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CHAPTER THREE

3. RESULTS AND DISCUSION

3.1._ TOLUENE DISPROPORTIONATION REACTION OVER
H-ZSM-5 CATALYST:

The present work has been carried out using a fixed — bed flow reactor
system in a flowing current of hydrogen at a rate of 25-cm® min™'. The catalyst was
principally a Chinese ZSM-5 zeolite powder in order to approach the intrinsic
activity of the catalyst, i.e., to almost exclude the difference between the apparent

and true activities.

The reaction under investigation involves the disproportionation of toluene
where one molecule transfers its methyl group to another toluene molecule,

producing a benzene molecule and a xylene molecule as follows (reaction 1)

CHx CH»

The xylene product is indeed a mixture of the three xylene isomers, namely
o—, m— and p-xylene. The fourth isomer of the Cq aromatic fraction (ethylbenzene)

is not frequently formed using the zeolite catalyst [50]. Hence, ethylbenzene is
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present in the products of the disproportionation reaction under investigation in very

low percentages at higher temperatures (or even absent). (Table 3).

A side reaction that can also take place beside the disproportionation of

toluene is the hydrocracking of toluene to benzene and methane (reaction 2).
CH;

+H, + CHy (2)

Another side reaction (reaction 3) which may also occur on the external
surface of the crystals of H-ZSM-5 zeolite forms trimethylbenzenes. This reaction
takes place at a very low extent (Table 3) due to the molecular volume constraint of
the reaction transition state. Trimethylbenzenes are to be formed via the voluminous

xylene-xylene phase transition state which forms as follows [50]:

CH; CH;
CH; \ @ CH;
H H -+
CH
‘ AN / } /
CH;

CH;

/C

\ cH,
CH;

- (3)
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Fig.11 shows that toluene conversion over H-ZSM-5 catalyst ranges between

2.28% at 300°C and 34.15 mol% at 500°C at a WHSV of 2.0 g g'h"'. However,

using higher severities, namely; higher temperatures (500 —600°C) and a lower
space velocity (WHSV) of 1.0 g g'h”, toluene conversion is greatly accelerated

(41.06 — 61.6 mol%, respectively).

Table 3 shows that the hydrocracking (hydrodealkylation) reaction does not
take place during a reaction temperature range of 300—400°C, but starts at 450°C
then increases with a further increase of reaction temperature (Fig.12), since this
reaction is endothermic. Fig. 13 shows to what extent Cg4 aromatics decrease while
benzene increases in product. This figure shows that the molar percentage of
benzene and Cg aromatics are equal between 300 and 400°C, but deviate slowly
beyond 400°C ata WHSV of 2.0 g g'h'. However, at a WHSV of 1.0 g g'h™", the
C; aromatics decrease with increasing temperature from 15.21 mol% at 500°C to
8.46 mol% at 600°C, principally due to a corresponding increase of benzene
production via the dealkylation of toluene and the reverse dealkylation of the
formed xylenes. At 500°C, benzene amounts to 25.6 mol% and rises significantly

to reach 53.14 mol% at 600°C.

The distribution of the individual xylenes in their mixture in products is
frequently described as the xylenes selectivity. Using the H-ZSM-5 catalyst at a
temperature of 300°C and a space velocity of2.0 gg'h”, the conversion is low
(2.28 mol%). However, p-xylene in the xylenes mixture in product (selectivity) is
25.8% cdmpared to a thermodynamic equilibrium value of 23.9%. As temperature
increases, the conversion rises up to 34.15 mo! % at 500°C (F ig.11), whereas the

p-xylene selectivity decreases to 22.6%, due to the increase of o- selectivity.
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This latter value does not significantly differ from the thermodynamic value, since
the p-xylene thermodynamic values (Table 2) range between 23.9% and 23.2% at
temperature between 300 and 500°C, respectively. The p-xylene experimentally
obtained (Fig.14) values in total xylenes in product range between 25.8 and 22.6%,

respectively.

Table.2. Iherm_qgjyna_m_igggyﬂibﬁrjgmﬁ_,\_fg_lygs of para-, meta-, and ortho-xvlenes in

the gas phase [51] at temperatures of 300 — 60QX°,C:,

Temperature,’C

para- xylene

meta-xXylene

ortho-xylene

Using the as-synthesized zeolite (Table 3), m-xylene selectivity ranges
between 53.45% at 300°C and 51.34% at 500°C, which are very close to their
thermodynamic equilibrium values. o-Xylene selectivity varying from 20.76% at
300°C to 26.06% at 500°C which do not vary significantly from the thermodynamic
equilibrium values at corresponding temperatures (Fig.14). At higher reaction
severities (Fig.11) applying a higher temperature range 500- 600°C and a space
velocity (WHSV) of 1.0 g g'h’, the conversion greatly increases (41.0 - 61.6 %,

respectively), whereas the p-xylene selectivity (Fig.14) significantly decreases
(22.31% - 21.51%, respectively).
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Fig.14 also shows that the m- xylene selectivity (50.81%-49.9%,

respectively) does not vary significantly from the thermodynamics equilibrium
values at corresponding temperatures, (Table 2). Nevertheless, the o—xylene

selectivities at the severe conditions amount to (26.88%28.59%, respectively).

The H-ZSM-5 zeolite catalyst examined in this study has been synthesized to
acquire a mean pore diameter of 5.5A°. This catalyst produces a very low
percentage of TMBs. At temperatures between 300 and 450 C, these voluminous
compounds are absent. At the higher reaction severities, TMBs are also of very low
concern (Table 3). Hence, these compounds can not be assumed to be of decisive
impact on total xylene production or, in particular, on the p-xylene selectivity.
However, the enhanced hydrocracking activity of the catalyst as a function of
increasing reaction temperature appears to be of a significant impact on decreasing
the p-xylene selectivity. This indicates that this p-isomer is the most susceptible to
hydrodealkylation. At 600°C and space velocity of 1.0 g g'h™' benzene resulting via
hydrocracking reactions comprises as high as 44.68 mol% (Fig.12).
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TABLE 3. TOLUENE DISPROPORTIONATION USING H-ZSM-5 CATALYST - CATALYST (1)

SFACE VELOCITY 2 I

TEVFERATIRE &=
300 350 400 450 500 500 556 6060

ITEMS
CONVERSION, MOL % 2.28 6.80 8.18 19.99 34.15 41.06 53.40 61.60
DISTRIBUTION OF LIQIUD PRODUC TS,

WT%:

BENZENE 0.96 2.87 347 9.15 16.69 22.04 36.19 48.33
TOLUENE 97.72 93.22 91.81 80.20 66.31 59.83 48.68 41.19
ETHYL BENZENE 0.00 0.00 0.00 0.19 0.32 0.38 0.27 0.16
P-XVLENE 0.34 0.97 1.12 242 3.69 3.89 324 2.22
a-XYLENE 0.71 2.07 247 5.42 8.38 8.85 7.42 5.15
o-XNVLENE 0.27 0.87 1.14 2.62 4.26 4,68 4.10 295
TOTAL XYLENES 1.32 391 4.72 10.46 16.33 17.42 14.76 10.32
TRIMETHYLBENZENES 0.60 0.00 0.00 0.00 0.35 (.33 0.10 0.00

DISTRIBUTION OF XYLENES % -

p-XYLENE 25.79 2472 2368 23.09 2260 | 223} 2195 21.51
n-XYLENE 533.45 5296  52.23 51.86 5134 | 50.81 50.27 4990
o-XVYLENE 20.76 2232 24,09 25.05 26,06 | 2688 2778  28.59
DISTRIBUTION OF LIGIUD PRODUCTS,

