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Results and Discussion ' _

3.1 n-Hexane Hydroconversion Using H-ZSM-35-
containing Catalysts

3.1.1 Unloaded H-ZSM-5 Zeolite Catalyst (H-Z Catalyst)

The catalytic activity of H-ZSM-5 zeolite (H-Z catalyst) for n-
hexane hydroconversion is of a moderate level (Table 1 and Fig. 1), i.e,,
1.8-37.5 % at temperatures between 350 and 500°C, respectively, where
the hydrocracked components are the major products; they comprise 1.8-
36.2 % during this temperature range. Hence the principal reaction using
H-ZSM-5 zeolite as a catalyst is hydrocracking. Although this catalyst
does not contain metal sites, hydrocracked products (saturated) are almost
only obtained indicating that H-ZSM-5 zeolite can work via hydrogen

transfer and it can be said to possess self-hydrogenating capability.

Platteeuw et al. [192] have found that amorphous silica-alumina
possesses a self-hydrogenating activity which is accomplished via
hydrogen transfer for a period of time, even in the absence of hydrogen.
Aboul-Gheit et al. have also assumed that y-alumina {193] and H-

mordenite zeolite [194] possess self-hydrogenating activities. On the
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Fig. 1. Hydroconversion products of n-hexane
using the H-Z Catalyst
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Table 1: Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using Unloaded H-Z catalyst

Methane + Ethane 0.2 1.2 25 3.7 47 59 77
Propane 1.1 54 91 | 116 | 133 | 144 | 149
Isobutane 0.0 0.6 19 3.4 3.3 3.5 3.7
n-butane 0.5 2.2 4.7 6.0 7.0 7.4 7.5
Isopentane 00 { 00 | 08 | 1.3 14 | 13 1.1
n-Pentane 0.0 0.0 0.9 1.9 1.8 1.5 1.3
2,2-Dimethylbutane 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2-Methylpentane + 0.0 0.0 0.3 0.5 0.5 0.5 0.5

2,3-Dimethylbutane

3-Methylpentane 0.0 0.0 0.6 0.5 0.4 0.5 0.3
n-Hexane 98.2 | 906 | 794 | 70.3 | 66.3 | 64.2 | 62.5
Methylcyclopentane 00 | 0.0 0.0 0.9 1.3 0.8 0.5
Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hydrocracking % ) 1.8 94 1197 | 278 | 31.5 | 34.0 } 36.2
Hydroisomerization % 0.0 0.0 0.9 1.0 0.9 1.0 0.8
Hydrocyclization % 0.0 0.0 0.0 0.9 1.3 0.8 0.5
Total Conversion 18 94 | 206 | 29.7 | 33.7 | 358 | 375
Hydrocracking Selectivity 100 | 100 | 956 | 936 | 93.5 | 95.0 | 96.5

Hydroisomerization Selectivity 0.0 00 | 44 | 3.0 2.7 28 21

Hydrocyclization Selectivity 0.0 0.0 0.0 3.0 3.9 | 22 13
Isobutane/n-Butane 00 | 027 | 04 | 057 | 0.47 | 0.47 | 0.49
isopentane/n-Pentane 0.0 00 | 067 | 068 | 0.78 | 0.87 | 0.85
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other hand, hydroisomerization using the H-Z catalyst is of negligible
extent (1.0 %).
The ratio of iso-butane/n-butane in the product of n-hexane

hydroconversion using the unloaded H-Z catalyst ranges between 0.27

and 0.49 % at temperatures of 375-500°C, whereas that of iso-pentane/n-

pentane ranges between 0.67 and 0.87 (Table 1). The percentage of
pentanes in product is always lower than that of butanes; indicating that
splitting off of a methyl group from a n-hexane molecule on the H-Z
catalyst is more difficult than the splitting off of an ethyl group. The
largest hydrocracked product is propane; e.g., at a temperature of 400°C,
propane comprises 9.1 % compared to 6.6 and 1.5% for butanes and
pentanes, respectively, indicating that C-C bond rupture at or near the
middle of n-hexane molecule is more favourable than at the terminal of
the molecule. As reaction temperature increases beyond 450°C, pentanes
decrease in product as a result of some secondary hydrocracking; i.e., the
pentane molecules produced undergo further hydrocracking. This can be

supported by a relative increase of the percentage of C+C; in the product
(Fig. 2).

The C,+C, percentage in the product using the H-Z zeolite catalyst

increases from as low as 0.2 % at 350°C to 7.7 % at 500°C. However, in
other words, i.e., the percentage of methane plus ethane in the total
hydrocracked product (C;+C;)100/ ¥(C1--C5), increases from 11.1% at
350°C to 21.3% at 500°C (Fig. 2). It is evident that the value of
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(C1+C)100/ ¥(C1—>C5) increases not only with increasing reaction

temperature but also with the increase of the Pt content.

During the higher temperature range (425-500°C), methyl-
cyclopentane (MCP) is produced in very low percentages (0.5-1.3 %).

However, cyclohexane and benzene do not appear in product.

3.1.2. Hydroconversion using Pt-loaded H-Z catalysts
(Pt/H-Z):
Incorporation of Pt in H-ZSM-5 zeolite at concentrations of 0.15,
0.30 and 0.60 wt % gives 0.15 % PvH-Z, 0.30 % Pt/H-Z and 0.60 %
PtH-Z catalysts, respectively. These catalysts are found to be greatly

effective for enhancing the catalytic activity for n-hexane

hydroconversion ( Tables 2-4, Figs. 3-5).

For instance using the 0.15 % PvH-Z catalyst, n-hexane
.hydroconversion comprises 43.5-100 % at temperatures of 250-500°C,
respectively (Table 2). Using the 0.30 % PtH-Z and 0.60% PtH-Z
catalysts, hydroconversions of 61.6-100 and 62.7-100 % are obtained at
temperatures of 300-500°C, respectively (Tables 3 and 4).

This enhancement is undoubtedly due to bifunctionality [195],
where Pt catalyses the dehydrogenation of the alkane which is then

protonated at a Bronsted acid site yielding alkylcarbenium ion, which
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Table 2 : Distribution of Reaction Products Through Hydroconversion of n-
ratures Using 0.15 % Pt/ H-Z Catalyst

Hexane a

[Ty e 00 | 00 | 00 | 0.2 | 11 | 2.4 | 43 T RETRETARE
Propane 00 | 0.0 | 0.0 | 20 | 108 | 21.5 | 354 | 47.5 | 505 | 505 | 47.3
Isobutane 0.0 0.0 0.0 0.2 0.6 3.9 4.3 4.5 4.7 4.4 36
n-Butane 00 | 00 |l oo | os | 17| 48| 78 |99 | 93| 83|65
Isopentane 00 | 00 |00} oal12]|18|28]27{14]10] 05
n- Pentane 00 | 00 100 04109 | 13|18 |17 oo} o8 |04
2,2- Dimethylbutane 00 | 00 {00 |06 {15 | 23 | 23| 11 ] 02 | 0o | 0o
Methylpentane + 180 | 262 | 337 | 379 | 350 | 246 | 127 | 35 | 09 | 00 | 0.0

2,3- Dimethylbutane

3- Methylpentane 255 | 33.7 | 345 | 30.1 | 23.5 | 158 | B.1 2.0 0.8 0.0 0.0
n-Hexane 56.5 | 401 | 318 | 26.9 | 21.3 | 185 [ 7.8 | .31 1.1 0.0 0.0
Methylcyclopentane 0.0 0.0 0.0 0.8 1.1 0-9 0.6 0.2 0.0 0.0 0.0
Benzene 0.0 0.0 0.0 0.0 1.3 §2 | 121 { 17.0 | 204 | 215 | 228
Hydrocracking % 0.0 0.0 0.0 37 [16.3 | 357 | 564 | 73.1 | 766 | 785 | 77.2
Hydroisomerization % 435 | 59.9 | 68.2 | 68.6 | 60.0 | 427 | 23.1 | 6.6 1.9 0.0 0.0
Hydrocyclization % 0.0 0.0 0.0 0.8 24 61 | 127 | 17.2 | 204 | 215 | 22.8
Total Conversion 435 | 59.9 | 68.2 | 73.1 | 78.7 | 84.5 | 92.2 | 96.9 | 98.9 | 160 | 100
Hydrocracking Selectivity 0.0 0.0 0.0 51 1207 | 422|612 {754 | 775 | 785 | 77.2

Hydroisomerization selectivity | 100 100 { 100 | 938 | 76.2 | 50.5 | 25.1 6.8 1.9 .0.0 0.0

Dehydrocyclization Selectivity | 0.0 0.0 0.0 11 3.1 7.2 | 13.8 | 17.8 | 20.6 | 21.5 | 22.8

Isobutane / n- Butane 0.0 0.0 0.0 04 [035]081)055|045 | 05 | 053 | 0.55

Isopentane / n- Pentane 0.0 0.0 0.0 10 | 133 j1.38 | 1.56 | 1.59 | 1.56 | 1.25 | 1.25
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Table 3: Distribution of Reaction Products Through Hydroconversion of
n- Hexane at Different Temperatures Using 0.30% Pt/ H-Z catalyst

Methane + Ethane

Propane 0.0 2.8 12.5 289 | 40.5 | 459 | 47.4 46.1 42.9
Isobutane 6.0 | 0.0 1.0 25 5.9 6.5 5.1 4.2 3.6
n-butane 00 | 05 2.2 4.6 9.7 | 110 | 87 7.0 57
Isopentane 0.0 1.1 21 35 42 26 0.8 0.0 0.0
n-Pentane 0.0 1.2 1.5 2.2 3.2 1.8 0.4 0.0 0.0
2,2-Dimethylbutane 0.0 1.0 21 3.0 2.0 ‘ 0.0 0.0 0.0 0.0
2-Methylpentane + 25.2 | 34.0 328 154 | 56 0.0 0.0 0.0 0.0

2,3-Dimethylbutane

3-Methylpentane 364 310 | 231 | 111 | 27 0.0 0.0 0.0 0.0
n-Hexane 384 | 26.2 16.5 | 10.0 | 24 1.3 0.0 0.0 0.0
Methylcyclopentane 0.0 1.8 3.0 39 1.8 0.0 0.0 0.0 0.0
Benzene 0.0 0.0 1.8 111 | 158 | 20.2 | 21.9 218 22.6
Hydrocracking % 0.0 | 6.0 20.7 | 455 | 70.0 | 785 | 781 | 78.2 | 77.4
Hydroisomerization % 61.6 | 66.0 58.0 295 | 10.3 | 0.0 0.0 0.0 0.0
Hydrocyclization % 0.0 1.8 4.8 150 | 176 | 20.2 | 21.9 21.8 226
Total Conversion 646 | 738 | 835 | 90.0 | 97.6 | 98.7 | 100 100 100
Hydrocracking Selectivity 0.0 8.1 248 506 | 71.7 | 79.5 | 78.1 78.2 77.4

Hydroisomerization selectivity | 100 | 89.4 69.5 32.8 | 10.6 0.0 0.0 0.0 0.0

Dehydrocyclization Selectivity | 0.0 24 58 16.7 | 18.0 | 205 | 21.9 21.8 226

Isobutane / n-Butane 0.0 0.0 0.45 054 | 0.6t | 0.59 | 0.59 0.6 0.63

Isopentane / n-Pentane 0.0 | 0.09 1.4 .59 { 1.31 | 1.44 2,0 0.0 0.0
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Table 4: Distribution of Reaction Products Through Hydroconversion of
n- Hexane at Different Temperatures Using 0.60% Pt/ H-Z catalyst

Methane + Ethane 00 | 03 | 41 | 25 | 48 | 97 | 144 | 209 | 25.2

Prepane 0.3 23 52 | 13.9 | 29.4 | 40.1 | 42.0 | 39.5 | 37.0
isobutane 0.1 0.4 21 3.4 3.3 3.3 25 2.5 2.0
n-Butane 0.3 0.7 34 6.4 7.0 7.0 5.0 4.0 2.0
Isepentane 0.3 1.2 34 4.8 54 3.6 14 0.6 0.3
n-Pentane 05 |12 | 32 | 41 | a7 | 26 | 09 | 05 | 02
2,2-Dimethylbutane 0.0 0.9 2.2 3.4 26 1.0 0.2 0.1 0.2
2-Methyipentane + 26.7 | 29.8 | 26.9 | 20.7 | 9.6 1.7 0.3 0.1 0.1

2,3-Dimethylbutane

3-Methylpentane 345 | 320 { 249 156 | 7.0 11 04 0.1 01
n-Hexane 373 | 30.7 | 228 | 149 | 6.2 1.9 1.6 0.0 0.0
Methylcyclopentane 0.0 0.5 341 2.0 1.0 0.5 0.2 0.0 0.0
Benzene 0.0 0.0 1.7 83 | 189 | 275 | 31.0 | 32.5 | 32.9
Hydrocracking % 15 | 61 | 184 | 351 | 54.7 | 66.3 | 68.3 | 67.2 | 66.7
Hydroisomerization % 61.2 | 627 | 540 | 39.7 | 19.2 | 3.8 1.0 0.3 0.4
Hydrocyclization % 0.0 0.5 | 48 | 10.3 | 19.9 | 28.0 | 29.1 | 325 | 32.9
Total Conversion 627 | 69.3 | 77.2 | 85.1 | 93.8 | 98.1 | 984 | 100 { 100
Hydrocracking Selectivity 24 | B8 | 238 | 41.3 | 583 | 67.6 | 69.4 | 67.2 66.\7

Hydroisomerization selectivity | 97.6 | 90.5 | 70.0 | 46.7 | 20.5 | 3.9 1.0 0.3 0.4

Dehydrocyclization Selectivity | 0.0 | 0.72 | 6.2 | 121 | 21.2 | 285 | 29.6 | 325 | 32.9

isobutane / n-Butane 0.33 | 0.57 | 0.62 | 0.53 | 0.47 | 0.47 0.5 | 0.63 1.0

Isopentane / n-Pentane 0.6 10 | 1.06 | 117 | 115 | 1.38 | 156 | 1.2 1.5
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components (b) in the hydroconversion product of
n-hexane using the 0.30% PvH-Z catalyst
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rearranges and/or crack. This ion migrates as an alkene to be

hydrogenated on a metal site giving a saturated product [196].

