are divided into two groups: the give the distribution of weak acid sites. The 
sites that adsorb pyridine irreversibly at second method gives quantitative informa- 
1673 K which are considered strong acid tion on the distribution of weak acid sites 
sites and the remaining ones which are the while the first gives information that is 
weak acid sites. This distinction is sup- more qualitative in nature. 
ported by the fact that the ir band at 3605 Poisoning of stronger acid sites of the H- 
cm-’ for the hydroxyl groups (which are ZSMJ zeolites (with different WA1 ratios) 
responsible for the strong Bronsted acidity) (23) has shown that the cumene cracking 
in H-ZSM-5 zeolite presaturated with pyri- and o-xylene isomerization reactions occur 
dine at lower temperatures could be recov- on the acid sites which adsorb pyridine irre- 
ered (24) only after desorbing the chemi- versibly at the temperatures above 570 K. 
sorbed pyridine on the zeolite at about 673 Since these reactions are catalyzed only by 
K. protonic acid sites, the observed conver- 

Both the TPD and STD methods give the sion of cumene or o-xylene can be taken as 
number of strong acid sites and essentially a measure of the protonic acid sites (which 
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FIG. 12. Dependence of the distribution of aromatics formed in the reaction of ethanol on the 
corresponding irreversible adsorption of pyridine molecules at 673 K [qi(673 sJ on the H-ZSMJ zeo- 
lites. Solid symbols represent data on H-ZSM-5 zeolites obtained from NH,ZSM-5 zeolites having 
different degrees of NH,+ exchange under identical deammoniation conditions. Open symbols repre- 
sent the present data. 

adsorb pyridine irreversibly above 570 K) 
on the zeolite; the variation in the conver- 
sion with the change in the deammoniation 
conditions is related to the corresponding 
change in the protonic acid sites on the zeo- 
lite. 

Effect of Deammoniation Temperature 

The results point to a strong intIuence of 
the deammoniation temperature on both 
the acid strength distribution and catalytic 
properties (viz., the activity in the cumene 
cracking, o-xylene isomerization reactions, 
and the distribution of hydrocarbons 
formed in the methanol and ethanol conver- 
sion reactions) of H-ZSMJ zeolite. The 
changes in the activity and selectivity are 

attributable to the decrease in the number 
of strong protonic acid sites due to the de- 
hydroxylation of the zeolite that occurs 
when the deammoniation temperature is in- 
creased. To a small extent, this decrease in 
the number of acid sites may also result 
from the dealumination at higher tempera- 
tures. The ir spectroscopic study of the hy- 
droxyl groups responsible for the strong 
Bransted acidity and the adsorption of pyri- 
dine on H-ZSM-5 has shown (24) that the 
Br@nsted acidity decreases as the calcina- 
tion temperature is increased. The XPS 
study of H-ZSM-5 [II and V] (25) has 
shown that the deammoniation at higher 
temperatures results in an increase in the 
surface concentration of aluminum on the 
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zeolite. A similar observation was made by 
Vedrine et al. (24) in the dehydroxylation 
of H-ZSMJ at high temperature. This in- 
crease in the surface concentration is attrib- 
uted to the dealumination. 

It has been noted that there is a decrease 
in the amount of pyridine irreversibly ad- 
sorbed at 673 K when the deammoniation 
temperature is increased (Fig. 6a). Also, 
there is a decrease in the height of the ir 
band corresponding to the hydroxyl groups 
(3605 cm-‘) responsible for strong Bronsted 
acidity and a decrease in the pyridinium 
ions (1550 cm-‘) when the dehydration tem- 
perature of H-ZSM-5 is increased [Figs. 3 
and 6 in Ref. (24)]. The fact that the de- 
creases in all three cases follow the same 
trend indicates that the irreversible adsorp- 
tion of pyridine is essentially a measure of 
the protonic acid sites in H-ZSM-5 zeolite. 
This is probably because the Bronsted acid 
sites are easily accessible to the pyridine 
molecules, while the Lewis acid sites 
formed due to dehydroxylation are not be- 
cause of restricted accessibility of the base 
to the structural sites resulting from its size 
and binding mode to Lewis acid sites (24). 

The earlier acidity data on the heats of 
adsorption of ammonia (26) show that 
when the dehydration temperature is in- 
creased from 655 to 1075 K, the total num- 
ber of strong acid sites of H-ZSM-5 (ob- 
tained by HCl treatment) are decreased by 
about 31% while on the other hand, the acid 
strength of the remaining sites is increased 
considerably. The increase in the dehydra- 
tion temperature does not cause an appre- 
ciable change in the acidity distribution of 
H-ZSMJ [Figs. 3 and 4, Ref. (26)] as mea- 
sured by the microcalorimetric heats of ad- 
sorption of ammonia (26); hence it seems 
that the acidity data obtained by this 
method cannot be related to the catalytic 
properties of H-ZSM-5 zeolite. 