MOLE% ;

BENZENE (VIA DISPROPORTIONATION) .14 3.40 4.09 9.22 14.34 15.21 12.47 8.46
BENZENE (VIA HYDROCRACKING) 0.60 0.00 0.00 1.55 5.20 1039 2839  44.68
TOTAL BENZENE .14 3.40 4.09 10.77 1954 | 2560 40.86  53.14
TOLUENE 97.72 9320  91.82 80.01 65.85 | 3894 4660  38.40
ETHYL BENZENE 0.00 0.00 0.00 0.16 0.27 (.32 0.22 0.13

- XYLENE 0.30 0.84 0.97 2.09 318 332 2.69 179

m-XYLENE 0.61 1.80 2.14 4.70 1.22 7.57 6.16 4.16

o-XVLENE 0.23 0.76 0.98 2.27 367 4.00 3.40 238

TOTAL XYLENES 1.14 3.40 4.09 9.06 14.07 14,89 12,25 8.33

CF AROMATICS 114 3.40 4.09 9.22 14.34 15.21 12.47 8.46

TRIMETHYLRENZENES 0.00 0.00 0.00 0.00 0.27 0.25 0.07 0.00
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space velocity =2 space velocity = 1
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Fig.11 TOTAL TOLUENE CONVERSION AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON H-ZSM-5 CATALYST
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space velocity = 2 space velocity = 1
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Fig.12 TOTAL BENZENE YIELD AT DIFFERENT TEMPERATURES
AND SPACE VELOCITIES OF TOLUENE DISPROPORTIONATION
REACTION ON H-ZSM-5 CATALYST

—=— BENZENE VIA DISPROPORTIONATION  —a— BENZENE VIA HYDROCRACKING

46



RESULTS AND DISCUSSION

space velocity = 2 space velocity = 1
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Fig.13 MOL% OF BENZENE AND Cgs AROMATICS IN THE PRODUCT OF
TOLUENE DISPROPORTIONATION AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES USING H- ZSM-5

—&—MOLE% OF BENZENE —8—MOLE% OF C8 AROMATICS
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Fig.14 SELECTIVITY OF XYLENE ISOMERS AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON H-ZSM-5 CATALYST.

—e—P-XYLENE ISOMER ~-B—M-XYLENE ISOMER —~O-XYLENE ISOMER
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3.1.1._EFFECT OF SILICONIZATION OF H-ZSM-5 CATALYST ON THE
DISPROPORTIONATION OF TOLUENE:;:

In the present investigation, it is attempted to improve further the p-
selectivity of the ZSM-5 zeolite for toluene disproportionation. Hence we have
treated H-ZSM-S zeolite with a silicon-containing material (silicon grease) in a trial
to precipitate some silicon (3.0 wt.% Si / lgm H-ZSM-5 catalyst) in the zeolitic
-pores, Le., siliconized in order to tailor a pore diameter adequate for faster p-xylene
diffusion relative to that of m- and o-xylene isomers, thus increasing the rate of

production of p-xylene relative to those of m- and o- xylenes.

The addition of silicon decreased the total toluene conversion from 2.28% to
0.96 mol% at 300°C and from 34.15% to 13.83 mol% at 500°C and a space velocity
of 2.0 g g'h™. This is attributed to a decrease in the catalytic activity due to the
masking of strong acid sites by silicon atoms (Fig.15). Also, the total xylenes
production decreased from 1.14 to 0.48 mol% at 300°C and from 14.07 to 6.38
mol% at 500°C, using a space velocity of 2.0 g g'h™" (Tables 3 and 4). However, the
p-Xylene selectivity increases from 25.79% to 60.23% at temperature of 300°C and
a space velocity of2.0 g g'h"' . Moreover, at 500°C, p-xylene selectivity increases
from 22.6% to 52.16%. Also at the more severe conditions, (high temperature and
space velocity of 1.0 g g”'h™"), the production of total xylenes decreases from 14.89
to 8.81 moi% at temperature of 500°C, while increases from 8.33 % to 9.86 mol%
at temperature of 600°C, this is attributed to a decrease in hydrocracking
(hydrodealkylation) reaction of Xylenes due to the addition of silicon (Tables 3 and
4) (Fig.16), while p-xylene selectivity increases due to addition of silicon from
(22.31 - 21.51 moi%) to (49.06 — 40.1mol%}) at temperatures of 500 — 600 °C.

0-Xylene has been greatly diminished on the siliconized catalyst compared to using
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the untreated zeolite catalyst. At temperatures of 300-500°C, o-xylene comprises

(20.76-26.06mol%, respectively), using the untreated catalyst (Table 3) (Fig.14),
and decreases to (8.25-12.47mol%) (Table 4) (Fig.17), after incorporation of silicon
in the zeolite catalyst. This may be attributed to the larger molecular size of o-
xylene, relative to those of the para- and meta- isomers. Although Wei calculated
the diameter of o- and m-xylenes to be equal to 6.9°A, whereas that of p-xylene to
be 6.3°A, Choudhary et al. [52] estimated a bigger volume of o-xylene than the
other two isomers (p-and m-xylenes). Moreover, o-xylene has been found to acquire
lower values than the thermodynamic equilibrium values on pore-selective

catalysts.

Fig.16 shows that at space velocity of 1.0 gg'h’, total xylene production
increases till reaching a temperature of 550°C then decreases after that. This
indicates that the addition of silicon decreases the rate of hydrocracking

(hydrodealkylation) reaction of xylenes.

The competition of toluene hydrocracking (hydrodealkylation) with the
formation of xylenes during the course of the reaction, under study, is more
pronounced using the parent H-ZSM-5 zeolite catalyst than using the siliconized
one. On the former catalyst benzene resulting from hydrocracking amounts to 5.2
mol% at 500°C and a WHSV of 2.0 g g'h™ and greatly enhances to reach 44.68
mol% at 600°C and WHSV of 1.0 g g'h' (Table 3), while it comprises only
1.07mol% at 500°C and a WHSV of 2.0 gg'h'and 8.77 mol% at 600°C and a
WHSV of 1.0 g g*h™' (Table 4). This lower hydrocracking activity of the siliconized
zeolite catalyst can be attributed to masking a part of the strong acid sites in the
channels of H-ZSM-5 zeolite. However, lower hydrocracking is advantageous when

the reaction is primarily directed towards xylenes production,
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TABLE 4. TOLUENE DISPROPORTIONATION USING SILICONIZED H-ZSM-5 CATALYST - CATALYST (1)

SPACE VELOCITY 2 I

TEMPERATURE, C°

300 350 400 450 500 500 550 600

JITEMS

CONVERSION, MOL?% 0.96 2.00 4.60 6.76 13.83 19.43 24.66 29.06
DISTRIBUTION OF LIQIUD PRODUCTS,

WTes

BENZENE 0.41 0.86 1.95 3.09 6.33 8.70 11.13 16.10
YOLUENE 99.04 97.99 95.39 93.30 86.30 80.68 75.48 71.82
ETHYL BENZENE 0.00 0.00 0.00 0.00 0.00 0.19 .21 0.15

|p-XYLENE 0.33 0.68 1.53 2.02 3.84 4,99 5.99 4,62

m-XYLENE 0.17 0.37 0.86 1.19 2.61 3.79 4.95 4.93

o-XYLENE 0.05 0.1 0.27 0.40 0.92 1.39 1.90 1.97

TOTAL XYLENES 0.55 1.15 2.66 3.61 7.37 10.17 12.84 11.52
TRIMETHYLBENZENES 0.00 0.00 (.00 .00 (.00 .26 0.34 0.41

DISTRIBUTTON OF XYLENES % ;

p-YYLENE 60.23 58.70 57.29 55.95 52.16 49.06 46.65 40.10
m-XYLENE 31.52 32.10 32.42 33.02 35.37 37.27 38.55 42.76
o-XYLENE 8.25 .20 10.29 11.03 12.47 13.67 14.80 17.14