During the lower reaction temperature range, n-hexane hydro-
isomerization seems to be the only reaction taking place in presence of
the PVH-Z catalysts. Using the 0.15 % Pt/H-Z catalyst, isohexanes in
product comprise 43.5 % at a temperature as low as 250°C and reach a
maximum of 68.6 % at 325°C, beyond which they decline via a further
increase of temperature. Using the 0.30% Pt and 0.60 % PvH-Z catalysts,
isohexanes amount to 61.6 and 61.2 %, respectively, at 300°C and
increase with increasing the temperature to 325°C to reach a maximum of
66.0 and 62.7 %, respectively. Beyond these maxima, isohexanes
decrease with a further increase of temperature.

I
Comparing the data in Tables 1 and 2-4 shows that isohexanes

which are as low as < 1.0 % using the unloaded zeolite catalyst reach

‘maxima of 62.7-68.6 % using the Pt/H-Z catalysts. This shows to what

extent bifunctionality is of a prime importance for n-alkanes
hydroisomerization. The metal has greatly inhibited the catalytic cracking
activity at the lower reaction temperatures and directed its activity

towards the skeletal rearrangement of n-hexane .

The largest hydroisomerization maximum (68.6 %) is achieved using
the catalyst containing the lowest Pt concentration (0.15 %), whereas the

lowest maximum (62.7 %) is accomplished using the catalyst containing
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the highest Pt content (0.60 %). The maximum hydrosomerization

activities of the catalysts thus can be arranged in the order:
0.15 % Pt/H-Z > 0.30 % Pt/H-Z > 0.60 % Pt/H-Z

This order of activities is compatible with the number and strength of the
acid sites in these catalysts (Fig. 6 and Table 5). Fig. 6 gives the
temperature-programmed ammonia-desorption (TPD) curves obtained
using a differential scanning calorimeter (DSC) as described by Aboul-
Gheit [190,191]. Each TPD profile includes two endothermic peaks; a
low-temperature (LT) and a high-temperature (HT) endothermic peak.
The LT peak represents NH; desorption enthalpy from the weak acid sites
in the catalyst, whereas the HT endothermic peak corresponds to the
desorption of NHj from the strong acid sites, which are responsible for
catalyzing the isomerization reaction under study. The data obtained
from Fig. 7 and listed in Table 6, show that the unloaded zeolite contains
the largest number of strong acid sites. The Pt/H-Z catalyst gives lower
AH values; (Table 5), i.e., smaller numbers of acid sites, compared to the
unloaded zeolite. Moreover, the number of acid sites in the Pt/H-Z
catalysts decreases as the Pt content increases, i.e., the 0.60 Pt/H-Z
catalyst possesses the lowest number of acid sites. This may indicate that
Pt crystallites mask the acid sites and/ or exchange protons in this
catalyst. The hydroconversion data indicate that the 0.15 % Pt/ H-Z
catalyst contains optimum number and strength of acid sites combined
with an optimum Pt content to attain maximum hydroisomerization of n-

hexane.
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Table 5: NH; TPD and Pt- Dispersion in the Different Catalysts

0.15% Pt/ H-Z 100.0° 449.0 0.81
0.3 % Pt/ H-2 94.3 447.0 0.78
0.6 % Pt/ H-Z 90.1 444.0 0.71
0.15% Pt/ DA-Z 85.1 450.5 0.76
0.3 % Pt/ DA-Z 82.0 448.5 0.72
0.6 % Pt/ DA-Z 79.2 445.0 0.64
0.15% Pt/ F-H-Z 97.9 451.5 0.73
0.3 % Pt/ F-H-Z 91.8 449.5 0.68
0.6 % Pt/ F-H-Z 871 446.0 0.61
St 0.15% Pt/ H-Z 83.0 4495 0.73
St 0.3% Pt/ H-Z 80.1 448.0 0.69
St 0.6 % Pt/ H-Z 77.7 4445 0.62
0.15% Pt/ F-DA-Z 75.3 450.0 0.68
0.3 % Pt/ F-DA-Z 71.1 448.0 0.64
0.6 % Pt/ F-DA-Z 66.8 4450 0.55
0.15% Pt/ F-St-Z 70.8 448.5 ' 0.57
0.3 % Pt/ F-St-Z 66.0 446.0 0.53
0.6 % Pt/ F-St-Z 61.4 443.0 0.43
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Table 6 : NH; - Temperature Programmed Desorption (TPD)

for the Modified Unloaded Zeolite Catalysts

H-Z 115.5 452.0 _
DA-H-Z 98.5 456.0 14.7
F-H-Z 1041 457.0 9.9
St H-Z 93.2 453.0 19.3
F-DA-H-Z 81.5 454.0 29.4
F-St H-Z 77.4 452.5 32.9

(*) decrease via modifications: DA, F, St, F+DA, F+St
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The HT-endothermic peak temperature, which characterizes the acid
sites strength in the catalysts is highest for the unloaded H-Z and lowest
for the 0.60% Pt / H-Z catalyst (Tables 5 and 6). The acid sites number
and strength in the catalysts under study can be arranged in the order:
H-Z > 0.15 % Pt/H-Z > 0.3 % Pt/H-Z> 0.6 % Pt/H-Z
This indicates that both orders of acid sites number and strength in the Pt/
H-Z catalysts are compatible with the order of the hydroisomerization
maxima using these catalysts. Hydrocracking of n-hexane reaches 66.7-
77.4 % at a temperature of 500°C. The highest hydrocracking activity is
achieved using the 0.30 % Pt/ H-Z catalyst. Nevertheless, the 0.6 % Pt/
H-Z catalyst exhibits a lower hydrocracking activity during the higher
temperature range, which may be attributed to the lower acid sites number

and strength (Fig. 6 and Table 5).

The largest individual hydrocracked component on all catalysts is
propane, which implies the preference of central bond rupture. The curves
representing propane in product (Figs. 1, 3-3 and Tables 1-4) show that
this hydrocarbon is susceptible to undergo secondary hydrocracking
reactions at higher temperatures. Using the 0.15, 0.30 and 0.60 % PtH-Z
catalysts, maximum yield of propane in product amounts to 50.5, 47.4
and 42.0 %, respectively, at a temperature of 450°C; beyond this
temperature propane production declines by a further increase of

temperature.
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C,and C, are considered undesirable hydrocracked components.
To judge whether hydrocracking tends to be central or peripheral, a
correlation of the percentage of Ci+Cy components in the total
hydrocracked product 2 (Ci—= Cs) is examined (Fig. 8). The unloaded
zeolite (H-Z catalyst) is the most active for directing toward peripheral
hydrocracking up to a reaction temperature of 425°C. However beyond
425°C, this catalyst is still more active than the 0.15 % Pt/H-Z catalyst for
C,+C, production, whereas it is less active than the 0.30 and 0.60 %
Pt/H-Z catalysts for peripheral cracking. Beyond 425°C, C,+C; formation
is attributed to hydrogenolysis. Hydrogenolysis takes place principally on
the Pt crystallites rather than on acid sites. The higher acceleration of
C+C, formation over the 0.60 wt % Pt containing catalyst at
temperatures of 450-500°C substantiates the role of Pt content for
enhancing hydrogenolysis. In the hydroconversion of n-heptane 193], it
is recognized that hydrogenolysis is favoured by the presence of large Pt
particles.

Methylcyclopentane (MCP) is a product of low significance using
the catalysts under study. Its maximum formation amounts to 1.1, 3.9 and
3.1 % using the 0.15%, 0.30% and 0.60 % P/H-Z catalysts, respectively.
However, benzene which starts formation at 350°C on all PYH-Z
catalysts, is significantly increased with increasing temperature up to
450°C to reach 20.4, 21.9 and 31.0 % on these catalysts, respectively
(Figs. 3-5), indicating that Pt content in the catalyst has a significant role

in benzene production. Although cyclohexane is theoretically an
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intermediate during  the transformation of n-hexane to benzene,
cyclohexane has not been detected in the product using all PVH-Z
catalysts. It may thus be assumed that cyclohexane is formed but directly
dehydrogenated to benzene while still absorbed on the catalyst. Since
benzene is absent in the product using the unloaded H-Z catalyst,

dehydrocyclization can evidently be assumed to depend primarily on Pt.

Although dehydrocylization of alkanes is an endothermic reaction, it
is evident (Figs. 3-5) that its rate of increase with increasing temperature

does not conform with the Arrhenius assumption beyond 450°C. Beyond

‘this temperature, the rate of benzene formation slows down with a further

increase of temperature, which may be attributed to the relatively stronger
adsorption of the formed benzene molecules due to their relatively
stronger basicity. Stronger adsorption will also affect the rate of diffusion

of benzene molecules along the channels of H-Z zeolite.

Fig. 9 shows the change of the ratio of the percentages of 3-methyl-
pentane (3-MP) and 2,2-dimethylbutane (2,2-DMB) in the hexanes
fraction in product relative to those in the thermodynamic equilibrium
(Y/Y,) at respective reaction temperatures. The curves show that 3-MP
ratio decreases in general with increasing reaction temperature, whereas
2,2-DMB increases more significantly up to a temperature of 425°C. The
ratio of 3-MP in product using the 0.3 % PV H-Z catalyst is the lowest
ratio compared to the two other catalysts, whereas the ratio of 2,2-DMB
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is increased as temperature increases. The hydroisomerization reaction is

maximized during the low temperature range (Fig. 4).

3.2. n-Hexane Hydroconversion Using Catalysts
Containing H-Z Dealuminated with EDTA
(DA-H-Z Catalyst)

3.2.1. Using Unloaded DA-H-Z Catalyst

The catalytic activity of the unloaded DA-H-Z catalyst compared to
that of the unloaded H-Z catalyst is shown in Figs.10 and 1, respectively.

The DA-H-Z catalyst is less active at temperatures below 425°C than
the mother H-Z zeolite catalyst, but more active at temperatures higher
than 450°C. The difference in acidities of these zeolites may be
responsible for this difference in activity. Fig. 7 shows that number of
acid sites in the DA-H-Z catalyst is lower than in the H-Z catalyst, since
protons which are attached to AI** as charge compensating cations are

removed together with Al removal during the dealumination of H-Z.

Hydrocracking is the major reaction over the unloaded DA-H-Z and
H-Z catalysts; on the former catalyst, the hytdrocracking selectivities
range between 86.7and 100 % at temperatures ranging between 325 and
500°C, respectively, whereas using the H-Z catalyst, the hydrocracking

selectivities range between 100 and 96.5 %, respectively. A comparison
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of the hydrocracked components; methane -+ ethane, propane, butanes and
pentanes in the product at a reaction temperature of 500°C, using the DA-
H-Z and H-Z catalysts may be more informative. These values amount to
9.5,29.0, 14.1 and 2.4 %, respectively, over the former catalyst (Table 7),
and 7.7, 14.9, 11.2 and 2.4 %, respectively, over the latter catalyst
(Table 1) . These values show that the dealuminated zeolite catalyst is
more selective for central bond rupture than the virgin H-ZSM-5 zeolite
' (H-Z catalyst). The somewhat stronger acidity of DA-H-Z catalyst than
the H-Z catalyst coupled with a lower number of acid sites (Fig. 7) may
have contributed to the centering of the hydrocracking action on the

hexane molecule.

Hydroisomerization of n-hexane to isohexanes is completely
inactive using the unloaded DA-H-Z catalyst. Cyclization of n-hexane to
cyclohexane and MCP as well as its dehydrocyclization to benzene are
also inactive reactions over this catalyst. Nevertheless, methyl-

cyclopentane is found in product in very low percentages (0.2-0.5 %).

3.2.2. Using Pt/ DA-H-Z catalysts

It is interesting to compare the hydroconversion of n-hexane using
Pt/ DA-H-Z and Pt/ H-Z catalysts as well as to compare the effect of
changing the Pt content in these catalysts between 0.15 and 0.6 % Pt
( Table 8-10 and 2-4 and Figs. 11-13 and 3-5, respectively).
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Table 7 : Distribution of Reaction Products Through Hydroconversion of

n- Hexane at Different Temperatures Using DA-H-Z Catalyst.