The results of the microcalorimetric 
heats of adsorption of ammonia and of the 
ir and ESR investigations (24, 26) have in- 
dicated that upon dehydroxylation at ele- 
vated temperature, the Bronsted acid sites 

of H-ZSM-5 are irreversibly converted to 
Lewis acid sites. The present investigation 
shows that the total number of acid sites as 
well as the number of strong protonic acid 
sites (as measured by the adsorption of 
pyridine) on the zeolite obtained at the 
deammoniation temperature of 1073 K are 
decreased when the zeolite is rehydrated at 
773 K. 

The sharp increase in the p- to o- and p- 
to m-xylene ratios and also in the concen- 
tration of p-ethyl toluene in ethyl toluenes 
in both the alcohol conversion reactions on 
the zeolites obtained at the higher deammo- 
niation temperatures (above 873 K) (Fig. 9 
and Tables 3 and 5) may be mostly attrib- 
uted to a very small but progressive change 
in the channel diameter of the zeolite 
caused by extensive dehydroxylation ac- 
companied by dealumination, while the dis- 
tribution of other aromatics (Fig. 8) may be 
affected by the decrease in the strong pro- 
tonic acid sites due to dehydroxylation of 
the zeolite with the increase in the deam- 
moniation temperature. 

The decrease in the catalytic activity of 
the zeolite in the cumene cracking and o- 
xylene isomerization reaction with the in- 
crease in the deammoniation temperature 
(Fig. 6a) confirms that these reactions oc- 
cur only on protonic acid sites. Further, 
from the decresae in the concentration of 
aromatics in hydrocarbons with the in- 
crease in the deammoniation temperature 
(Fig. 8), it can also be concluded that the 
aromatization in both the alcohol-to-hydro- 
carbon conversions on the zeolite occurs 
only on protonic acid sites. The retention of 
hydrocarbons on the zeolites obtained at 
higher deammoniation temperatures (above 
873 K) in the alcohol conversion reactions 
may be mostly due to strong adsorption of 
long-chain hydrocarbons (27) which were 
not converted to aromatics (which desorb 
easily) due to low acidity. 

Effect of Deammoniation Period 
Both the TPD (Fig. lb) and STD (Figs. 3 

and 5b) data of pyridine point to an appre- 
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ciable decrease in both the total number of 
acid sites and the number of strong acid 
sites of the zeolite due to an increase in the 
deammoniation period. The conversion of 
cumene and o-xylene (Fig. 6b) and the con- 
centration of aromatics in the hydrocarbons 
formed in both the methanol and ethanol 
conversion reactions (Fig. 10) on the zeolite 
decrease with the increase in the deammo- 
niation period in the same manner in which 
the irreversible adsorption of pyridine at 
673 K decreases with the deammoniation 
period (Fig. 6b). 

The progressive change occurring in the 
acidity, the catalytic activity in the cracking 
and isomerization reactions, and the prod- 
uct selectivity in the alcohol conversion re- 
actions due to increase in the deammonia- 
tion period are mainly attributable to the 
dehydroxylation of the zeolite resulting in a 
decrease in the concentration of the hy- 
droxyl groups responsible for the strong 
Bronsted acid sites. 

Effect of Atmosphere 

The data on the zeolites obtained in dif- 
ferent atmospheres [viz., Nz, Hz, air, and 
moist Nz] and in their absence, viz., under 
vacuum, indicate that both the acid 
strength distribution (Figs. 2b, 3-5) and the 
catalytic properties depend on the atmo- 
sphere. The deammoniation under vacuum 
is most satisfactory as both the total and 
strong acid sites, the catalytic activity in 
the cracking and isomerization reactions, 
and the concentration of aromatics in the 
alcohol conversion reactions on the zeolite 
were found to be maximum in this case, 
whereas, deammoniation in the presence of 
moist nitrogen is the least satisfactory. 

The observed changes in the catalytic ac- 
tivity and the product selectivity are re- 
flected by the corresponding change in the 
strong acid sites, a deviation from this in a 
few cases might be due to a shift in the 
strength distribution of the strong acid sites 
toward the lower or higher energy side. 

Comparison of the data on the zeolites 
obtained in the deammoniation in the flow 

of nitrogen with and without the presence 
of moisture shows that the presence of 
moisture causes significant decrease in both 
the acidity and catalytic activity and selec- 
tivity (for the aromatic hydrocarbons) in 
the reactions studied, probably because of 
dealumination to a small extent. 

Effect of Heating Rate 

The results show that the large variation 
in the heating rate employed for attaining 
the final deammoniation temperature does 
not cause any significant change in either 
the acid strength distribution or the cata- 
lytic properties. This fact indicates that the 
H-ZSMJ zeolite has a very high stability 
toward thermal shocks. 