DISTRIBUTION OF LIGIUD PRODUCTS,
MOLE? :

BENZENE (VIA DISPROPORTIONATION) | (1,48 1.00 2.30 3.13 6.38 8.98 11.31 9.99
BENZENE (VIA HYDROCRACKING) 0.00 0.00 06.00 0.50 1.07 1.27 1.78 877
TOTAL BENZENE 0.48 1.00 2.30 3.63 7.45 10.25 13.09 18.76
TOLUENE 99.04  98.00 9540 9324  86.17 | 80.57 7534 7094
ETHYL BENZENE 0.00 0.00 0.00 0.00 0.00 0.17 0.18 0.13
p-XVLENE 0.29 0.59 1.32 1.75 3.33 4.33 5.19 395
@-XYLENE 0.15 0.32 0.75 1.03 226 3.28 4.29 4.23
>XYLENE 0.04 0.09 0.24 0.35 0.80 1.20 1.65 1.68
J.'“OTALXYLENES 0,48 1.00 2,30 3.13 6.38 8.81 11.13 9.86
C8 AROMATICS 0.48 1.00 2.30 313 6.38 8.98 11.31 9.99
TRIMETHYLBENZENES 0.00 0.00 .00 0.00 0.00 6.20 0.26 0.31
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Fig.15 TOTAL TOLUENE CONVERSION AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON Si-H-ZSM-5 & H-ZSM-3
CATALYSTS.
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space velocity = 2 space velocity = 1
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Fig.16 TOTAL XYLENES YIELD, MOL% AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE

DISPROPORTIONATION REACTION ON H-ZSM-5 & Si-H-ZSM-5
CATALYSTS.
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space velocity = 2 space velocity = 1
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Fig.17 SELECTIVITY OF XYLENE ISOMERS AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON Si-H-ZSM-5 CATALYST.
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3.1.2._EFFECT OF DEALUMINATION OF H-ZSM-5 ZEOLITE ON TOLUENE
DISPROPORTIONATION:

The H-ZSM-5 zeolite under study has been dealuminated for partial removal
of the framework aluminum (F-Al) such as to increase the Si/Al ratio and
transforming the zeolite to a more hydrophobic form, which resists deactivation by

carbon deposition.

The dealuminaion treatment removes a significant numbers of Bronsted acid
sites since these sites are normally associated with the F-Al, which has been
removed via HCI leaching [53]. However, the strength of the acid sites remaining in
the zeolite after dealumination is somewhat higher than that of the parent zeolite
due to excluding the interaction between neighboring H” when their concentration is
high. The increase of Bronsted acid site strength seems to have decreased the
selectivity of p-xylene via reisomerization to the two other isomers. The pore size
(channel diameter) and the channels intersection space also widens via
dealumination [54] as evidenced by the increase of ortho-xylene in product which
has been found to posses a larger molecular size than para- and meta- xylenes.
Although trimethylbenzenes are of low concern, they show a slight increase via
dealumingtion, since these voluminous compounds require much larger channels to
be forrnéd therein. Tables 3 and 5 show that the zeolite dealumination for a period
of 4h increases the conversion from 2.28% to 3.8 mol% at 300C°, and from 34.15%
to 42.93 mol% at 500C° at a space velocity of 2.0 g g'h”' (Fig.20).

Dealumination increases the total xylene production from 1.14% t0 1.9 mol%
at temperature of 300°C, and from 14.07% to 17.39 mol% at temperature of 500°C,
and a space velocity of 2.0 g g'h”'. However, using higher severities (higher

temperature and space velocity of 1.0 g g"'h™"), the total xylene production increases
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from 14.89% to 17.26 mol% at temperature of 500°C, and from 8.33 to 9.83 mol%
at temperature of 600°C (Fig.21). Dealumination also has slightly decreased the
para-selectivity; for instance, from 25.79% to 24.36% at 300°C and from 22.6% to
21.66% at S500°C at a space velocity of 2.0 g o' h! (Fig.22). The m-xylene
encountered almost the same decrease in selectivity, which is faﬁorable since m-
xylene is the least required petrochemical material. However, the selectivity for o-
xylene shows some increase (from 20.8% to 23.5% at 300°C and from 26.1% to
27.8% at 500°C) (Tables 3 and 5). Again, o-xylene enhancement is favorable since

it has a larger petrochemical market than m-xylene.

Benzene produced via toluene dealkylation (hydrocracking) during the
disproportionation process under investigation shows some increase; €.g., it rises
from 5.2% to 7.3 mol% at 500°C and a space velocity 0f2.0 g g''h' using the

dealuminated catalyst.
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TABLE 5. TOLUENE DISPROPORTIONATION USING H-ZSM-5 CATALYST
DEALUMINATED FOR 4 HOURS - CATALYST (4)

SPACE VELOCITY 2 I
TEMPERATURE, C°

300 350 400 450 500 500 550 600
ITEMS
CONVERSION, MOL% 3.80 8.38 414 3279 4293 | 47.09 6346  66.87
DISTRIBUTION OF LIQIUD PRODUCTS,
WT% :
BENZENE 1.62 355 6.00 14.71 21.30 2510 4431 51.69
TOLUENE 96.19 G162 8584 6739 5798 | 33.80  38.61 35.64
ETHYL BENZENE 0.00 0.00 0.00 0.20 0.37 0.43 0.33 0.19
p-XYLENE 0.53 1.12 1.83 3.84 4.35 4.28 3.39 2.50
m-XYLENE 1.14 2.50 4.18 8.93 1015 10.08 8.05 5.90
o-XYLENE 0.532 1.20 2.15 4.80 5.58 5.85 4.92 3.78
TOTAL XYLENES% 219 4.83 8.16 17.57  20.07 | 20.22 16.36 12.18
TRIMETHYLBENZENES 0.00 0.00 0.00 0.13 0.28 (.45 0.39 0.30
DISTRIBUTION OF XYLENES % :
p-XYLENE 2436 2329 2246 2184 2166 | 21.19 2073 20.53
m-XYLENE 52,12 3177 5124 5083 3056 | 49.86 4920  48.44
o-XYLEXE 2352 2494 2630 2733 2778 | 2895  30.07  31.03
DISTRIBUTION OF LIQIUD PRODUCTS,
MOLE% :
BENZENE (VIA DISPROPORTIONATION) 1.90 4.19 7.07 15.38 17.71 17.63 13.71 9.98
BENZENE (VIA HYDROCRACKING) 0.00 0.00 0.00 1.93 7.30 .49 3576 46,69
TOTAL BENZENE 1.90 4.19 7.07 17.31 25.01 29.12 4947 36.67
TOLUENE 96.20  91.62 858  67.21 37.07 | 329 36.54  33.13
ETHYL BENZENE 0.00 0.00 0.00 0.17 0.32 0.37 0.27 0.15
P-XYLENE 0.46 0.98 1.59 332 3.77 3.66 279 2.02
m-XYLENE 0.99 2.7 3.62 7.73 8.79 8.61 6.61 4.76
-XVLENE 0.45 1.05 1.86 4.16 4.83 5.00 4,04 3.05
TOTAL XYLENES 1.90 4.19 7.07 15.21 17.39 17.26 - 13.44 9.83
CIAROMATICS 1.90 4.19 7.07 15.38 17.71 17.63 13.71 9.98
TRIMETHYLBENZENES 0.00 0.00 0.00 0.10 0.21 0.34 0.28 0.22
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space velocity =2 space velocity = 1
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Fig.20 TOTAL TOLUENE CONVERSION AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON DA- H-ZSM-5 (4h) &
H-ZSM-5 CATALYSTS. :

—a— DA-H-ZSM-5 (4h) .- @& --H-ZSM-3
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space velocity = 2 space velocity = 1
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Fig.21 MOL% OF TOTAL XYLENES YIELD AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON DA- H-ZSM-5 (4h) &
H-ZSM-5 CATALYSTS.