ComponentinProduct, % Reaction., Temperature, C°

525 | 350 | 975 | 400 | 425 | 450 | 475 | 500

"Methane + Ethane 01 | 03 | 07 | 16 | 28 | 48 | 65 | 95

Propane 0.8 1.9 38 65 | 10.2 | 155 | 21.5 | 29.0
isobutane 0.1 0.2 0.5 1.5 25 3.5 4.2 5.0
n-Butane 0.3 0.4 1.1 3.8 6.0 7.4 8.4 9.1
lsopentane 0.0 0.0 0.1 0.5 11 1.1 1.3 1.2
n-Pentane 0.0 0.0 0.2 0.7 1.4 13 t.3 1.2
2,2-Dimethylbutane 0.0 0.0 0.1 0.3 0.5 0.7 0.6 0.7

2.Methylpentane +

2,3-Dimethylbutane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n-Hexane 98.5 | 97.0 | 93.3 | 84.9 | 750 | 657 | 56.2 | 44.3
Methylcyclopentane 0.2 0.2 0.2 0.2 055 | 00 0.0 0.0
Hydrocracking % 1.3 28 65 | 149 | 245 | 343 | 438 | §5.7
Hydroisemerization % 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hydrocyclization % 0.2 0.2 0.2 0.2 05 0.0 0.0 0.0
Total Conversion 1.5 3.0 6.7 | 151 | 25.0 | 343 | 43.3 | 557
Hydrocracking Selectivity 86.7 | 93.3 | 97.0 | 98.7 | 98.0 | 100 100 100

Hydroisomerization selectivity 0.0 0.0 0.¢c 0.0 0.0 0.0 0.0 0.0

Dehydrocyciization Selectivity 13.3 6.7 3.0 1.3 2.0 0.0 0.0 0.0

Isobutane / n-Butane 0.32 0.5 045 | 0.39 | 042 | 0.47 0.5 0.55

Isopentane / n-Pentane 0.0 0.0 0.5 0.71 | 0.79 | 0.85 1.0 1.0
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Table 8: Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using'0.1 5 Pt % / DA-H-Z Catalyst.

| Componiants inProduct,

TR0

89 | 11.7 | 14.4

. lﬁetl;éﬁe +Ethane ’

Propane 0.0 0.0 3.4 96 | 27.0 | 425 | 49.9 | 50.2 | 50.5 50.3
Isobutane 0.0 0.0 0.1 1.3 2.7 4.9 5.9 6.3 5.6 4.5
n-Butane 0.0 0.0 0.2 2.7 70 | 102 | 1.2 | 11.0 { 10.0 | 8.0
Isopentane 0.0 0.0 0.0 04 2.0 35 4.0 2.3 13 0.6
n-Pentane 0.0 0.0 0.0 0.2 1.5 2.2 3.0 13 0.5 0.4
2,2-Dimethylbutane 0.0 0.0 1.0 2.3 2.5 1.9 0.¢c 0.0 0.0 0.0

2-Methylpentane +

2,3-Dimethylbutane 207 | 37.0 | 404 | 365 | 23.2 | 9.2 | 3.0 13 | 0.5 | 00
3-Methylpentane 341 | 205} 273|230 | 130 | 63 | 25 07 | 0.0 | 00
n-Hexane 382 | 335 | 275 | 23.0 | 163 | 101 |} 64 50 | 35 | 28
Methylcyclopentane 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Benzene 00 [ 00 | 00 | 00 | 16 [ 40 | 77 13.0 | 16.4 | 180
Hydrocracking % 00 | 0.0 | 3.8 | 152 | 43.4 | 685 | 804 80.0 | 79.6 | 79.2
Hydroisomerization % ‘| 618 | 66.5 | 68.7 | 61.8 | 38.7 | 174 | 565 20 | 05 | 00
Hydrocyclization % 00 | 00 { 00 | 0.0 | 16 | 40 | 7.7 13.0 | 16.4 | 18.0
Total Conversion 818 | 665 | 725 | 77.0 | 83.7 | 89.9 | 93.6 95.0 | 96.5 | 97.2
Hydrocracking Selectivity D0 | 0.0 | 52 | 19.7 | 51.9 | 76.2 | 859 84,2 | 825 | 815

Hydroisomerization selectivity | 100 | 100 | 94.8 80.3 | 46.2 | 194 j 5.9 21 0.5 0.0

Dehydrocyclization Selectivity | 0.0 0.0 0.0 0.0 19 4.5 82 | 137 | 17.0 | 185

Isobutane / n-Butane 0.0 0.0 05 | 0.48 | 0.39 | 0.48 | 0.53 | 0.57 056 | 0.5

sopentane / n-Pentang 0.0 0.0 0.0 20 | 075} 159|133 | 177 | 28 1.5
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Table 9 : Distribution of Reaction Products Through Hydroconversion ofn-

Hexane at Different Temperatures Using 0.30 Pt % / DA-H-Z Catalyst.

Components in Product, % . ‘Reaction Temperature, C°

5] 450 | 475 | 500

Nethane + Ethane B2 | 121 | 19.5

Propane 00 | 00 | 4.2 | 9.0 j222 (3771439 48,3 | 47.5 | 46,5
Isobutane 0.0 0.0 0.2 0.4 1.4 2.8 3.8 4.5 4.2 3.5
n-Butane oo [ 00 | 04 |08} 43 | 77 | 89 | 92 90 | 7.5
lsopentane 0.0 0.0 0.0 0.7 1.3 24 2.3 1.9 1.5 0.6
n-Pentane 00 | 00 | 00 o7 |08 |15 |17 | 15 1.2 | 04
2,2-Dimethyibutane oo ocl 17| 20| 24| 19| 14} 00 00 | 00

2-Methylpentane +

2,3-Dimethylbutane 31.0 | 37.0 | 40.5 } 37.7 | 27.4 | 13.0 8.5 3.3 2.0 0.8
3-Methylpentane 290 | 328 | 296 | 25.6 | 17.7 | 8.1 4.0 1.9 0.5 0.0
n-Hexane 400 | 302 ] 250|199 | 150 | 8.7 | 7.6 55 | 45 | 25
Methylcyclopentane 0.0 ;7 0.0 1.0 14 | 1.6 13 0.0 00 | 00 | 00
Benzene 0.0 0.0 0.0 1.0 34 96 | 138 | 157 | 17.5 | 187
Hydrocracking % 00 1 00 | 22 | 124 | 325 | 56.4 | 66.7 | 73.6 75.5 | 78.0
Hydroisomerization % 600 | 69.8 | 71.8 | 65.3 | 47.5 | 23.0 119 | 5.2 25 0.8
Hydrocyclization % 0.0 0.0 1.0 24 50 | 109 | 13.8 | 167 | 17.5 | 187
Total Conversion 60.0 | 69.8 | 75.0 | 80.1 | 85.0 | 90.3 924 | 94.5 | 955 | 97.5
Hydrocracking Selectivity 0.0 0.0 29 | 155 | 38.2 | 625 | 72.2 77.9 | 79.1 | 80.0

Hydroisomerization selectivity | 100 | 100 | 95.7 815 | 559 | 255 | 129 | 55 2.6 0.8

Dehydrocyclization Selectivity 0.0 0.0 1.3 3.0 59 | 121 { 149 | 16.6 | 183 | 19.2

lsobutane / n-Butane 0.0 0.0 0.5 0.5 0.33 | 0.36 | 0.43 | 0.49 0.47 | 0.47

Isopentane / n-Pentane 0.0 0.0 0.0 1.0 11631} 16 | 135 )127 | 1.25 1.5
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Table 10 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.60 % Pt/ DA- H-Z Catalyst.

Components InProduct. % | ~Reastion Temperature, C°

~575 [ 300 | 325 | 950 | 375 | 400 | 425 | 450 275 | 600

Methane + Ethane 5 T o0 [ 04 | 14 37 a8 | 74 | 128 | 202 | 28.4
Propane 00 | 05 | 1.8 | 71 | 158 | 31.5 | 445 | 459 | 433 | 385
Isobutane 00 | 02| 03] 07 | 15|33 ) 45|49 | 42|33
n-Butane 00 | 05 | 07 | 15| 40 | 72 | 90 | 81 | 66 | 48
Isopentane 0.0 0.5 0.8 1.9 26 3.8 2.9 1.9 1.3 0.7
n-Pentane 0.0 | 00| 08| 13|49 |20) 2114|1205
2,2-Dimethylbutane 00 | 00 | o5 | 17 | 32| 28| 14| 08 | 05 [ 00
2-Methylpentane + 200 | 316 { 405 | 37.0 | 284 | 151 | 48 | 1.8 [ 10 | 07

2,3-Dimethylbutane

3-Methylpentane 200 | 335 | 202 | 235|180 | 125 | 65 | 14 04 | 0.0
n-Hexane 500 | 332 | 244 | 170 | 115 | 60 | 22 | 1.9 15 | 1.2
Methylcyclopentane 0.0 0.0 0.6 5.7 5.4 1.5 0.0 0.0 0.0 0.0
Benzene 0.0 0.0 0.0 1.2 4.5 86 | 147 | 19.1 | 198 | 21.9
Hydrocracking % 0.0 17 48 | 13.9 | 29.0 | 53.5 | 70.4 | 75.0 76.8 | 76.2
Hydroisomerization % 50.0 | 65.1 | 70.2 | 62.2 | 49.6 | 30.4 127 | 40 1.9 0.7
Hydrocyclization % 9.0 0.0 0.6 6.9 9.9 | 104 | 147 | 191 | 198 | 21.9
Total Conversion 500 | 66.8 | 75.6 | 83.0 | 88.5 | 94.0 | 97.3 | 98.1 98.5 ; 98.8
Hydrocracking Selectivity 00 | 25 | 64 | 168 | 328 | 56.8 | 720 | 76.5 78.0 1 774

Hydroisomerization selectivity | 100 | 97.5 | 92.9 749 | 56.1 | 323 | 13.0 | 44 1.9 0.7

Dehydrocyclization Selectivity 0.0 0.0 0.8 83 | 11.2 | 10.8 | 15.0 | 19.5 | 20 22.2

Isobutane / n-Butane 0.0 0.4 | 043} 027 [ 038 § 0.46 | 05 0.6 | 0.64 | 0.69

Isopentane /n-Pentane 0.0 —— 10 | 148 | 1.37 | 131 | 1.38 } 1.36 1.08 1.4
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The maximum hydroisomerization level is considered a hydro-
conversion parameter of prime importance in the upgrading of light
naphtha for the purpose of octane number improving. Using the 0.15 %
Pt/DA-H-Z and 0.15 % Pt/H-Z catalysts, the maximum isohexane levels
are almost equal, i.e., ~ 68.5% between 300 and 325°C, whereas using the
catalysts containing 0.30 and 0.60 % Pt, the isomers levels using the
DA-H-Z zeolite supported catalysts are higher than using the H-Z zeolite
supported catalysts. Using the 0.30 and 0.60 % Pt supported on DA-H-Z
catalysts, isohexanes maxima amount to 72.0 and 70.0 %, respectively, at
a temperature of 325°C, whereas using the 0.30 and 0.60 % Pt supported
on H-Z catalysts, these isomers maxima amount to 66.0 and 62.5 %,
respectively, at temperatures of 325 and 300°C, respectively.
Summarizing the comparison of the maximum isohexanes levels in
product using the Pt/DA-H-Z catalysts, the order of catalytic activities
according to Pt content is as follows:

0.30 % Pt/DA-H-Z > 0.60 % Pt/DA-H-Z > 0.15 % Pt/DA-H-Z

Although the 0.15 % Pt/ DA-H-Z catalyst (Fig. 11 and Table )
possesses a higher acid sites number and strength than the 0.30 and
0.60% Pt-containing catalysts of this series (Figs. 12 and 13 and Tables 9
and 10), it gives the lowest isohexanes maximum. Moreover, the
dispersion of Pt (Table 5) in the 0.15 % Pt/ DA-H-Z catalyst is higher
than in those containing 0.3 and 0.6 % Pt. This may indicate that neither |
acid sites nor Pt dispersion in the zeolite dealuminated using EDTA, are
controlling the hydroisomerization level. However, this level is controlled

by the acid sites nature and Pt dispersion in the catalysts supported on the
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mother H-Z zeolite as mentioned above. It may be assumed that an
optimum Pt content is a principal controlling component for the
hydroisomerization maximum level irrespective of the number and
strength of acid sites acquired by the zeolite support. Moreover, the Pt
dispersion extent in the catalysts supported on EDTA-dealuminated H-Z
zeolite plays a controlling role. Blomsma et al. [195] indicate that
optimum balance and intimacy or synergism between the two catalytic
functions constituting bifunctionality are controlling the hydro-
isomerization activity in catalysts containing Pt and/or Pd supported on
B-zeolite. Moreover, most of the industrial catalysts used in hydro-
isomerization and catalytic reforming of naphtha contain 0.30-0.40 wt %
Pt. The PUDA-H-Z and Pt/H-Z catalysts, under study, exhibit varying
hydrocracking (Fig. 14) and hydroisomerization (Fig. 15) tendencies as a
result of incorporating varying Pt contents. Fig. 14 shows that the
hydrocracking activity of the 0.15 % Pt/DA-H-Z catalyst is higher than
that of the 0.15 % Pt/H-Z catalyst at temperatures > 350°C, whereas the
hydrocracking activity using the 0.30 % Pt/DA-H-Z catalyst is lower than
that of the 0.30 % Pt/H-Z catalyst at all reaction temperatures. Moreover,
the hydrocracking activity of the 0.6 % Pt/DA-H-Z catalyst is lower than
that on the 0.60 % Pt/ H-Z catalyst at temperatures < 400°C, but higher at
temperatures > 400°C.

On the other hand using the 0.15 % Pt/DA-H-Z and 0.15 % Pt/H-Z

catalysts, hydroisomerization is indifferent at temperatures < 350°C;

however, at temperatures > 350°C, the activity of 0.15 % Pt/DA-H-Z
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different on the catalysts containing 0.15 % Pt (Fig. 16), whereas on the
catalysts containing 0.30 and 0.60 % Pt, these hydrocarbons are higher on
the H-Z-supported catalysts than on the DA-H-Z-supported catalysts. In
general, these hydrocarbons increase in product as the Pt content in the
catalyst increases. Although the acid sites number and strength decrease
as the Pt content increases ( Fig. 6 and Table 5), the C,+C; increase,
indicating the contributing action of the metal crystallites to

hydrogenolysis (Fig. 17), since the latter reaction is confined to metal.