Correlation of Acidity and Catalytic 
Properties of H-ZSM-5 Zeolites 

The dependence of the cumene and o- 
xylene conversions (Fig. 7) and the concen- 
tration of aromatics in the hydrocarbons 
formed in the methanol and ethanol conver- 
sions (Figs. 11 and 12) on the H-ZSM-5 
zeolites (obtained under the different deam- 
moniation conditions and also under the 
same deammoniation conditions but with 
different degrees of H+ exchange) on the 
amount of irreversibly adsorbed pyridine at 
673 K clearly shows that a close relation- 
ship exists between the catalytic properties 
and the number of strong acid sites mea- 
sured by the pyridine adsorption. 

In the case of the isomerization of o- 
xylene the conversions are less than 20%; 
hence the conversion values closely ap- 
proximate a direct index of catalytic activ- 
ity (22). Figure 7 shows a linear relation- 
ship between the strong acid sites and the 
catalytic activity in the isomerization reac- 
tion on the zeolite. Since the isomerization, 
cracking, and the aromatization (involved 
in the conversion of alcohols) reactions are 
catalyzed by protonic acid sites, the 
present correlations also show that pyridine 
adsorption is essentially a measure of the 
protonic acid sites on H-ZSM-5 zeolite. 
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The present work clearly establishes the 
suitability of pyridine for measuring the 
acid strength distribution of H-ZSM-5 zeo- 
lite, particularly when the acidity data are 
to be correlated with the activity and selec- 
tivity of H-ZSM-5 zeolite. Ammonia is a 
poor choice for this purpose as measure- 
ments with it give the number of both the 
Lewis and Bronsted acid sites on H-ZSM- 
5. 

CONCLUSIONS 

The following conclusions are drawn 
from the results obtained from the studies 
on H-ZSM-5 zeolites obtained under dif- 
ferent deammoniation conditions from 
NH4-ZSM-5. 

The acidity due to both the weak and 
strong acid sites of the H-ZSM-5 zeolite 
depends on the deammoniation conditions 
(viz., temperature, period, and atmo- 
sphere) employed for its preparation from 
NH4-ZSM-5. The changes in the acidity 
caused by the variation in the deammonia- 
tion conditions are directly reflected on the 
catalytic activity in the cracking and isom- 
erization reactions and on the product se- 
lectivity in the alcohol-to-hydrocarbon con- 
version reactions. The acidity, catalytic 
activity, and product selectivity of the zeo- 
lite are strongly affected when deammonia- 
tion temperature is increased above 873 K. 
These properties are changed appreciably 
when the period of deammoniation at 773 K 
is increased from 1 to 48 hr. These proper- 
ties are found to be dependent on the atmo- 
sphere in which the deammoniation is car- 
ried out (viz., air, N2, HZ, moist NJ and 
also on the absence of it (viz., vacuum). 
Deammoniation under vacuum is the most 
satisfactory, and deammoniation in the 
presence of water vapors is the least satis- 
factory. The heating rate at which the 
deammoniation temperature (773 K) was 
attained (ranging from the lowest rate of 2.5 
K * min-r to the highest obtained when the 
temperature is taken to 773 K directly by 
flash heating) has no significant effect on 

the acidity and catalytic properties of the 
zeolite. 

The activity in the cumene cracking and 
o-xylene isomerization reactions and the 
extent of aromatization and distribution of 
aromatics in the alcohol conversion reac- 
tions could be correlated satisfactorily to 
the number of strong acid sites, measured 
in terms of the irreversible adsorption of 
pyridine at 673 K on the zeolites. The possi- 
bility of correlating the catalytic properties 
with the acidity clearly establishes the suit- 
ability of the use of pyridine as the base in 
characterizing H-ZSM-5 zeolites for their 
acidity distribution. Pyridine selectively 
measures protonic acid sites on H-ZSM-5 
zeolite as Lewis acid sites, formed due to 
the dehydroxylation, are not easily accessi- 
ble to it. 

In both the alcohol conversion reactions, 
the extent of aromatization and distribution 
of aromatics are strongly dependent on the 
strong protonic acid sites on the zeolite. 
The formation of aromatics increases with 
the increase in the number of strong acid 
sites. The distribution of aromatics varies 
with the strong acid sites as follows: when 
the number of strong acid sites is increased, 
the concentrations of benzene and toluene 
increase, while the concentrations of 
xylenes, ethyl benzene, and CS+ aromatics 
decrease. 

Deammoniation at higher temperatures 
(> 1073 K) causes extensive dehydroxyla- 
tion which leads to a drastic change in pro- 
tonic acidity. A very significant increase in 
the selectivity for the para isomer of xylene 
and ethyl toluene indicates the possibility 
of the alteration of the channel diameter of 
the zeolites, probably due to dealumination 
at the higher deammoniation temperatures. 
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