—e— DA-H-ZSM-5 (4h) - & - -H-ZSM-5

61



RESULTS AND DISCUSSION

space velocity = 2 space velocity = |

60

50 | e —e —e .+ . 1
X
=)
S~ 40
=
> p
- 30 W
& "__’____,—————-‘—f =
=[S e " ¢ * ——
= 20 ¢
N

10

0
300 350 400 450 500 550 600

REACTION TEMPERATURE, °C

Fig.22 SELECTIVITY OF XYLENE ISOMERS AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES OF TOLUENE
DISPROPORTIONATION REACTION ON DA-H-ZSM-5 (4h)
CATALYST.
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3.1.3._ EFFECT_OF DEALUMINATION EXTENT ON ACTIVITIES OF THE
SILICONIZED CATALYST:

Addition of a fixed amount of silicon grease (equivalent to 3.0 wt.% Si) to the

different dealuminated zeolite catalysts has been carried out.

The data in Table 6 show that the increase of the dealumination period using
0.5M HCI, increases the Si/Al ratio from 23.7 in the as-synthesized zeolite up to
37.7 in the zeolite dealuminated for 4h. The increase of the Si/Al ratio leads to the
increase of the catalytic activity of the zeolite for toluene conversion. Both at space
velocities of 2.0 and 1.0 gg'h”, the catalytic activity is more evidently enhanced

via increasing the Si/Al ratio from 26.5 to 30.3 (Fig.23)

Fig.24 shows that at a space velocity of 1.0 gg 'h’', the production of total
xylenes at 550°C is highest. However, at a higher temperature of 600C°,
hydrocracking reactions are enhanced and xylenes production is thus becomes

lower.

Fig.25 shows that the selectivity for p-xylene production at a space velocity
of 2.0 g g'h! decreases with increasing temperature. Also the increase in Si/Al ratio
from 26.5 to 30.3 gives a significant decrease in selectivity especially beyond a
temperature of 350°C. The same behavior takes place at space velocity of

1.0 g g'h! where a significant decrease in selectivity is observed at Si/Al ratios

between 26.5 to 30.3 (Fig.25)

Generally, as the Si/Al ratio increases, the activity of catalyst increases due to
the increase of the strength of acid sites which leading to high toluene conversion,
high benzene yield and high total xylenes yield which decreased after 550°C due to

dehydroalkylation reaction. The selectivity of p-xylene decreases with Si/Al ratio due
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TABLE. 6 EFFECT OF DEALUMINATION EXTENT ON THE S¥Al OF H-ZSM-5 CATALYST

Catalyst Dealumination period,h

As synthesized

* Designates silicon incorporation after dealumination.
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TABLE 7. TOLUENE DISPROPORTIONATION USING SILICONIZED H-ZSM-5 CATALYST
DEALUMINATED FOR | HOUR - CATALYST (2%}

SPACE VELOCITY 2 /

TEMPERATURE, C°

300 350 400 450 500 500 550 600

ITEMS

CONVERSION, MOL% 1.32 2.64 472 9.08 16.92 | 20.93 27.29  31.86
ﬁ::; TRIBUTION OF LIQIUD PRODUCTS.

BENZENE 0.33 112 2.01 4.03 7.61 9.41 _ 12.48 17.13
TOLUENE 98.69 9735 9526 9097 8317 | 79.18 7290 6893
ETHYL BENZENE 0.00 0.00 .00 0.09 (.13 0.27 0.39 0.32
p-XYLENE ' 0.42 0.83 1.45 2.41 4.16 4.82 573 5.01

m-XYLENE 0.27 0.35 0.98 1.78 346 433 5.860 5.80
o-XYLENE 0.07 0.16 0.30 0.59 1.22 1.67 2.26 2.32
TOTAL XYLENES 0.76 1.53 2.73 4.78 8.84 10.81 13.85 13.13
TRIMETHYLBENZENES 0.00 0.00 0,00 0.13 0.23 0.33 038 0.47

DISTRIBUTION OF XYLENES % :

p-XYLENE 55.28 33.96 52.96 50.37 47.09 44.57 41.37 18.16
m-XYLENE 35.44 35.77 35.93 37.20 3913 40.02 42.31 4417
o-XYLENE 9.28 10.27 1111 12.43 13.78 15.41 [6.32 17.67
DISTRIBUTION OF LIQIUD PRODIUCTS,

MOLE?® :

BENZENE (VIA DISPROPORTIONATION) | (.66 1.32 236 4.23 7.78 9.60 12.32 11.35
BENZENE (VIA HYDROCRACKING) .00 6.00 0.00 (.52 1.18 1.48 2.36 8.62

TOTAL BENZENE 0.66 1.32 2.36 4.75 8.96 11.08 14.68 19.97
TOLUENE 98.68 97.36 95.28 90.92 83.08 79.07 72.71 68.14
ETHYL BENZENE 0.00 (.00 0.00 0.08 0.13 0.23 0.34 0.27

p-XYLENE 0.36 071 1.25 2.09 3.60 4.18 4.96 4.30

m-XYLENE 0.24 0.47 0.85 1.54 2.99 3.75 5.07 4.97

o-XYLENE 0.06 0.14 0.26 0.52 1.05 1.44 1.95 1.99

TOTAL XYLENES 0.66 1.32 2.36 4.15 7.65 9.37 11.98 11.26
CEAROMATICS 0.66 1.32 2.36 4.23 7.78 9.60 12.32 11.533
TRIMETHYLBENZENES 0.00 0.00 (.00 .10 6.8 0.25 0.29 0.36
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TABLE 8. TOLUENE DISPROPORTIONATION USING SILICONIZED H.-ZSM-5 CATALYST
DEALUMINATED FOR 2 HOURS - CATALYST (3 %)

SPACE VELOCTTY Z 7

TEMPERATURE, C°

300 350 400 450 500 500 550 600

ITEMS

CONVERSION, MOL% 2.18 4.14 6.86 17.72 2511 32.07 3991 47.38
DISTRIBUTION C)';F"LIOIUD PRODUCTS,

WrI%:

BENZENE 0.93 1.76 291 7.76 11.21 14.12 17.81 25.46
TOLUENE 97.80 9584  93.13 82.33 75.01 68.01 60.23 53.53
ETHYL BENZENE 0.00 0.00 0.00 0.14 0.29 0.36 0.43 0.40
p-XYLENE 0.68 0.97 1.32 2.51 3.34 3.92 4.70 4.41
m-XYLENE 0.47 1.1 2.00 4.91 6.83 8.92 10.92 10.37
o-XYLENE 0.12 0.32 0.64 2.16 306 4.12 5.29 5.16
TOTAL XYLENES 1.27 2.40 396 9.58 13.22 16.96 2091 19.94
TRIMETHYLBENZENES 0.00 0.00 (.00 0.19 0.27 0.55 0.62 0.67