To get more information on the quality of the hydrocracked product
concerning C-C bond rupture position, the distribution of C; up to Cs
components have been calculated and given in Tables 11 and 12. These
data show that propane production using the Pt/ DA-H-Z catalysts can be
arranged in the order:

0.30 % Pt/DA-H-Z > 0.15 % Pt/DA-H-Z > 0.60 % Pt/DA-H-Z
whereas using Pt/ H-Z catalysts the order is:

0.15% Pt/ H-Z > 0.30% Pt/ H-Z > 0.60% Pt/ H-Z.
These orders indicate that acid site number and strength in the Pt/ H-Z
catalysts, together with Pt dispersion in the H-Z support may be activity-
controlling, whereas in case of the Pt/ DA-H-Z catalysts, the metal/acid

sites balance may be more effective for the control of C-C bond rupture.
Benzene formation via hydrocyclization of n-hexane using the Pt/

DA-H-Z and Pt/ H-Z catalysts is depicted in Fig. 18. The dimension of

the benzene molecule is close to the channel dimension of H-ZSM-5
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Table 11: Carbon Number Distribution (C;—C5) of the Individual

Hydrocracked Products Using the H-Z catalysts
Catalyst: 0.15% Pt/ H-Z

C1+Cz H
cs 541 | 663 : 602 | 627 @ 65.0 | 659 | 643 | 61.3
i-c4+n-C4 189 | 141 | 244 | 215 | 197 | 183 | 162 | 13.0

F 245

begtn-Cs | 216 129 1 87 | 82 | 60 | 30 | 23 | 12

Catalyst: 0.30% PtH-Z

450 | 475 | 500

C1tCy 67 | 68 | 84 | 93 @ 136 | 204 267
cs 467 | 604 | 635 | 578 | 585 | 607 | 59.0 | 554
i-C4+n-Cq 83 [ 155 | 156 | 223 | 223 | 177 | 143 | 120

i-c5+n-Cs 33 173 1 125 1 106 | 56 | 15 | 00 | 00

Catalyst: 0.60% PVH-2

&omponents k . Temperatife, °C

7450 | 475 | 500

crte; | oo | 48 | 60 1 74 T 80 s I Hma o

C3 20 37.7 i 283 : 396 ; 537 : 605 | 615 | 588 | 555

i-c4+n-C, 26.7 : 180 | 299 | 279 | 188 | 155 [ 110 | 97 | s0

i-cs+n-Cs 53.3 | 394 [ 359 @ 254 ; 185 | 94 3.4 1.6 0.7
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Table 12: Carbon Number Distribution (C;—C5) of the Individual

Hydrocracked Products Using the DA-H-Z catalysts
Catalyst: 0.15% Pt/DA-H-Z

ci+cy 26 1 66 | 74 1 78 | BO | 1A | 47 | 183
¢ 89.5 | 632 | 622 | 622 | 621 | 628 | 634 | 635
i-c4+n-Cy 79 | 263 | 224 | 220 | 213 | 216 | 196 | 17.0
i-cs+n-Cs 00 | 40 | 81 | 80 | 87 : 45 | 23 | 13

Catalyst),30 % PYDA-H-Z

CrtCs | 182 |65 1 78 1 76 | 82 1 114 160 260
cs 546 | 726 | 68.3 | 668 | 658 | 656 | 629 | 956
i-cetn-Cy | 273 | 97 | 175 | 186 | 190 | 186 | 175 | 144
icstn-Cs | 00 | 113 | 65 | 69 | 60 | 46 | 36 i 13

Catalyst: 0.60% PYDA-H-Z

Ci¥Cz | 0.0 | 83 | 101 | 117 | 9.0 | 146 | 171 | 263 | 373"

Cs3 294 ; 375 | 511 ; 538 : 53.7 : 605 : 61.2 | 564 | 505
i~c4+n-Cy 412 { 208 : 158 : 19.0 | 188 ! 155 : 173 | 14.0 ;| 10.6
i-cs5+n-Cs 294 | 334 | 230 i 155 | 185 94 44 33 1.6
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zeolite, hence, it is suggested that benzene is formed in the wider channel
intersections of this zeolite. This view may be supported by the finding of
Lercher and Rumplmayr [197] who have found that pyridine, which
possesses approximately the dimensions of benzene, can adsorb only in

the intersections of the channels in ZSM-5 zeolites.

Nevertheless, using the DA-H-Z supported catalyst, benzene
production is found to be, in general, lower than using the corresponding
H-Z supported catalyst although the channels in DA-H-Z catalyst are
wider than those in the H-Z catalyst. Hence, the channel dimension can
not be the activity controlling parameter. The DA-H-Z zeolite supported
catalysts are more hydrophobic than those containing H-Z zeolite as a

support [198].

Benzene which is more polar than the other hydrocarbon species in
the vicinity of the catalytic sites should be less strongly adsorbed on the
more hydrophobic seolite-containing catalysts (Pt/DA-H-Z) compared to
the more hydrophilic H-Z-containing catalysts. Since the adsorption
strength of a product is an important criterion for directing the reaction
towards the formation of this product, it can be assumed that formation of
benzene over the H-Z-supported catalysts should be logically higher than
using the DA-H-Z- supported catalyst.

The increase of Pt content in the Pt/ DA-H-Z and Pt/ H-Z catalysts,

increases benzene production since dehydrocyclization of alkanes is a
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metal site reaction. Using the 0.15, 0.30 and 0.60 % Pt-containing
catalysts supported on DA-H-Z zeolite, benzene production at 450°C
amounts to 13.0, 15.7 and 19.1 % using the H-Z supported catalysts

benzene amounts to 20.4, 21.9 and 31.0 %, respectively.

On the other hand, methylcyclopentane (MCP) has not been detected
in the product using the 0.15 % Pt/DA-H-Z catalyst at all reaction
temperatures. However, using the 0.30 % Pt/DA-H-Z catalyst, MCP
amounts to 1.0 - 1.6 %, but using the 0.60 % Pt/DA-H-Z catalyst this
hydrocarbon reaches 5.7 %in product. Again, using the 0.15, 0.30 and
0.60 % Pt/H-Z catalysts, MCP reaches 1.1, 3.9 and 3.1 %, respectively.
However, cyclohexane has not been detected in the reaction product
using all H-Z and DA-H-Z containing catalysts, which may be attributed
to its fast dehydrogenation.

The ratio of 3-MP and 2,2-DMB realive to their thermodynamic
equilibrium values indicates (Fig. 19) that the highest values of bothr
isomers can be obtained at most reaction temperatures using the 0.60 %
Pt/DA-H-Z catalyst. However, 2,2-DMB increases considerably relative
to its equilibrium values as temperature increases, whereas 3-MP

decreases using the 0.15 and 0.30 % Pt/DA-H-Z catalysts.
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3.3. n-Hexane Hydroconversion Using Fluorinated

H- ZSM-5 Containing Catalysts.
3.3.1. Using Unloaded F-H-Z Catalyst

From recent studies carried out in this laboratory on fluorinated
catalysts [199, 200], it has been found that a fluorine content of 3.0 wt %
gives optimum hydroconversion activities, hence, this fluorine content is
used in preparing the fluorinated catalysts under study. Like other
catalysts, unloaded with Pt, the hydroconversion activity using the F-H-Z
catalyst is found to be mainly hydrocracking (Table 13 and Fig. 20).
Nevertheless, hexane hydroconversion is significantly higher on the F-H-
Z catalyst than on the mother H-Z catalyst, i.e., 33.1-49.4 % on the former
catalyst as compared to 1.8 - 36.2 % on the latter catalyst at temperatures
of 350-500°C, respectively. This significant enhancement of activity is
attributed to a significant increase of the strength of Bronsted acid sites in
the F-H-Z catalyst due to the replacement of some surface -OH groups by
F, whereby proton dilution is achieved on the zeolite surface, thus,
decreasing the interaction of neighboring protons, and hence the
remaining protons will be more strongly acidic. This is evident in Fig.7
and Table 6 , where the curves obtained for NH3-TPD show a lower
ammonia desorption enthalpy (smaller number of acid sites) but a higher
peak temperature in case of the F-H-Z zeolite (104.1 Jg'l; 457°C)
than in case of the H-Z zeolite (115.5 Jg;452°C).
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Table 13 : Distribution of n- Hexane Hydroconversion Products

at Different Temperatures Using F-H-Z Catalyst.

Methane + Ethane

Propane 2.7 6.6 9.7 | 134 | 168 | 21.1 | 24.4 | 29.8 | 334
Isobutane 2.7 51 6.4 71 7.6 8.2 8.4 8.3 8.1

n-Butane 3.9 5.6 7.4 84 9.3 98 | 10.3 | 10.2 | 10.2
Isopentane 1.2 2.5 3.0 3.2 3.3 3.3 3.2 2.8 2.6

n-Pentane 1.3 27 3.2 3.2 3.0 2.7 2.4 1.8 1.5

¥ Iics™ 1.1 24 2.3 23 24 2.2 24 1.7 1.6

n-Hexane 871 | 73.9 | 66.9 | 60.7 | 55.3 | 49.1 | 43.3 | 36.9 30.6
Methylcyclopentane 0.7 0.8 04 06 0.6 0.5 0.5 0.4 0.3

Benzene 0.0 0.0 0.0 0.0 0.0 0.3 0.6 0.5 0.8

Hydrocracking % 111 | 228 | 304 | 364 | 41.7 | 47.9 | §3.5 | 60.5 66.7
Hydroisomerization % 11 24 23 2.3 2.4 22 21 17 1.6
Hydrocyclization % 0.7 0.8 0.4 0.6 0.6 0.8 1.1 0.9 1.1

Total Conversion 929 | 261 | 334 | 39.3 | 447 | 509 | 56.7 63.4 | 49.4
Hydrocracking Selectivity 89.2 | 87.7 | 91.8 | 92.6 | 93.3 | 94.1 | 94.4 | 959 96.1
Hydroisomerization' selectivity | 8.5 9.2 6.0 5.9 54 4.3 3.7 27 2.3
Dehydrocyclization Selectivity 54 31 1.2 15 1.3 16 1.9 1.4 1.6

Isobutane / n-Butane 0.87 | 091 | 0.86 | 0.85 | 0.82 | 0.84 | 0.82 0.81 | 0.79
Isopentane / n-Pentane 0.92 | 0.93 | 0.94 | 1.0 1.1 1.2 1.3 1.6 1.7
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However, the hydrocracking selectivity approaches 100 % on both
catalysts at all temperatures. However, using the F-H-Z catalyst,
hydrocracking is less terminal compared to that using the H-Z catalyst.
The percentage of methane + ethane in the hydrocracked
product, (C; + C2)100/3(Cy — Cs), ranges between 2.3 and 16.0 % using
the F-H-Z catalyst, compared to 11.1 - 21.3 % using the H-Z catalyst at
temperatures of 350 - 500°C, respectively (F ig. 2). Nevertheless, Fig. 2
also shows that (C, + C,) fraction in the cracked product is lowest using

the F-H-Z catalyst compared to all other catalysts.

3.3.2. Using Pt/ F-H-Z Catalysts

To evaluate the role of fluorine in the Pt containing H-Z catalysts,
such evaluation has to.be relative to the unfluorinated version. In general,
hydroconversion of n-hexane is moderately inhibited after F introduction.
Hydroconversion amounts to 37.5-89.8 %, 53.2-89.5 % and 36.5-95.3 %
using the 0.15 % Pt (Table 14 and Fig. 21), 0.30 % Pt (Table 15 and Fig.
22), and 0.60 % Pt/F-H-Z (Table 16 and Fig. 23) catalysts at temperatures
of 300-450°, respectively, compared to 68.2-98.9 %, 61.6 -100 % and
62.7-98.4 %, using the respective Pt/ H-Z catalysts (Tables 2-4). This
inhibition of n-hexane hydroconversion is chiefly attributed to the
inhibition of the hydrocracking activity as a result of decreasing the
number of strong acid sites after F introduction (compare Tables 5 and 6).
Fluorine replaces a number of surface -OH groups in the zeolite, thus
reducing the number of Bronsted acid sites which are known to be

principally responsible for the C-C bond breaking {201-203].

-113-




[ Results and Discussion ) e

Table 14: Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.15 % Pt/ F-H-Z Catalyst.

Rea stion , Temperature, C°

o 425 [450 | 475 | 500

Methane + Ethane 50 (00 1 04 103 108 |17 |28 |44 |54

Propane 0.0 0.2 1.0 a3 11.0 | 27.5 | 37.7 | 444 | 50.0
Isobutane 0.0 0.0 03 0.6 1.8 2.2 25 3.0 2.8
n-Butane 0.0 0.0 0.5 1.2 3.2 4.3 5.5 6.6 6.7
Isopentane 0.0 0.0 0.6 0.9 1.5 1.6 1.6 1.5 1.2
n-Pentane 0.0 0.0 0.5 0.8 1.3 1.3 14 1.2 0.9
2,2-Dimethylbutane 00 |00 {05 |11 1.8 2.0 1.8 1.6 1.1

2-Methylpentane +

2,3-Dimethylbutane 4.0 {226 | 269 | 314 | 26,0 | 195 | 139 | 85 5.8
3-Methylpentane 235 (318 | 320 | 278 {229 (150 |99 5.6 37
n-Hexane 625 | 454 | 376 | 293 | 23.2 | 155 [ 10.2 | 6.5 3.7
Methylcyclopentane 0.0 0.0 0.0 1.2 28 1.9 1.5 1.1 0.6
Benzene 0.0 0.0 0.0 21 3.7 7.5 11.2 | 15.6 | 181
Hydrocracking % 0.0 0.2 3.0 74 196 | 386 | 51.5 | 611 | 67.0
Hydroisomerization % 37.5 | 544 | 59.4 | 60.3 | 50.7 | 36.5 | 25.6 | 15.7 | 10.6
Hydrocyclization % 0.0 0.0 0.0 3.3 6.5 9.4 12.7 | 16.7 | 18.7
Total Conversion 375 | 546 | 624 | 707 | 768 | 84.5 | 89.8 | 93.5 | 96.3
Hydrocracking Selectivity 0.0 04 4.8 100 | 255 | 457 | 574 | 654 | 69.6

Hydroisomerization selectivity | 100 | 99.6 ; 95.2 | 85.3 | 66.0 | 43.2 285 | 16.8 | 11.0

Dehydrocyclization Selectivity | 0.0 0.0 0.0 |47 8.5 114 | 141 | 17.9 | 194

Isobutane / n-Butane 0.0 0.0 0.6 0.5 0.56 { 0.51 | 0.45 | 0.45 | 0.42

Isopentane / n-Pentane 0.0 0.0 1.2 113 | 145 | .23 | 114 [ 1.25 | 1.32
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Table 15 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.30 % Pt/F-H-Z Catalyst.

Component in Product, % Reactio_ﬁ , Temperature, C°

300 T35 | 400 | 425 | 450 | 475 | 500
Mathane + Ethane — 150 |00 05 1286 |34 |40 |44
Propane 0.0 0.3 1.2 a1 139 | 27.8 | 46.3 | 541 | 58.0
Isobutane 0.0 0.1 0.2 0.4 1.0 3.0 2.9 3.2 3.2
n-Butane 0.0 0.2 0.3 0.8 1.5 5.0 6.4 6.4 7.0
Isopentane 0.0 0.0 0.2 1.7 0.4 1.5 1.3 1.5 2.0
n-Pentane 0.0 0.0 0.0 0.4 0.3 1.0 0.8 11 14
2,2-Dimethylbutane 0.0 0.0 0.5 1.3 21 18 14 0.7 0.5

2-Methylpentane +

2,3-Dimethylbutane 239 | 30.8 | 345 | 357 | 321 [ 19.3 | 104 | 5.9 25
3-Methylpentane 29.3 | 327 | 305 | 264 | 21.6 | 14.0 | 6.5 3.8 1.5
n-Hexane 46.8 | 359 | 307 {263 1217 {153 | 105 | 59 2.6
Methylcyclopentane 0.0 .0 1.8 1.4 1.0 1.4 0.8 0.4 0.4
Benzene 0.0 0.0 0.0 1.2 35 7.6 9.3 13.2 | 16.5
Hydrocracking % 0.0 0.6 2.0 7.7 18.0 | 40.9 | 61.1 | 70.3 | 76.0
Hydroisomerization % 53.2 1 63.5 | 655 | 634 [ 558 | 351 | 183 | 102 ; 45
Hydrocyclization % 0.0 0.0 1.8 26 4.5 8.7 10.1 | 136 | 16.9
Total Conversion 532 | 641 | 69.3 [73.7 [ 78.3 | 847 | 89.5 ;941 | 974
Hydrocracking Selectivity 0.0 0.9 29 10.5 | 23.0 | 48.3 | 68.3 | 747 | 78.0

Hydroisomerization selectivity | 100 | 99.1 945 | 86.0 | 74.3 | 41.4 | 205 | 108 | 4.6

Dehydrocyclization Selectivity | 0.0 0.0 26 3.5 5.8 103 | 41.3 | 145 [ 174

Isobutane / n-Butane 0.0 0.5 0.67 | 0.5 0.67 | 0.6 045 | 0.5 0.46

Isopentane / n-Pentane 0.0 0.0 0.0 425 | 133 |15 1.63 | 1.36 | 1.4
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Table 16 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.60 % Pt/F-H-Z Catalyst

Component in Product, % ‘Reaction , Temperature, e°

0] 325 | ===T"375 | 400 | 425 | 450 | 475
Mothane + Ethane 7T 04 | 14 | 30 | 80 57 187 | 117 |
Propane 03 | 18 | 64 | 234 | 411 | 515 | 566 | 59.3 | 611
Isobutane 00 | 04 | 08 | 19| 33 |39 |52 48|35
n-Butane 00 | 03 | 1.4 | 40 | 78 [ 115|130 | 102 | 65
Isopentane 0.0 0.1 0.5 1.8 28 2.6 1.7 11 0.3
n-Pentane 00 | 04 | 05 | 1.4 | 20 | 18 | 12 | 07 | 02
2,2.Dimethylbutane 00 | 05 | 10 | 16 | 45 | 08 | 03 | 02 | 04

2-Methylpentane +

2,3-Dimethylbutane 19.4 | 26.6 | 29.4 | 23.2 | 133 4.9 1.7 0.6 0.1
3-Methylpentane 168 | 182 | 19.0 | 1498 | 85 | 3.0 1.8 | 04 | 0.0
n-Hexane 635 | 51.8 | 39.9 | 251 | 135 | 6.8 | 47 29 | 3.6
Methylcyclopentane 0.0 0.4 0.4 0.6 0.5 0.3 0.1 0.0 0.0
Benzene 0.0 0.0 0.2 1.0 2.7 49 7.0 104 | 12.9
Hydrocracking % 03 | 25 | 101 | 33.6 | 60.0 | 79.3 | 844 85.8 | 83.3
Hydroisomerization % 36.2 | 453 | 49.4 | 39.7 | 233 | 87 3.8 1.2 0.2
Hydrocyclization % 0.0 0.4 0.6 1.6 3.2 5.2 71 101 | 129
Total Conversion 36.5 | 48.2 | 60.1 | 74.9 | 86,5 | 93.2 953 | 971 | 96.4
Hydrocracking Selectivity 0.8 52 | 16.8 | 44.9 | 69.4 | 851 | 88.6 88.4 | B6.4

Hydroisomerization selectivity | 99.2 | 94.0 82.2 | 530! 269 | 9.3 4.0 1.2 0.2

Dehydrocyclization Selectivity | 0.0 0.8 1.0 24 a7 5.6 75 (104 | 134

lsobutane / n-Butane 0.0 | 0.33 | 0.64 | 0.48 | 0.42 034 | 0.4 | 047 | 0.54

Isopentane ! n-Pentane 0.0 1.0 10 1120 1.4 | 1.44 | 1.42 157 | 1.5
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Furthermore, F introduction appears to have increased the hydrophobicity
of the catalysts which also results in inhibiting the dehydrocyclization of
n-hexane to benzene. Using the 0.15, 0.30 and 0.60 % Pt/FH-Z catalysts,
benzene in product amounts to 3.7-18.1 %, 3.5-16.5 % and 2.7-12.9 % at
temperatures of 400-500°C, respectively, as compared to 12.1-22.8 %,
15.8-22.6 % and 18.9-32.9 %, respectively, using the respective Pt/H-Z
versions. The combined effect of inhibiting both hydrocracking and
dehydrocyclization reactions has increased the hydroisomerization
selectivities of the F-promoted. catalysts. For instance, isomerization
selectivities of 100.0-66.0%, 100.0-71.3 % and 99.2-26.9 %, are obtained
using the 0.15 % Pt, 0.30 % Pt and 0.60 % Pt/F-H-Z catalysts (Tables 14-
16), respectively, at temperatures of 300-400°C, compared to 100-25.1%,
100-10.6 % and 97.6-20.5 % respectively, (Tables 2-4) using the
respective Pt/H-Z catalysts.

Correlation of the percentage of methane + ethane in the
hydrocracked product, (C; + C2)100/ £(C; — Cs), using the Pt/F-H-Z and
Pt/H-Z catalysts, simply compares the terminal hydrocracking efficiencies
of these two series of catalysts (Figs. 24 and 8). A significant inhibition
of terminal hydrocracking is observed via fluorine inclusion in the
catalysts. Using the 0.15 % Pt, 0.30 % Pt and 0.60 % Pt/F-H-Z catalysts,
the percentage of C;+C, in the hydrocracked product amounts to 3.3-8.1
%, 3.9-5.8 % and 4.0-14.0 % at temperatures of 350-500°C, respectively,
compared to 6.7-22.5 %, 6.8-32.6 % and 6.0-37.8 %, respectively, using
the respective Pt/H-Z catalysts.
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The 3-MP values in product relative to those in the thermodynamic
equilibrium (Fig. 25) are highest using the 0.15% Pt-containing catalyst
and lowest over the 0.60% Pt-containing catalyst. However, the ratios of
2,2-DMB are highest using the 0.60% Pt-containing catalyst and lowest
using the 0.15% Pt-containing catalyst (at low temperatures). The
variation of the ratios is most clear using the 0.60% Pt-containing
catalyst. 2,2-DMB appears to require higher Pt content than 3-MP up to a
temperature of 425°C.

3.4. Hyrdoconversion of n-Hexane Using Steamed
H-ZSM-5 Zeolite Containing Catalysts

3.4.1. Using Unloaded Steamed H-ZSM-5 Zeolite Catalyst

(St H-Z Catalyst)
Comparing the data in Table 17 and Fig. 26 with those in Table ]

and Fig. 1 shows that hydrothermal treatment (steam treatment) of
H-ZSM-5 zeolite results in some decrease of its hydroconversion activity.
Neither isomerization nor cyclization products appear in the reaction
product using the St H-Z zeolite catalyst. Although the hydrocracking
selectivity is 100 % all over the temperature range investigated, yet the
hydrocracking activity exhibits some decrease. Hydrocracked products
amount to 6.6-32.6 % at temperatures of 400-475°C respectively, using
the St H-Z catalyst compared to 19.7-34.0 % respectively, using the
untreated H-Z zeolite catalyst. However although methane + ethane in

product amount to 0.2-6.5 % and propane amounts to 1.3-27.0 % at
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Table 17 : Distribution of Reaction Products Through Hydroconversion of

n- Hexane at Different Temperatures Using St-H-Z Catalyst.

. Methane + .E.thane

Propane 0.5 1.3 4.2 8.0 13.0 { 19.0 | 27.0
isobutane 0.0 0.3 0.3 0.9 1.7 2.2 0.0
n-Butane 00 | 0.0 1.3 | 26 | 3.9 | 49 1.5
Isopentane 06 | cO | 00} 04 | 1.0 1.1 1.8
n-Pentane 0.0 0.0 0.0 0.4 1.0 0.9 1.7
2,2-Dimethylbutane 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2-Methylpentane +

2,3-Dimethylbutane 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3-Methylpentane 00 |00 | 00 | 00 j 00 | 0.0 0.0
n-Hexane 99.5 | 98.2 | 93.4 | 859 | 0.0 0.0 0.0
Methylcyclopentane 0.0 0.c 0.0 0.0 0.0 0.0 0.0
Benzene 00 | 00§ 00 | 00 | 00 | 0.0 | 0.0
Hydrocracking % 0.5 1.8 66 | 141 | 23.7 | 326 | 385
Hydroisomerization % 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hydrocyclization % 0.0 0.0 0.0 a.0 0.0 0.0 0.0
Total Conversion 0.5 1.8 66 | 141 | 23.7 | 32.6 | 385
Hydrocracking Selectivity 100 | 100 | 100 | 100 | 100 | 100 | 100

Hydroisomerization selectivity | 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Dehydrocyclization Selectivity | 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Isobutane / n-Butane 0.0 00 | 023 035|044 | 045 ] 0.0

isopentane / n-Pentane 0.0 0.0 0.0 1.0 10 | 1.22 | 1.06
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temperatures of 375-500°C, respectively, these hydrocarbons, i.e., C+C,
amount to 1.2-7.7 % and propane amount to 5.4-14.9 % using the H-Z
catalyst. This indicates that steam-treatment of the zeolite enhances
central splitting of n-hexane to propane, particularly at higher

temperatures.

In the hydrocracked products using the St H-Z catalyst, the i-C4/n-C4
ratio ranges between 0.23 and 0.45, showing insignificant variation from
the corresponding values using the unsteamed H-Z version (0.27-0.49)
(Tables 17 and 1). However, j-Cs/n-Cs ratios of 1.0-1.22 using the St H-Z
catalysts are obtained as compared to ratios of 0.67-0.87 using the
unsteamed catalyst. These data may show slight improvement of hexane

hydroisomerizing activity of H-Z zeolite via steam treatment.

3.4.2. Steamed Pt/ H-ZSM-5 Catalysts (Pt/St H-Z Catalyst)

In these catalysts, Pt incorporation has preceded the steam treatment.
So the extent of stability of the Pt- H-Z catalysts against steaming show
that steaming is effective in decreasing the hydroconversion activities of
the P/ H-Z catalysts at all Pt concentrations (compare Tables 18-20 with
Tables 3-5, respectively). Steam-treatment of the 0.15 % PUH-Z catalyst
(Figs. 27and 28), 0.30 % PvH-Z (Figs. 29 and 30) and 0.60 % Pt/H-Z
(Figs. 31 and 32) catalysts gives n-hexane hydroconversion of 36.1-82.5
%, 33.8-90.5 % and 42.6-94.1 %, respectively, at reaction temperatures
between 300 and 500°C, compared to 68.2-100 ", 61.6-100 and 62.7-100

%, respectively, using the corresponding untreated P/H-Z catalysts.
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Table 18 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using $t0.15% PYH-Z Catalyst.

Methane + Ethane 00 00 [ 00 | 07 | 15 | 29 | 45 | 66 | 84 | 107 | 120

Propane 00. 0.6 1.9 4.4 79 | 133 | 21.0 | 26.0 | 28.2 | 29.0 | 29.0
Isobutane 0.0 0.0 0.5 1.2 1.9 4.1 5.8 8.1 9.1 8.0 8.5
n-Butane 0.0 0.0 0.7 20 3.5 6.0 95 | 124 | 13.8 ] 13.5 | 13.0
Isopentane 0.0 0.0 0.0 0.7 1.6 2.5 4.0 4.5 3.5 2.5 1.2
n-Pentane 0.0 0.0 0.0 0.6 14 3.1 3.6 33 27 2.0 1.3
2,2-Dimethylbutane 0.0 0.0 0.0 11 1.7 241 1.9 1.2 0.0 0.0 0.0
2-Methylpentane + 49 | 115 {171 | 208 | 243 | 178 | 13.0 | 84 4.5 2.5 20

2,3-Dimethylbutane

3-Methylpentane 55 | 100 | 435 | 164 | 168 | 139 | 98 | 57 | 28 | 13 | 05
n-Hexane g0.6 | 785 | 63.9 | 50.4 | 40.4 | 324 | 257 | 203 | 182 | 175 | 175
Methylcyclopentane 100 |00 |24| 20| 20]20|19|12]| 00| 00|00
Benzene 00 | 00 | 00 | 00 | 00| 0o | oo 35|88 |120]150
Hydrocracking % 00 | 00 | 31 | 96 | 178 | 319 | 48.4 | 60.8 | 657 6.7 | 65.0
Hydroisomerization % 104 | 215 | 306 | 380 | 308 | 338 | 247 | 153 | 73 | 38 | 25
Hydrocyclization % 00 | 00 | 24 | 20 | 20| 19 | 1.2 | 35 | 88 | 120 150
Total Conversion 704 | 215 | 361 | 496 | 506 | 67.6 | 743 | 79.7 | 81.8 | 62.5 | 825
Hydrocracking Selectivity o0 |00 | 86 | 19.4 | 209 | 47.2 | 651 | 76.4 | 80.3 | 80.9 | 78.8

Hydroisomerization selectivity | 100 | 100 ; 34.8 766 | 668 | 500 | 33.2 | 192 | 8.9 4.6 3.0

Dehydrocyclization Selectivity | 0.0 0.0 6.7 4.0 34 28 16 44 | 10.8 | 146 | 18.2

Isobutane / n-Butane 0.0 00 |071| 06 | 054 | 0.68 | 0.61 | 0.65 | 0.66 | 0.67 | 0.65

Isopentane / n-Pentane 0.0 0.0 00 | 117 [ 114 | 081 | 111 | 136 | 13 | 1.25 | 0.92
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Table 19 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using St 0.30% PtH-Z Catalyst.