DISTRIBUTION OF XYLENES % :

p-XYLENE 53.63  40.25 33.31 26.24 2525 23,10 2250 22,10
m-XYLENE 36,75 46,42 5063  51.26 5163 5260 3220  52.00
o-XYLENE 9.62 §3.33 16.06 2250 2312 | 2430 2530 2590
DISTRIBUTION OF LIQIUD PRODUCTS,

MOLE% :

BENZENE (VIA DISPROPORTIONATION} 1.09 2.07 343 8.43 11,70 15.01 18.48 1749
BENZENE (VIA HYDROCRACKING} 0.00 0.00 0.00 0.72 1.50 1.63 248 12.03
TOTAL BENZENE [.09 2.07 343 9.15 13.20 16.64 20.96 29.52
TOLUENE 97.82 95.86 93.14 82.28 74.89 67.93 60.09 52.62
ETHYL BENZENE 0.00 0.00 (.00 0.12 0.25 0.31 0.37 0.34
p-XVLENE 0.58 (.83 1.14 2.18 2.89 3.40 4.07 3.76
m-X¥LENE 0.40 0.96 1.74 4.26 3.91 7.73 9.43 8.85

o-XYLENE 0.10 0.28 0.35 1.87 2.63 3.57 4.58 4.41

TOTAL XYLENES 1.0 2.07 343 8.31 11.45 14.70 18.11 17.02
C8 AROMATICS 1.09 2.07 343 8.43 11.70 15.01 18.48 17.36
TRIMETHYLBENZENES 0.00 .00 0.00 0.14 0.21 0.42 0.47 0.50
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(Si/Al : CAT.1* =23.7, CAT.2* = 26.5, CAT.3* =30.3. CAT.4* = 37.7)
(see Table 6 )
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to increase in acid strength, which lead to increase the reisomerisation reaction of p-
xylene to m- and o-xylene. The increase of the zeolite pore diameter with increasing

dealumination decreases also the selectivity for p-xylene production.

3.1.4. EFFECT OF SILICONIZATION EXTENT ON DA-H-ZSM-5 CATALYST:

After addition of the silicon-containing component (equivalent to 3.0 wt.% of
Si / 1 gm catalyst) to the dealuminated zeolite for 4h, the conversion of toluene has
been diminished ie., decreased the catalytic activity, since conversion on the
unsiliconized catalyst reaches 42.93 mol% at 500°C and space velocity 0f2.0 g g'h’!
(Table 5), compared to 30.53 mol% using the siliconized catalyst (Table 8) (Fig.26).
Moreover, total xylenes amount to 17.39 mol% at 500°C and space velocity of
2.0 g g'h! using the unsiliconized catalyst, compared to 14.02mol% using the

siliconized one (Fig 27).

The selectivity for p-xylene formation increases significantly, particularly, at
the lower reaction temperatures. At 300°C p-xylene amounts to 50.6 % on the Si-
treated catalyst (containing 3.0 wt.% of Si)(Table 8), compared to 24.4% on the
unsiliconized dealuminated catalyst. The ortho-xylene production greatly decreases,
particularly, at the lower reaction temperatures (10.3% at 300°C compared to 23.5%

using the unsiliconized dealuminated catalyst) (Fig.28).

Increasing the incorporated silicon in the H-ZSM-5 zeolite, under
investigation, to the double (equivalentto 6.0 wt.% Si/lgm catalyst), has greatly
decreased the conversion of toluene. Comparing tables 8 and 10, show that the
conversion decreases from 2.46% to 0.64 mol% at temperature of 300°C and from

30.53% to 14.06 mol% at temperature of 500°C and a space velocity 0f2.0 g g'h! (Fig.26).
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Also total xylenes decreased from 14.02% to 6.73 mol% ét 500°C and space
velocity of 2.0 g g'h” (Fig.27). Another function of addition of silicon in the zeolite
is the sig;liﬁcant of the para-xylene selectivity. Tables 9 and 10 and (Fig.28) Show
that the para-xylene selectivity increases from 50.6% to 55.4% at temperature of
300°C, and from 23.2% to 41.6% at temperature of 500°C and a space velocity of
2.0 g g'h! via doubling the quantity of silicon in the dealuminated H-ZSM-3.

It has to be pointed out that the formation of TMBs using the double
siliconized DA-H-ZSM-5 catalyst has been completely inhibited, indicating a
greater restriction of this reaction. Also, ethylbenzene production on this catalyst

has been completely stopped.

On the other hand, m- and o- xylenes selectivities has been significantly
decreased. m-Xylene selectivity decreases from 39.2% to 35.4% at temperature of
300°C and from 52.1% to 43.2% at temperature of 500°C and a space velocity of
2.0 g g'h’. As indicated above, m-xylene is the least required petrochemical Cyg
aromatic hydrocarbon. However, o-xylene selectivity decreases from 10.3% to 9.3%
at temperature of 300°C and from 24.7% to 15.2 % at temperature of 500°C and a
space velocity of 2.0 g g'h!. Evidently, para—xylene in the xylenes mixture in
product increases on the expense of a corresponding decrease of the m- and o-

isomers (Fig.28).

The hydrocracking reaction forming benzene and methane is a competitive
reaction to benzene formation via disproportionation of toluene to produce xylenes
and benzene. So, the ratio of benzene production via disproportionation divided by
benzene production via cracking will be a clear indication of the catalytic

disproportionation selectivity.
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Fig.29 shows that the data obtained from Tables (5, 8 and 10) give an
evidence of the importance of siliconizing the H-ZSM-5 zeolite for decreasing the
hydrocracking activity and hence increasing the disproportionation activity. Further
increase of silicon-loading is found to produce a further increase of the
disproportionation selectivity which attributed to the masking of strong acid sites in

the zeolite channels.
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TABLE 10. TOLUENE DISPROPORTIONATION USING DOUBLE SILICONIZED H-ZSM-5 CATALYST
DEALUMINATED FOR 4 HOURS - CATALYST (4**)

SPACE VELOCITY 2 1

TEMPERATURE, C*
300 350 400 450 500 500 550 600

ITEMS

CONVERSION, MOL % 0.64 1.48 3.06 7.35 14,06 18.09 21,72 27.03
DISTRIBUTION OF LIQIUD PRODUCTS,

WT% :

BENZENE 0.27 0.63 £.30 3z 6.22 8.01 9.60 14.30
TOLUENE 9936  98.51 9694  92.68  B6.01 82.00 7835  73.65
ETHYL BENZENE 0.00 0.00 0.00 0.00 0.00 0.09 0.15 0.10

| -XYLENE 0.20 0.45 0.90 1.88 3.23 3.23 3.39 2.80

- XYLENE 0.13 0.32 0.65 1.74 3.35 4.77 ‘ 5.92 6.03

~XYLENE 0.03 0.09 0.21 0.58 1.18 1.75 2.28 2.67

TOTAL XYLENES% 0.37 0.86 1.76 4.20 7.77 9.76 11.59 11.50
TRIMETHYLBENZENES 0.00 0.00 0.00 0.00 0.00 0.14 0.31 0.45

DISTRIBUTION OF XYLENES %

P-XVLENE 5539 52,65 51.15 4479 41.63 | 3312 2925 2438
m-XYLENE 3535 3678 3708 4138  43.06 | 4891 S1.08  52.41
o-XYLENE 926 1057 1177 1383 1521 | 1797 19.67  23.2%
f;g{gl;l:’?’ TON OF LIQIUVD PRODUCTS,