T

Methane + Ethane “50 100 [ 03 | 08 |17 |34 |52 |78 |93 [115 | 145

Propane 0.0 0.7 23 5.5 99 | 178 | 256 | 31.5 | 34.0 | 36.1 | 376
Isobutane 0.0 0.0 0.0 14 2.9 5.6 7.2 9.7 | 107 | 101 | 85
n-Butane 0.0 0.5 09 | 23 49 8.t | 12.0 | 148 | 152 [ 141 | 12.0
Isopentane 0.0 0.0 0.0 1.0 2.7 4.7 5.5 55 4.8 42 1.5
n-Pentane 0.0 0.0 0.0 0.9 22 4.0 4.0 3.7 3.5 25 0.7
2,2-Dimethylbutane 0.0 0.0 0.4 0.9 15 1.9 2.0 1.5 0.5 0.0 0.0
2-Methylpentane + 2.5 98 | 165 | 198 | 205 | 157 | 105 | 5.0 2.0 0.0 0.0

2,3-Dimethylbutane .

3-Methylpentane | 36 | 78 | 120 | 147 | 155|119 | 75 | 35 | 1.3 | 0.0 | 0.0
n-Hexane 939 | 81.2 | 66.2 | 51.3 | 36.3 | 24.2 | 18.0 135 | 40.2 | 9.0 | 95
Methylcyclopentane 0.0 | 0.0 1 14 14 14 | 17 1.3 | 00 0.0 0.0 0.0
Benzene 00 00 | 00 |00 |00 OO0 | 12| 35| 85 | 125|157
Hydrocracking % 0.0 | 1.2 | 35 | 119 | 243 | 446 | 595 | 73.0 | 77.5 | 78.5 | 74.8
Hydroisomerization % 61 | 176 | 289 { 354 | 375 | 2051 200 | 100 | 38 | 0.0 | 0.0 |
Hydrocyclization % 00 | 0.0 14 | 14 | 14 | 17 | 25 | 3.5 | 85 | 125 | 157
Total Conversion ) 61 | 188 | 338 | 48.7 | 63.2 | 758 | 620 | 865 | 89.8 | 91.0 | 90.5
Hydrocracking Selectivity 00 | 63 | 104 { 244 | 385 | 588 { 726 | 844 | 86.3 | 86.3 | 827

Hydroisomerization selectivity | 100 | 93.6 | 85.5 | 72.7 593 | 389 | 244 | 116 | 42 0.0 0.0

Dehydrocyclization Selectivity | 0.0 0.0 4.1 29 22 22 31 41 95 | 13.7 | 174

Isobutane / n-Butane 0.0 0.0 00 | 061|059 |062| 06 [ 066 07 | 072 ]| 0.7

isopentane / n-Pentane 0.0 0.0 00 | 111|123 ] 118 | 1.38 | 1.49 | 1.37 | 1.68 | 0.21
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Table 20 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using St 0.60% Pt/H-Z Catalyst

"Methane + Ethane 50T 00 02 [ 08 [ 47 | 30 | 47 | 66 | 94 | 130 | 165 |

Propane 00 | 0.4 | 22 | 46 | 104 | 16,0 | 23.3 | 20.5 | 36.0 | 33.8 | 303
Isobutane 00 | 00 | 06 | 13 | 27 | 46 | 7.3 | 96 [ 100 | 102 | 8.0
n-Butane 0.0 | 00 | 07 | 20 | 46 | 76 | 116 | 13.8 | 15.0 | 147 | 11.4
Isopentane 0.0 0.0 0.0 0.9 2.3 4.3 5.6 5.2 3.4 2.3 13
n-Pentane 00 | 00 § 00 [ 07 | 19 | 3.8 | 48 | 41 24 [ 15 1.0
2,2-Dimethylbutane 00 |00 [ 07 |12 |20} 27! 23| 13 | 00 | 00 | 00
2-Methylpentane + 7.8 | 164 | 20.2 | 226 | 227 { 182 | 120 | 53 | 2.1 10 ¢ 0.0

2,3-Dimethylbutane

3-Methylpentane | 87 | 138 1162|172 | 172|138 | 87 | 38 | 1.2 | 03 | 00
n-Hexane | 835 | 69.4 | 57.4 | 467 | 329 | 244 | 172 [ 140 | 9.4 | 69 | 5.9
Methylcyciopentane 00 | 00| 18] 22|16} 16|12 11| 00| 00| 0o
Benzene 00 | 00 | 00 [ 00 | 00 | 00| 15| 57 | 111 | 145 | 175
Toluene 00 | 00 | 00 | 00 | 0o | 0o | 00|00 00| 18| 81
Hydrocracking % 00 | 04 | 37 [ 101 | 236 | 39.3 | 57.1 | 68.8 | 76.2 | 75.5 | 68.5
Hydroisomerization % 165 | 302 | 371 | 410 | 419 | 347 | 230 | 104 | 3.3 | 13 | 0.0
Hydrocyclization % 00 | 00 | 1.8 | 22 | 16 | 16 | 27 | 68 | 11.1 | 163 | 256
Total Conversion 16.5 | 306 | 42.6 | 533 | 67.1 | 75.6 | 82.8 | 86.0 | 90.6 | 93.1 | 94.1
Hydrocracking Selectivity 00 | 13 | 87 | 189 | 352 | 520 | 69.0 | 80.0 | 844 | 81.1 | 72.8

Hydroisomerization selectivity | 100 | 98.7 | 87.1 | 76.9 624 | 459 { 278 | 121 | 3.6 14 0.0

Dehydrocyclization Selectivity | 0.0 00 | 42 | 44 24 | 21 33 | 79 | 123 | 17.5 | 27.2

Isobutane / n-Butane 0.0 00 | 086 [065]| 059|061 |063] 07 {067} 069 | 07

isopentane / n-Pentane 0.0 0.0 00 | 129 | 121 | 113 | 122 | 127 | 142 ]| 453 [ 1.3

- -128-




L Results and Discussion J

15ATB1R0

7-H Ad % S1°0 1S 9y Suisn suexay-u jo jonpoid
UOISISAUO00IPAY aU} Ul sjusuodiiod paydeIdoIpAH ‘LT 81

0, 3N IVHIdWIL

13Nd0¥d NI LN3J¥3d

-129-




rResults and Discussion)

15418380 Z-H Nd %S 1°0 1S Y1 Suisn suexay-u Jo
1onpoid UOISISAUCO0IPAY St Ut spusuodwos E9) ‘8T .m—.m

2, UNLYYIdWI L
005 057 00Y 05E 00 0cz
0 ﬂ I | D
" | : \\_\T |
\/ o :
N
ozl - dOW .
or : 401
\/
os} 10 le
(q) |
08}t
S 40¢
@.J
o
o 5

12NA0¥d Ni IN30¥3d

-130-




( Results and Discussionj

1SA[E1ES  Z-H /i % 0£°0 3§ oy
dursn suexey-u Jo Jonpoid uolsIeAu0o0IpAY

o3 U spuauodwiod pasoeIooIpAy 67 ‘81

3, 3UNLVYIIWIL

Tp)

o
13NJ04d NI LN3D¥3d

u
-—

o
N

-131-




Results and Discussion

15478380 Z7-H /1d %0€°0 1S 9Y3 SUIsn suexay-u Jo
1onpoid UOISIBAUCI0IPAY oy} Ul sjusuoduios 9 g¢ B A

2,/3YNLVYIdWIL
005 0s2
Or— —0
—a _ .

A
09 <01
09 TAS dsi
Oml ION
001 6Z

13N00dd NI IN3J¥3d

-132-




Results and Discussion

1541e180  Z-H Ad % 09°03S W
Fuisn suexey-u Jo 10npoid UOISIOAU0S0IPAY

oy ur syusuodwod payoeiooIpAH 1€ *S1q

0, 3UNIVYIdNI L

0l

Gl

0¢

13NA0¥d NI LN3Jd3d

-133-




Results and Discussion

18418180 Z-H Ad %09°0 1. oY Fuisn suexay-u Jo
1onpoid U0IsIoAU000IPAY 3y Ul susuedwion 9 *7e “SI

7, IUNLYYIdWIL
008 05" 007 0se ~ ooe 02
O o i . '
u’/«flu'._.‘ — 4 . |
. Bwa-z* HOW
oz /> Jf Wa-2z
Q \/
O
S5
07t
Q
&
0sr \VA/\WA\
08t
(a)

00!

ol
g1

0¢

G¢

10NA0dd Nt 1N30Y3d

134




{  Results and Discussion ' _—

Using the St Pt/H-Z catalysts the hydroisomerization maxima
amount to 39.8, 37.5 and 41.9 %, respectively, at a reaction temperature
of 350°C, compared to significantly higher maxima of 68.6, 66.0 and
62.7 % using the corresponding Pt/ H-Z catalysts, respectively, at a
reaction temperature of 325°C, i.e,, steaming has not only decreased the
level of these isomers maxima but also raised the temperature at which

these maxima take place (Tables 18-20 and Figs. 27-32).

Benzene cannot be formed using the unloaded St H-Z catalyst,
whereas after Pt incorporation in this zeolite, benzene formation takes
place and increases with temperature. Using the St PUH-Z catalysts,
benzene is significantly lower than using the corresponding Pt/H-Z
catalysts. Benzene reaches its maximum formation of 15.0, 15.7 and 17.5
% at 500°C using the St 0.15%, 0.30% and 0.60% Pt/H-Z catalysts,
respectively, compared to 22.8, 22.6 and 32.9 %, respectively, using the
corresponding Pt/H-Z catalysts. This reflects the hydrophobic nature of
the steamed zeolite catalysts, since steaming results in hydrothermal
dealumination of the zeolite, but the removed Al from the framework
remains in non-framework positions in the zeolite channels and cages.
The Si/Al ratio of the steamed H-Z catalyst (Table 21) is not significantly
lower than that of the mother H-Z zeolite, which indicates that most of
the Al removed from the framework is still contained in the steamed
zeolite. Both neutral and ionic Al species have been identified by several

authors [97,201,202] in the hydrothermally-treated zeolites.

-135-




[ Results and Discussion J

L9t 43 Z-HSA

1'zs ¢'9¢ Z-HvVd-4d

L91 08¢ Z-H1S

v'el L'LT Z-H-A

v0g 383 Z-H-vd
Fﬁ. ‘GSeRIONL IV /1S oued IV /1S | 3@&5&0

SUOISIIA PIJIPOA] S} pue
NN[0dZ Z-H papeoju) dyz Jojoney [v /IS :IZ9I9EL

-136-




[ Results and Discussion ) —_—

Toluene also appears in the product of n-hexane hydroconversion
using the St 0.60 % Pt/H-Z catalyst at higher temperatures; it amounts to
1.8-8.1 % at temperatures of 475-500°C, respectively. Since toluene does
not appear in the reaction product using the P/DA-H-Z catalysts, which
have been dealuminated using EDTA and possessing higher Si/Al ratios
than those treated with steam, it can be assumed that the Al species
deposited in the channels of the St 0.60 % Pt/H-Z catalyst may be
responsible for the formation of toluene. Toluene may be formed via
alkylation of the formed benzene, while it is still adsorbed on the catalyst
via methyl group transfer reaction. The methyl groups are formed via
hydrogenolysis of n-hexane, in relatively larger percentages, on the
higher Pt-containing catalysts. Hydrogenolysis is an active reaction over
Pt crystallites; therefore, it seems logic that toluene is forméd over the
catalyst containing 0.60 % Pt only but not on the catalysts containing
0.15 or 0.30 % Pt.