BENZENE (VIA DISFROPORTIONATION) |  ().32 0.74 1.53 3.62 6.73 8.534 10.17 9.98
BENZENE (VIA HYDROCRACKING) 000 000 000 O00i 060 | 090 114 673
TOTAL BENZENE 032 074 1,53 373 733 | 944 1131 1671
TOLUENE 99.36  98.52 96.94 9265 8594 | 81.91 7828 7297
ETHYL BENZENE (.00 0.00 (.00 (.00 0.00 0.08 0.13 0.08
p-XYLENE 0.18 039  0.78 162 280 | 280 293 241
m-XYLENE 011 027 057 1,50 290 | 4.4 513 519
*XVLENE 0.03 008 018 050 1.02 1.52 198 230
TOTAL XYLENES 0.32 0.74 1.53 3.62 6.73 8.46 10.04 9.90
C8AROMATICS 032 074 1,53 3.62 673 | 854  10.17  9.98
TRIMETHYLBENZENES 0.00 0.00 0.00 0.00 0.00 0.11 0.24 0.34
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space velocity = 2 space velocity = 1
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Fig.26 TOTAL TOLUENE CONVERSION AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES FOR TOLUENE
DISPROPORTIONATION REACTION ON DA-HZSM-5 (4h) ,
SILICONIZED & DOUBLE SILICONIZED CATALYSTS

—— DA-H-ZSM-5, {4h), cat.4 —&— siliconized DA-H-ZSM-5, (4h), cat.4*
—&— double siliconized DA-H-ZSM-5, (4h), cat.4**
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space velocity = 2 space velocity = 1

25

TOTAL XYLENES, MOL%

300 350 400 450 500 550 600

REACTION TEMPERATURE, °C

Fig.27 TOTAL XYLENES YIELD AT DIFFERENT REACTION
TEMPERATURES AND SPACE VELOCITIES FOR TOLUENE
DISPROPORTIONATION REACTION ON DA-HZSM-5 (4h),
SILICONIZED & DOUBLE SILICONIZED CATALYSTS

—8— DA-H-ZSM-5, (4h), cat.4 —8—siliconized DA-H-ZSM-5, {4h), cat.4¥
—a&— double siliconized DA-H-ZSM-3, (4h), cat.4**
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3.2. TOLUENE DISPROPORTIONATION REACTION OVER H-MORDENITE
CATALYST:

Fig.31 shows that toluene conversion ranges between 2.04% and 32.28 mol%
at temperatures ranging between 300 and 500°C and a space velocity of 2.0 g g'n.
However, at more severe conditions; 500 - 600°C and a WHSV of 1.0 g g"h", the
conversion of toluene decreases sharply to range between 9.76% and 29.45 mol%,
respectively, which may be attributed to deactivation of the catalyst as a result of

coke formation at high temperatures {55].

Fig. 32 shows a total xylenes yield which ranges between 1.02% and 12.99
mol% at temperature of 300 and 500°C and a space velocity of 2.0 g g"h‘l .while at
severe conditions, the xylenes yield is decreased to 4.6 mol% at temperature of

500°C and 14.14 mol% at temperature of 600°C (due to formation of coke).

The selectivity of p-, m- and o-xylene do not widely differ from their value at
thermodynamic equilibrium (Table 2). For instance, the selectivity of p-xylene at a
space velocity of 2.0 g g'h! and temperature of 300°C is 24.65% and at
temperature of 500°C is 21.93% (Fig.33). However, these selectivities at

thermodynamic equilibrium are 23.88% and 23.19%.

The total benzene yield ranges between 1.02% and 18.24 mol% at

temperatures ranging between 300 and 500°C, respectively, using a space velocity

of 2.0 g g'h! (Fig. 34) (Table 11).
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3.2.1. EFFECT OF SILICONIZATION OF H-MORDENITE CATALYST ON THE
DISPROPORTIONATION OF TOLUENE:

Addition of silicon to H-mordenite catalyst give the same behaviour as that
encountered using the H-ZSM-5 zeolite, where silicon mask a part of the strong
acid sites and leads to a decrease of the activity of the mordenite catalyst as

manifested by decreasing toluene conversion (Table 12) (Fig.31).

Total xylenes yield also decrease from 1.02% to 0.3 mol% at temperature of
300°C and from 12.99% to 5.29 mol% at temperature of 500°C using a space
velocity of 2.0 g g'h'. At space velocity of 1.0 g g'h™' total xylenes decrease from
4.6% to 2.2 mol% at temperature of 500°C and from 14.14% to 7.0 mol% at
temperature of 600°C (Fig.32).

The selectivity of p-xylene increases sharply with addition of silicon where it
increases from 24.65% to 56.78% at temperature of 300°C and from 21.93% to
26.31% at temperature of 500°C and a space velocity of 2.0 g g 'h however, at
space velocity of 1.0 g g'h’, selectivity of p-xylene increases from 22.97% to
28.04 % at temperature of 500°C and from 21.08% to 26.17% at temperature of
600°C (Fig.33).
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TABLE. 1. TOLUENE DISFROPORTIONATION USING H-MORDENITE CATALYST . CATAL Y8tes)

SPACE VELOCITY 2 7
TEMPERATURE, C°
300 350 400 450 500 500 550 600

ITEMS :

CONVERSION, MOL % 2.04 5.16 7.71 17.48  32.28 9.76 1712 2945
DISTRIBUTION OF LIQIUD PRODUCTS,

W%

BENZENE 0.87 2.19 3.38 7.64 15.56 4.38 7.55 12.88
TOLUENE 97.94 9484 9232 8257  68.11 90.31 8297 T0.64
ETHYL BENZENE | 0.00 0.00 0.00 0.17 0.72 0.00 0.00 0.16
P-XYLENE 0.29 0.71 0.99 2.09 3.30 1.22 212 3.44
m-XYLENE 0.64 1.60 230 5.00 7.96 2.86 5.00 8.55
o-XYLENE 0.25 0.66 1.01 2.32 3.79 1.24 2.36 4.33
TOTAL XYLENES% 119 2.97 4.30 9.4) 15.05 5.31 9.48 16,32
TRIMETHYLBENZENES 0.00 .00 0.00 021 0.56 0.06 0.00 0.00
DISTRIBUTION OF XYLENES % ;

P-XYLENE 24.65 23.88 2291 2222 21.93 2297 2237 21.08
m-XYLENE 54.05 53.88 53.36 53.14 52.92 33.77 52.69 5236
o-XYLENE 2130 2224 2353 2464 2515 2326 2494 26.56
DISTRIBUTION OF LIQIUD PRODUCTS,

MOLE% ;

BENZENE (VIA DISPROPORTIONA TIony 1.02 2,58 3.73 8.31 13.61 4.60 8.22 14.28
BENZENE (VIA HYDROCRACKING) 0.00 0.00 0.25 0.70 4.63 0.36 0.68 0.89
TOTAL BENZENE 1.02 2.58 3.98 9.01 18.24 5.16 8.90 1517
TOLUENE 97.96 94.84 92.29 82.52 67.72 90.24 82.88 70.55
ETHYL BENZENE 0.00 0.00 0.00 0.15 (.62 .00 0.00 0.14
P-XYLENE 0.25 0.62 0.85 1.81 2.85 1.06 1.84 2.98
m-XYLENE 0.55 1.39 2.00 4.34 6.87 247 4.33 7.40
o-XYLENE 0.22 0.57 0.88 2M 3.27 1.07 2.05 3.76
TOTAL XYLENES 1.02 258 3.73 8.16 12.99 4.60 822 14.14
CFAROMATICS .02 2.58 3.73 8.31 13.61 4.60 8.22 14.28
TRIMETHYLBENZENES 0.00 0.00 0.00 0.16 0.43 0.00 0.00 0.00
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TABLE. 12. TOLUENE DISPROPORTIONATION USING SILICONIZED H-MORDENITE CATALYST - CATALYST (5 %)