The extent of hydrocracking using the St Pt/H-Z catalysts do not
significantly differ from that using the corresponding untreated Pt/H-Z
catalysts. The hydrocracking seléctivities using the steamed catalysts is
higher than those using the unsteamed catalysts. The hydrocracking
selectivities reach maxima of 80.9, 86.3 and 84.1 % using the steamed
0.15, 0.30 and 0.60 % Pt containing catalysts, compared to values of 77.5,
79.0 and 69.4 % using the corresponding Pt/H-Z catalysts. Steam-
treatment may have created some strong Bronsted acid sites as assumed

by Mirodatos et al. [128].
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Moreover, benzene in product using the steam-treated 0.15, 0.30 and
0.60 % Pt/ H-Z catalysts is also lower than using the corresponding
unsteamed Pt/ H-Z catalysts. Using the steamed catalysts, benzene
amounts to 15.0, 15.7 and 25.6 %, respectively, at a temperature of
500°C, whereas using the corresponding unsteamed catalysts, benzene in
the product reaches 22.8, 72 6 and 32.9 %, respectively. The decrease of
benzene production after steam-treatment of the catalysts is most
probably due to increasing the hydrophobic character of the zeolite.
Although a portion of Al is removed outside the channels of the zeolite,
yet another portion remains in these channels in the form of non-
framework oxo-aluminjum species (AlO)", [128]. Data in the preceding
part show that dealumination via EDTA treatment has greatly enhanced
n-hexane hydroisomerization activity and selectivity (Fig. 15), whereas
steam-treatment, which also results in framework dealumination, has, on
the contrary, significantly inhibited the isomerization activities and
selectivities of the catalyst. An important reason for this inhibition is
attributed to a significant decrease of Pt dispersion, (Table 5) which
results in significant agglomeration of the Pt crystallites; thus
deteriorating the proper action of bifunctionality and intimacy [195].
Another reason for the decrease of the hydroisomerization activity and
selectivity is the presnce of some non-framework amorphous Al species

in the zeolitic channels and cages of the St Pt/H-Z catalysts.
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The hydrocracking activity of the St PtH-Z catalysts for producing
C,+C, components in the hydrocracked product do not greatly differ (Fig.
33) via changing the Pt content from 0.15% Pt to 0.60%. Only using the
0.60% Pt-containing catalyst the C+C, component increases with a
relatively higher rate at temperatures from 450 to 500°C. This also

indicates activated hydrogenolysis.

Nevertheless, the ratio of i-C4¢/n-C, in the product using the
St P/H-Z catalysts (Table 18-20) is higher than that using the unsteamed
versions (Table 2-4) and also higher than using the catalyst versions
wherein the zeolite is dealuminated by EDTA (Tables 8-10). This may
indicate that the C4 isomers formed on the St Pt/ H-Z catalysts are rapidly
cracked to produce higher iso-butane/n-butane ratios. This may also
indicate that some oxo-aluminium species of higher acidity stréngth [128]

- are formed in the channels and cages of the St Pt/H-Z catalysts.

The Y/Ye values obtained for 3-MP and 2,2-DMB (Fig. 34) increase
with temperature up to a maximum, beyond which they decrease with a
further increase of temperature. At lower temperatures, 3-MP is
significantly higher than 2,2-DMB. The maxima of these isohexanes take
place at 350 and 450°C, respectively. In general, this ratio is in the order
0.60 % Pt > 0.15 % Pt > 0.30 % Pt at least up to a temperature of 350°C.
This indicates that a higher Pt content of 0.60% does not cause restriction

of the formation of these components.
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Fig. 33.  CiC, in the hydrocracked product of n-hexane

using the St Pt/H-Z catalysts.
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Fig. 34. 3-MP and 2,2-DMB in the hydroconversion
product of n-hexane relative to their equilibrium
concentrations (Y/Y.,) at different reaction
temperatures using theSt Pt/H-Z catalyst
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n-Hexane HydroconverSion Using F-DA-H-Z

Containing Catalysts
3.5.1. Correlation of Catalysts Treated with EDTA, F and

with Both Treatments
Each of the dealuminating procedures, EDTA or F treatment, gives
enhancement of n-hexane hydroconversion. Using the mother H-Z
catalyst, hydroconversion products comprise 1.8-36.2% between
temperatures of 350 and 500°C, respectively, compared to 3.0-55.7%
(Table 7) and 33.1-49.4% (Table 13) respectively, using the DA-H-Z and
F-H-Z catalysts, respectively.

On the other hand, combination of the two above mentioned
treatments together, i.e., EDTA treatment followed by fluorination, the
catalyst obtained (F-DA-H-Z) exhibits a lower activity (1.1-36.8%)
(Tabie 22 and Fig. 35) than using the F-H-Z and DA-H-Z catalysts for n-
hexane hydroconversion. This conversion level is lower than using either |
F-H-Z or DA-H-Z but, rather close to the activity level using. the
untreated H-Z catalyst. The greater activation of the F-H-Z catalyst than
the DA-H-Z catalyst can be attributed to the larger number of strong acid
sites, since the TPD-profiles obtained using differential scanning
calorimetry show that ammonia-desorption enthalpy from the acid sites of
F-H-Z and DA-H-Z amount to 104.1 and 98.5 Jg'', respectively and the
HT-peak temperatures for ammonia-desorption are, respectively, 457 and

456°C (Fig.7and Table 6) compared to 452°C using the H-Z catalyst..
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Table 22 : Distribution of Reaction Products Through Hydroconversion of

n- Hexane at Different Temperatures Using F-DA-H-Z Catalyst

: f Reaction -._’IE‘_érﬁ.‘pera'{ure,zc"
Component in-‘P.rbiﬂl'.If: ' - _ |
- 350 | 375 | 400 Tas0 [ 475 |
e |08 | 15| 25 | 38 | !
Propane 0.8 3.0 7.0 10.7 | 148 | 18.1 | 19.9
Isobutane 0.0 0.4 1.0 1.6 21 28 24
n-Butane 0.2 1.0 2.2 a7 5.2 8.3 5.4
Isopentane 0.0 0.1 0.2 0.3 0.6 0.7 0.6
n-Pentane 0.1 0.1 0.4 0.6 1.0 1.1 0.9
2,2- Dimethylbutane 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cyclopentane 0.0 0.0 0.2 0.3 0.4 0.5 0.6
2-Methylpentane + 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2,3-Dimethylbutane
3-Methylpentane 0.0 0.0 0.0 0.0 0.0 0.0 0.0
n-Hexane 98.9 | 948 | 87.8 | 80.3 | 72.1 | 654 | 63.2
Methylcyclopentane 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Benzene 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hydrocracking % 1.1 52 | 125 | 197 | 27.9 | 346 | 3638
Hydroisomerization % 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Hydrocyclization % 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total Conversion 1.1 52 | 425 | 197 | 279 | 346 | 36.8
Hydrocracking Selectivity 100 | 100 | 100 | 400 | 100 | 100 ; 100
Hydroisomerization selectivity | 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Dehydrocyclization Selectivity | 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Isobutane / n-Butane 0.0 | 040 | 0.45 | 043 | 0.4 | 0.44 | 0.44
Isopentane / n-Pentane 0.0 1.0 0.5 0.5 06 | 0.64 | 0.67
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Fig. 35. Hydroconversion products of n-hexane
using the F-DA-H-Z Catalyst.
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Although the hydroconversion levels using the mother H-Z catalyst
and its double-treated version (F-DA-H-Z) are almost equal, the former
catalyst acquires a larger number of strong acid sites (ammonia-
desorption AH equals 115.5 vs. 81.5 Jg! (Table 6) using the latter
catalyst), whereas these strong acid sites are relatively stronger in the
latter catalyst than in the former (peak temperature is 452°C for H-Z and
454°C for the F-DA-H-Z catalyst). It is to be pointed out that the
principal or even the sole reaction on these catalysts is hydrocracking.
However, hydroisomerization and aromatization reactions are completely

absent.

3.5.2. Hydroconversion of n-Hexane Using the Pt/F-DA-H-Z

Catalysts

The Pt- loaded F-DA-H-Z catalysts containing 0.15% Pt (Table
23 and Fig. 36), 0.30% Pt (Table 24 and Fig. 37) and 0.60% Pt (Table 25
and Fig. 38) show significant lower hydroconversion activities than the
corresponding Pt/DA-H-Z and PtF-H-Z catalysts. Comparing the
catalysts containing 0.15% Pt supported on F-DA-H-Z, H-Z, DA-H-Z
and F-H-Z, hydroconversions of 34.2-80.3%, 68.2-100%, 66.5-97.2 and
12.9-69.4%, respectively, are obtained at reaction temperatures of 300-
500°C, respectively. This indicates that the 0.15% Pt containing catalysts

can be arranged according to their hydroconversion activities as follows:
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Table 23 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.15% Pt/ F-DA- H-Z Catalyst.

Coﬁiﬁoueht'in‘sProdﬁéft;.-'%" : Reaction ; T‘éﬁfp:'efajture',:c"

T35 350 [375 400 [425 450 | 475 | 500

Methane + Ethane 0.0 0.2 0.5 1.5 25 a5 4.9 5.6

Propane 0.0 0.7 2.7 8.4 19.0 | 32.0 | 37.9 | 40.4 | 41.0
isobutane 0.0 0.0 0.3 0.6 15 1.5 2.0 3.2 4.0
n-Butane 0.0 0.0 0.5 13 238 3.7 5.3 6.5 7.4
isopentane 0.0 0.0 0.0 0.4 0.6 0.7 1.2 1.1 1.0
n-Pentane 0.0 0.0 0.0 0.3 0.5 0.6 1.0 0.2 0.8
2,2-Dimethylbutane 0.0 0.0 0.3 0.6 1.6 1.3 1.3 1.3 1.0
2-Methylpentane + 157 { 241 | 20.0 1 20.0 | 245 | 17.2 | 104 | 7.0 5.1

2,3-Dimethylbutane

3-Methylpentane 185 | 229 | 24.2 | 222 | 168 | 11.6 | 6.7 4.0 34
n-Hexane 658 | 52.3 | 428 | 349 | 28.0 | 23.5 | 21.8 | 20.2 | 19.7
Methylcyclopentane 0.0 0.0 0.0 048 0.8 0.8 0.8 0.8 1.0
Benzene 0.0 0.0 0.0 1.0 24 4.8 8.1 9.7 | 103
Hydrocracking % 0.0 0.7 37 | 1.5 | 259 | 41.0 | 50.8 | 57.0 | 59.8
Hydroisomerization % 342 | 47.0 | 535 | 51.8 | 429 | 301 | 18.4 | 123 | 9.2
Hydrocyclization % 0.0 0.0 0.0 18 3.2 5.4 89 1 105 | 113
Total Conversion 342 | 477 | 57.2 | 651 | 720 | 76,5 | 78.2 | 79.8 ; 80.3
Hydrocracking Selectivity 0.0 1.5 65 | 17.7 | 36.0 | 53.6 | 65.1 | 71.4 | 744

Hydroisomerization selectivity 100 | 98.5 | 93.5 | 79.6 | 59.6 | 39.4 | 23.5 | 154 11.5

Dehydrocyclization Selectivity 0.0 0.0 0.0 2.7 4.4 7.0 | 11.4 ;| 13.2 | 141

Isobutane / n-Butane 0.0 0.0 06 | 0.46 | 0.54 | 0.41 | 0.38 | 0.57 | 0.54

Isopentane / n-Pentane 0.0 0.0 00 ! 133 1.2 | 417 | 1.2 | 1.22 | 1.25
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Table 24 : Distribution of Reaction Products Through Hydroconversion of n-
Hexane at Different Temperatures Using 0.30 % Pt/ F-DA- H-Z Catalyst.

Component in Products % Reaction , Temperature, C°

-

2’?5 - 300 | 325 | 350 | 375 400 | 425 | 450 | 475 S00

Methane + Ethane 0.0 0.0 0.2 0.5 1.7 2.8 4.5 6.3 7.5 9.7
Propane 0.0 0.6 2.7 85 | 244 | 347 | 40.0 | 43.9 | 4B.7 | 49.0
isobutane 0.0 0.0 0.2 0.6 1.8 29 3.8 4.5 5.0 5.0
n-Butane 0.0 0.0 0.3 1.5 4.2 6.9 85 | 10.0 | 9.8 9.5
Isopentane 0.0 0.0 0.0 0.6 1.7 24 2.2 1.7 1.1 0.6
n-Pentane 0.0 0.0 0.0 0.5 13 2.0 1.8 1.4 1.1 0.6
2,2-Dimethylbutane 0.0 0.0 0.8 0.9 1.0 0.8 0.5 0.5 04 0.0
2-Methylpentane + 140 { 24.0 | 285 | 290 | 225 | 15.0 | 9.2 5.0 2.0 0.0

2,3-Dimethylbutane

3-Methylpentane 16.5 | 18.7 | 21.0 | 21.3 | 155 | 10.0 | 6.0 3.3 1.3 0.0
n-Hexane 69.5 | 57.3 | 453 | 36.0 | 24.6 | 20.0 | 17.5 | 16.7 | 15.0 | 14.6
Methylcyclopentane 0.0 0.0 0.0 0.6 0.5 0.7 1.6 1.7 0.0 0.0
Benzene 0.0 0.0 0.0 0.0 0.8 1.8 3.7 5.0 8.1 11.5
Hydrocracking % 00 | 06 | 34 | 122|351 | 51.7 [ 618 | 67.8 | 73.2 | 744
Hydroisomerization % 305 | 427 | 51.3 | 51.2 | 39.0 | 25.8 | 157 | 8.8 3.7 0.0
Hydrocyclization % 0.0 | 0.0 | 0.0 0.6 1.3 2.5 5.0 6.7 81 | 11.0
Total Conversion 305 | 43.3 | 54.7 | 640 | 754 | 80.0 | 82.5 | 83.3 | 85.0 | 854
Hydrocracking Selectivity 0.0 1.4 6.2 | 191 | 466 | 646 | 749 | 814 | 861 | 871

Hydroisomerization selectivity | 100 | 98.6 | 93.8 | 80.0 | 51.7 | 323 | 18.0 | 10.6 | 4.4 0.0

Dehydrocyclization Selectivity | 0.0 0.0 0.0 0.9 1.7 31 6.1 8.0 9.5 | 129

Isobutane / n-Butane 0.0 00 | 067 | 0.4 | 043 | 042 | 04 | 045 | 051 | 0.53

Isopentane / n-Pentane 0.0 0.0 0.0 1.2 1.3 1.2 1.2 | 1.24 1.0 1.0
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Table 25 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.60 % Pt F-DA-H-Z Catalyst