SPACE VELOCITY 2 g

TEMPERATURE, C°
300 350 400 450 500 500 550 600

ITEMS

CONVERSION, MOL % 0.60 1.50 2,60 4.89 12.15 4.5] 8.07 14.25
DISTRIBUTION OF LIQIUD PRODUCTS,

W% :

BENZENE 0.26 .64 1.10 215 5.83 1.96 343 6.15
TOLUENE 99.38 98.50 9741 95.14 §8.06 95.50 91.99 85.78
ETHYL BENZENE 0.00 0.00 0.0 0.06 0.00 0.00 0.00 (.00
p-XYLENE 0.20 0.43 0.61 0.90 1.61 0.71 1.28 2.1
m-XYLENE 0.13 0.32 0.65 1.37 3.13 1.28 231 4.06
6-XYLENE ' 0.03 0.1 0.23 0.45 1.37 0.55 1.00 1.90
TOTAL XYLENESY 0.36 0.86 1.49 271 6.11 2.534 4.58 8.07
TRIMETHYLBENZENES 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

DISTRIBUTION OF XYLENES % :

p-XYLENE 56.78 30.10 40.85 33.10 2631 28.04 27.89 26.17
m-XYLENE 35.72 36.92 43.59 50.37 31.27 50.45 50.38 50.34
~XYLENE 7.50 1298 15.56 16.53 2242 21.51 21.73 23.49

INSTRIBUTION OF LIQIUD PRODUCTS,
MOLE?% ;

BENZENE (VIA DISPROPORTIONATION) 0.30 0.75 1.30 2.35 5.29 2.20 3.96 7.00
BENZENE (VIA HYDROCRACKING) 0.00 0.00 0.00 0.19 1.57 0.1 0.15 0.25
TOTAL BENZENE 0.30 0.75 1.30 2.54 6.86 2.31 4.11 7.25
TOLUENE 99.40 98.50 97.40 95.11 87.85 95.49 9i 93 85.75
ETHYL BENZENE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
p-XYLENE 6.17 0.38 0.53 6.78 1.39 0.62 1.10 1.83
m-XYLENE .11 0.28 0.57 1.E8 2.71 1.11 2.00 3.52
XYLENE 0.02 .10 0.20 0.39 1.19 .47 0.86 1.64
TOTAL XYLENES 0.30 0.75 1.30 2.35 5.29 220 3.96 7.00
CEAROMATICS 0.30 0.75 1.30 2.35 5.29 2.20 3.96 7.00
TRIMETHYLBENZENES 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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33. THREE COMPONENET SELECTIVITY OF XYLENE ISOMERS: -

All points representing the icomers distribution i the triangular plot

(Fig.37 a), show a significant gathering towards the m-isomer. The position

of these points in the plot do not differ s;gniﬁcaﬁﬂy from thosc caloulated

at the thermodynamic equilibrium at various reaction temperatutes.

Fig.b shows that siliconization of the H-ZSM-5 zeolite with the
silicon grease has shifted the position of the points in the triangle to the
higher percentages of the p-xylene isomer, indicating a better para-
selectivity. At the same time the points are shifted to lower o- and m-

isomers.

Fig.c acquire points insignificantly different from the m-isomer. This
substantiates the single treatment of the zeolite siliconization alone. The
combination  of dealumination  with siliconization ~does  not exhibit

improvement of the p-selectivity.

Again, a longer dealumination of 4h appears to decrease the p-
selectivity, whereby a larger shift of the points towards the m-isomer
occurs. The dealumination has yet an important advantage although it does
not improve the para-selectivity. This advantage is related to the increase of
the total xylenes in product. Dealumination widens the channels and
increases the acidity strength. Both characteristics are in favor of
decreasing the p-selectivity but in favor of increasing the total xylenes

production, (see Fig.37 e-g)

Fig. h & i show that using H-MOR zeolite, the p-xylene selectivity at

e eia o o't does not significantly differ from that obtained
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obtained using the siliconized catalyst. However at a space velocity of

20 g g‘lh'], the para-selectivity has evidently increased and the points on

plot i are shifted towards the p-xylene corner in the plot. It is to be pointed
out that the production of xylenes on the H-MOR catalysts are lower than

on the H-ZSM-5 catalysts.
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3.4. Kinetic study

The rgggmn e has besn ¢valuated as mole toluene converted per

gm catalyst per hour.

For a space velocity of 1.0 g g'h’, molar rate = 3 x 10 mol toluene g'catalyst s™'.

Also for a space velocity of 2.0 g g'h!, molar rate = 6 X 10° mol toluene g catalyst s™

The r-values obtained are given in Table 15, and the activation

energy, E, has been calculated according to the Arrhenius equation.

A e-Ea/RT

Inr = ILnd + Ea

1
T

Where A is the preexponential factor.
R is the universal gas constant.

T is absolute reaction temperature.

Plots of Ln r vs. /T are given in Figs.38, 39, 40 and 41 whereby the E,

values are calculated and listed in Table 16.

The E, value obtained for the overall reactivity of toluene at a space velocity
of 20 g g'h' using all catalysts containing H-ZSM-5 as well as its silicon

incorporating version, whether primarily dealuminated or not, give almost the same
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value (~ 11.0 k cal mole™). Only, catalyst 4** which has been siliconized twice

gives a somewhat high E, value (13,47 k cal rnole'l) indicating that excessive Si has

been deposited in the zeolitic channels and significantly decreased the reaction rate

at all temperatures, and in particular at lower temperatures.

At high severity (temperatures of 500 - 600°C and a WHSV of 1.0 g g'h'™")
much lower E, values (approximately half the E, values obtained at the lower
severity) are obtained, indicating that physical factors are encountered during the

process.

Diffusion limitation is the most predominant effective factor since the main
products are of a large molecular weight (xylenes) than the feeding material
(toluene). This is substantiated on comparing the E, values obtained using the
H-ZSM-5 versions as catalysts and those including H-MOR as catalysts. The latter
zeolite is a large pore one and diffusion throughout these pores are not significantly
restricted. Hence, on the mordenite catalysts, E, is ~16.0 k cal mole™' at the high
temperature and low space velocity conditions, which may be attributed to
enhanced coke deposition in the pores of H-MOR. Silicon in H-MOR does not

affect E, values.
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JLE. 13 RATE OF TOLUENE CONVERSION, r, USING THE H-ZSM-5- AND
H-MORDENITE CATALYSTS AT VARIOUS REACTION TEMPERATURES.

space velocity =2 space velocity = 1

catalysts

Rate X 10° Rate X 10°
TEMPERATURE, K° 573 623 673 723 773 773 823 873
H-ZSM-5, cat. 1 137 | 4.07 | 491 | 11.99 | 20.49 | 12.32 | 16.02 | 18.48
Siliconized H-ZSM-5, cat. 1* 0.58 1.2 (276 | 4.06 8.23 5.83 7.4 8.74

Siliconized DA-H-ZSM-5, (Ih). | 49 | 158 | 283 | 545 | 10.15| 64 | 819 | 9.56

cat. 2*

Siliconized DA-F-ZSM- R, b oya1 | 248 [ 412 ] 1063 | 1506 | 9.62 | 11.97 | 14.02
| fgt’cj’,:’zedDA'H’ZSM'i (3h) 148 | 3.65 | 6.69 1 12.49 1 1832 | 10.65 | 13.07 | 15.65

DA-H-ZSM-5, (31, cat. 4 228 | 503 | 848 | 19.57 | 25.57 | 14.13 | 19.04 | 20.06

Double siliconized DA-H-ZSM-3,

(3h), cat 4** 038 | 088 | 1.84 | 44 8.44 | 543 | 6.52 | 8.00

AT A o 0l o . AT A R G QT AR T TR T T A

H-Mordenite, cat.5 1.22 3.09 | 4.64 | 10.5 | 1937 [ 2.93 5.13 8.83

Siliconized H-Mordenite, cat.5* 1.55 | 2.93 7.29 1.35 2.4
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TABLE. 14 ACTIVATION ENERGY OF TOLUENE CONVERSION REACTION,
E, USING THE H-ZSM-5 AND H-MORDENITE CATALYSTS AT
VARIOUS REACTION TEMPERATURES

activation energy

activation energy

"ATALYSTS  keal , keal
space velocity = 2 | space velocify = |
1-Z5M-5, cat. 1 11.29 5.76
siliconized H-ZSM-5, cat. 1* 11.35 5.86
Siliconized DA-H-ZSM-5, (1h), cat. 2* 10.98 5.73
siliconized DA-H-ZSM-5, (2h), cat. 3* 10.96 . 5.57
siliconized DA-H-ZSM-5, (3h), cat. 4* 10.92 5.41
DA-H-ZSM-5, (3h), cat. 4 10.81 5.12
Double siliconized DA-H-ZSM-5, (3h), cat 4 *"T 13.47 5.66
A Mordenite,cat.5 [ R
Siliconized H-Mordenite, cat. 5% 12.4 16.31

Q0
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3.5. COMPARISON BETWEEN H-ZSM-5 AND H-MORDENITE CATALYSTS:

In general, the ZSM-5 catalysts are more active than the corresponding
mordenite catalysts. For instance, using H-ZSM-5 catalyst benzene produced via
disproportionation is much higher than that produced via hydrocracking at all
temperatures at low severity (300 - 500°C and WHSV of 2.0 g g’'h") (Fig.42X,).
However, at high severity (500 - 600°C and WHSV of 1.0 gg"h']), the benzene
produced via hydrocracking is much higher than that produced via

dispropoi’tionation at temperatures of 550 and 600°C (Fig. Xs).

Incorporation of Si in H-ZSM-5, (Fig.X. and Xg) evidently decreases
hydrocracking compared to disproportionation, particularly at the high severity.
This can be attributed to masking some strong acid sites with Si, since
hydrocracking is  principally dependent on these acid sites, whereas

disproportionation depends on catalyst geometry rather than acid sites strength.

On the other hand on H-MOR, at low severity (300 - 500°C and WHSV of
2.0 g g'n'y (Fig.43Y,), the reactivity of toluene towards producing benzene via
disproportionation and hydrocracking does not significantly differ from that on H-
ZSM-5 (Fig.X,). Nevertheless, at high severity (500 - 600°C and WHSV of
1.0 g g'h") (Fig.Yy) the hydrocracking activity is greatly suppressed compared to
that of disproportionation which is attributed to enhanced coke deposition in the

pores of H-MOR .

Incorporating Si in H-MOR (Figs.Y. and Y,) does not give significant
reactivities compared to the reactivities in case of H-ZSM-5 catalysts. This is
attributed to the wide pores of H-MOR zeolite which are not sensitive to silicon

deposition as has taken place in the smaller pores of H-ZSM-5 which are highly

sensitive to the incorporation of added materials.
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[N benzene via disproportionation B benzene via hydrocracking
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TABLE. 15 COKE FORMATION (g. COKE g.'CATALYST h™') ON UNSILICONIZED
AND SILICONIZED H-ZSM-5 AND H-MORDENITE CATALYSTS.

COKE FORMATION

CATALYST gm coke / gm catalyst. hr
| H-ZSM-5 0.055
Si-H-ZSM-5 (3% Si) 0.04
H-MORDENITE 0.115
Si-H-MORDENITE (3% Si) 0.07
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\BLE. 16 EFFECT OF SPACE VELOCITY ON TOTAL TOLUENE CONVERSION
ON TOLUENE DISPROPORTIONATION REACTION AT 500°C
USING H-ZSM-5 AND H-MORDENITE CATALYSTS.

LOW HIGH
TYPE OF CATALYSTS

SEVERITY* | SEVERITY**

H-ZSM-5, cat. 1 34.15 41.00

| Siliconized H-ZSM-35, cat, 1* 13.83 19.43

Siliconized DA-H-ZSM-5, (1h), cat. 2* 16.92 20.93

Siliconized DA-H-ZSM-5, (2h). cat. 3* 25.11 32.07

U Siliconized DA-H-ZSM-5, (3h), cat. 4% 30.53 35.5 |

| DA-H-ZSM-5, (3h), cat. 4 42.93 47.09

14.06 18.09

Double siliconized DA-H-ZSM-3, (3h). cat 4**

R O T R R S O R R AR L SRR e W N AT e e R B R T TR L A e L e m

H-Mordenite,cat. 5

Siliconized H-Mordenite, cat. 5*

*Low severity; temperatures between 300 - 500°C, and WHSV of 20 ¢ g'h?

**High severity; temperatures between 500 - 600°C, and WHSV of 1.0 g g™ k'
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6. X-RAY DIFFRACTION ANALYSIS:

The XRD patterns (Figs. 44 a-d) obtained for the as-synthesized and

2id dealuminated H-ZSM-5, under study, show a progressive decrease of

e lowest 20 peak to lower and lower 20 values via progressive
ealumination. However, such shift to lower 26 values is so small that it 1s
isually unrecognized. Even though the d-values of each peak is printed in
¢ obtained patterns at the apex of each peak. Although these values show

ery slight diffrences, yet they are meaningful.

For the as-synthesized H-ZSM-5, the d-value of the lowest 20 peak is
0.96 A° compared to 11.00, 11.01 and 11,04 for the progressively
ealuminated samples, ie., using 0.5N HCI for 1, 2 and 4h, respectively.
\nother evidence for the progressive dealumination is the enlargement of
he lowest 26 peak relative to the 100% peak appearing at d value = 3.838
\°. The ratio of these two peaks is found to be 0.272 for the as-synthesized
ample and increases to obtain 0.356, 0.439 and 0.497 for the samples
jealuminated for 1, 2 and 4h, respectively. However the XRD pattern
Fig. 44-¢) for the siliconized H-ZSM-5 sample shows that the ratio of
hese two peaks amounts to 1.119 indicating that the lowest 20 peaks

yecame the largest peak, exceeding that of the 100% peak at 20 =23.0

Moreover, all peaks in this pattern get a shift to higher 20 values, i.e.,
ower d-values. The enrichment of the siliconized sample with silicon
stoms caused an abundance of the Si-O-Si bonds relative to the Si-O-Al

bonds originally present in the as-synthesized sample. The Si-O bond is
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shorter than the Al-O bond, thus the siliconized H-ZSM-5 has attained a
significant shrinkage of the crystals of this zeolite. This shrinkage should
have decreased the channels dimension that resulted in more selective

production of para-xylene (Table 4).

Similarly, the lowest 26 peak in the XRD pattern (Fig. 45 ab)
obtained for H-MOR has significantly enlarged relative to the peak at 28 =
3447. The ratio of the 13.40 d-value peak to the 3.45 d-value peak is 0.74
for the as-synthesis H-MOR compared to 1.05 for the siliconized H-MOR.
However, a shift of all peaks to higher d-values has taken place via

siliconization of H-MOR.
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