Componeritin Product, % e Reaction., -Temp_eratu'te, c*

275 | 300 | 325 | 350 | 375 | 400 | 425 | 450 | 475 | 500

Methane + Ethane 0.0 0.0 0.0 1.0 1.9 3.5 5.0 6.5 85 | 114

Propane 0.0 0.7 35 g0 | 231 | 38.0 | 46.0 | 50.0 | 51.9 | 51.5
Isobutane 0.0 0.0 0.0 0.8 1.9 35 3.9 43 4.8 5.0
n-Butane 0.0 0.0 0.3 1.8 5.0 95 | 110 | 11.3 | 10.8 | 10.0
Isopentane ¢.0 0.0 0.0 0.8 1.9 2.9 2.7 2.0 0.8 0.5
n-Pentane 0.0 0.0 0.0 0.3 1.3 20 2.0 1.5 0.7 0.4
2,2-Dimethylbutane 0.0 0.0 0.6 1.3 1.5 1.1 0.8 0.2 0.0 0.0
2-Methylpentane + 15.0 | 248 | 295 | 28.0 | 22.0 (| 12.0 | 6.0 3.0 1.0 0.0

2,3-Dimethylbutane

3-Methylpentane 16.5 | 18.3 | 200 | 20.0 | 13.7 | 74 3.5 1.5 04 | 0.0
n-Hexane 68.5 | 56.2 | 461 | 36.7 | 259 | 163 | 128 | 10.0 | 8.9 7.7
Methylcyclopentane 0.0 0.0 0.0 0.3 0.5 0.4 0.3 0.0 0.0 0.0
Benzene 0.0 0.0 | 0.0 0.0 13 29 6.0 9.7 | 12.2 | 135
Hydrocracking % 0.0 0.7 38 1137 | 351 | 594 | 706 | 756 | 77.5 | 78.8
Hydroisomerization % 31.5 | 431 | 501 | 49.3 | 37.2 | 20.5 | 10.3 | 4.7 1.4 0.0
Hydrocyclization % 0.0 0.0 0.0 0.3 1.8 3.3 6.3 9.7 | 122 | 135
Total Conversion 315|438 | 53.9 | 63.3 | 741 | 83.2 | 87.2 | 90.0 | 91.1 | 923
Hydrocracking Selectivity 0.0 1.6 7.0 | 216 | 474 | 714 | 81.0 | 840 | B51 | 854

Hydroisomerization selectivity | 100 | 984 | 93.0 | 77.9 | 50.2 | 246 | 11.8 | 5.2 1.5 0.0

Dehydrocyclization Selectivity | 0.0 0.0 0.0 0.5 24 4.0 7.2 | 10.8 ; 134 | 14.6

Isobutane I n-Butane 0.0 0.0 0.0 044 | 0.38 | 0.37 | 0.35 |-0.38 | 0.44 0.5

{sopentane / n-Pentane 0.0 0.0 00 | 267 | 146 | 145 | 1.35 | 1.33 | 1.14 | 1.25
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0.15% Pt/H-Z > 0.15% Pt/ DA-H-Z > 0.15% Pt/F-DA-H-Z
> 0.15% Pt/F-H-Z

This arrangement appears 10 be consistent with the order of
hydrophilicity of the catalysts. The most hydrophilic catalyst contain the
“as synthesized” H-Z zeolite, having a Si/Al ratio of 22%, which is the
lowest Si/Al ratio among the catalysts containing 0.15%Pt. The DA-H-Z
and F-H-Z catalysts have Si/Al ratios of 39.1 and 36.2, respectively,
whereas the F-DA-H-Z catalyst has a Si/Al ratio of 52.5.

It has been assumed that Fluorination of alumina produces Al
fluoride and Al hydroxyfluoride — which acquire low surface area
[204-208]. However, in the H-ZSM-5 zeolite, fluorination, on the
contrary, significantly increases the hydroconversion activity (principally
hydrocracking), which does not revea) the formation of deactivating
fluoride and oxyfluoride phases. This indicates that a strong deactivation
takes place when Pt is incorporated in the zeolite presence of F, which
may indicate that the low-surface deactivating materials are catalyzed in

presence of Pt.

The activities of these catalysts for benzene production can be

arranged in the order:
0.15% Pt/H-Z > 0.15% Pt/DA-H-Z > 0.15% Pt/F-H-Z
> 0.15% Pt/F-DA-H-Z;
since benzene production amounts to 5.2-22 8%, 1.6-18.0%, 2.1-18.1%

and 1.0-10.3%, respectively. Benzene is the most polar Cs component in
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the products of n-hexane hydroconversion and its opportunity to be
formed should increase with decreasing the hydrophobicity of the catalyst

used, i.e., decreasing the Si/Al ratio.

On the other hand, a correlation of the hydrocracking activities at a
temperature of 400°C shows that using the 0.15% Pt/H-Z, 0.15% Pt/DA-
H-Z, 0.15% PtF-H-Z and 0.15% Pt/F-DA-H-Z catalysts, hydrocracked
products amount to: 56.4, 68.5, 19.6 and 25.9%, respectively. This shows
that the catalyst containing the zeolite dealuminated with EDTA is the
most active for hydrocracking, whereas the F-treated catalysts are less

active for this reaction.

Although fluorination of the zeolite (unloaded) has increased the
acid sites strength than any other treatment and also this increase has been
associated with a significant increase in the catalytic activity (Fig. 35),
contra-wise, when Pt is incorporated in the F-H-Z zeolite (Pt/F-H-Z)
(Tables 23-25), the catalytic activity for n-hexane hydrocracking has been
significantly supressed, principally due to the enhancement of the
competing isomerization reaction. At a temperature of 400°C, the
hydrocracking selectivity is 25.5%, whereas the isomerization selectivity
is as high as 66.0%. For comparison, using the 0.15% Pt/DA-H-Z
catalyst, the hydrocracking selectivity is 76.2%, whereas the
isomerization selectivity is only 19.4%. However, using the catalysts
containing 0.15%Pt supported on the dually-treated zeolite (0.15% Pt/F-
DA-H-Z) the selectivity for hydrocracking is 36.0%, whereas that for
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isomerization is 59.6%. Using the 0.15% Pt/H-Z catalyst at 400°C, the
hydrocracking selectivity amounts to 61.2%, whereas the isomerization
selectivity amounts to 25.1%. This comparison of selectivities shows that
at a relatively high reaction temperature of 400°C, fluorine inclusion In
the 0.15% Pt/H-Z catalysts, whether treated or untreated with EDTA for

dealumination, the hydroisomerization selectivity is greatly enhanced.

The concentration of Pt in the Pt/F-DA-H-Z catalysts is effective for
increasing the hydrocracking activity relative to the hydroisomerization
activity. Hence, it is found that at a reaction temperature of 400°C, the
hydrocracked product comprises 25.9, 51.7 and 59.4% using the 0.15%
Pt, 0.30% Pt and 0.60% Pt/F-DA-H-Z catalysts, respectively, whereas the
hexane isomers comprise 42.9, 25.8 and 20.5%, respectively, although the
number and strength of acid sites decreases as the Pt content increases
from 0.15 up to 0.60%. The hydrocracked product/isomerized product
increases indicating the effect of Pt for enhancing hydrocracking and/or

hydrgenolysis on the account of hydroisomerization.

Fig. 39 shows that the C,+C, percentage in the hydrocracked fraction
decreases with temperature and Pt content in the Pt/F-DA-H-Z catalysts,
i.e., effect of Pt on enhancing hydrogenolysis. Fig. 40 shows that at
temperatures lower than 325°C, the dibranched isomer 2,2-DMB is
negligible, whereas the monobranched 3-MP is increased with
temperature to reach the equilibrium values at 350-375°C then decreases

at higher temperatures.
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3.5.3. Acid Sites Strength Distribution via Temperature-
Programmed Desorption (TPD) of NH; from the

Unloaded Modified Zeolite Catalysts

From the NH;-TPD data depicted in Fig. 7 and given in Table 6, it is
evident that the unloaded modified zeolite catalysts give NH;3-desorption
enthélpy values higher than their respective Pt-containing versions
(Fig. 6 and Table 5). The highest acid sites number is exhibited by the
unmodified H-Z catalyst (115.5 J g"). All modified catalysts are
considered dealuminated versions of H-Z, i.e., via EDTA-treatment
(DA-H-Z), via fluorination (F-H-Z) (highest activity; Fig. 41), via
steaming or hydrothermal dealumination (St H-Z), as well as via double-
modification using EDTA-dealumination followed by fluorination (F-
DA-H-Z) and steaming followed by fluorination (F-St H-Z) (lowest
activity; Fig. 41). Those modified zeolite versions are thus more
hydrophobic than the mother H-Z form. The highest loss of acid sites are
found in the case of the double-modified catalysts namely F-DA-H-Z and
F-St H-Z where loss of 52.1 and 36.7%, respectively, are performed. The
lowest loss of acid sites is accomplished via fluorination (15.4%) and
steaming (16.7%). In both treatments aluminium removed from the

framework remains mostly in the zeolite.
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Fig. 41. Hydroconversion products of n-hexane
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3.5.4. Acid Sites Strength Distribution via Temperature-
Programmed Desorption (TPD) of NH; from Pt-

Loaded Modified Catalysts

The TPD values obtained for the Pt-containing modified zeolite
catalysts show, in general, that an unloaded zeolite version possesses a
larger number and more strongly acidic sites than the corresponding Pt-
containing versions, and that as Pt content increases, both acid sites
number and strength are found to decrease. Nevertheless, data in Table 6
show that the F-H-Z catalyst acquires a large number of strong acid sites
than the DA-H-Z zeolite, since NHg-desorption AH from the former is
104.1 Jg! vs. 98.5 Jg! from the latter. Moreover, the desorption peak
temperature for the former zeolite seems somewhat higher than that for
the latter ,i.e., higher acid strength. This difference in acidity can be
considered the major factor influencing the hydroisomerisation activities
of these catalysts. Although these unloaded zeolites are inactive or very
slightly active for isomerization, the values of hexane isomers obtained
may be indicative of the intrinsic activities of these zeolites. Using the
F-H-Z catalyst, the isomerization selectivity amounts to 9.2% at 325°C
and decreases with increasing temperature to reach 2.3% at 500°C,
whereas the DA-H-Z catalyst is completely inactive for isomerization of

n-hexane at all temperatures.
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Table 26 : Distribution of Reaction Products Through Hydroconversion of

n-Hexane at Different Temperatures Using F St H-Z Catalyst.

.Me‘tﬁane + Ethane

Propane 1.5 23 3.8 6.7
Isobutane 0.0 0.0 0.0 0.0
n-Butane 0.9 1.2 1.9 2.8
Isopentane 0.0 0.0 0.0 0.0
n-Pentane 0.0 0.0 0.0 0.0
2,2-Dimethylbutane 0.0 0.0 0.0 0.0
2-Methyipentane + 0.0 0.0 0.0 0.0
2,3-Dimethylbutane

3-Methylpentane 0.0 0.0 0.0 0.0
n-Hexane 971 95.6 92.7 87.0
Methylcyclopentane 0.0 0.0 0.0 0.0
Benzene 0.0 0.0 0.0 0.0
Hydrocracking % 29 4.4 7.3 13.0
Hydroisomerization % 0.0 0.0 0.0 0.0
Hydrocyclization % 0.0 0.0 0.0 0.0
Total Conversion 2.9 4.4 7.3 13.0
Hydrocracking Selectivity 100 100 100 100
Hydroisomerization selectivity 0.0 0.0 0.0 0.0
Dehydrocyclization Selectivity 0.0 0.0 0.0 0.0
Isobutane / n-Butane 0.0 0.0 0.0 0.0
Isopentane / n-Pentane 0.0 0.0 0.0 0.0
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HF-doping differs widely from HF-leaching of Al from the zeolite
framework. In the doping technique the principal reaction is fluorination
whereby a fluorine ion replaces a surface hydroxyl group, thus reducing
the number of surface protons. However, this does not mean that frame-
work Al is not removed. Actually, a small fraction of framework Al is

removed as shown from the data in Table 21.

Nevertheless, the steaming technique (hydrothermal treatment) 18
specifically a dealumination method, but a Si/Al ratio of 28.0 is obtained
for the St H-Z zeolite version. This figure seems low relative to a value of
977 for F-H-Z. In fact, the efficiency of steam-treatment for
dealumination may be comparable to that of EDTA-dealumination
technique via which the Si/Al ratio is 31.3 (Table 21). This considerable
difference between the Si/Al values for St H-Z and DA-H-Z zeolites
indicates that a significant fraction of the Al removed from the zeolitic
framework is deposited in non-framework positions in the channels and

cages of the zeolite.

3.6. n-Hexane Hydroconversion Using F-St H-Z
Containing Catalysts

3.6.1. Using the F-St H-Z

Table 26 and Fig. 42 give the hydroconversion product distribution
using the F-St H-Z catalyst. This catalyst exhibits the lowest activity
among all catalysts investigated. This catalyst is inactive neither for

hydroisomerization nor for cyclization reactions, whereas it is of only
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Table 27 : Distribution of Reaction Products Through Hydroconversion of n-
Hexane at Different Temperatures Using 0.15% Pt/ F-St H-Z Catalyst

-cqmpgpejfg};};InsLqudhuct.;s:,%; i

it

hﬂéfh.ahe + Ethane

Propane 0.0 | 0.0 1.0 | 6.5 | 125 | 195 | 27.5 | 34.8 | 44.0
Isobutane 0.0 0.0 0.3 0.4 1.1 1.8 2.0 25 21

n-Butane 00 | 00 | 03 | 06 | 1.3 | 22 | 42 | 52 | 6.0
Isopentane 0.0 0.0 0.0 0.0 0.2 0.6 1.0 0.9 0.8
n-Pentane 0.0 0.0 0.0 0.0 0.1 0.3 0.6 0.6 0.6
2,2-Dimethylbutane 0.0 0.0 0.0 0.7 1.2 1.4 1.4 0.8 0.3
2-Methylpentane + 9.4 | 167 | 24.2 | 286 | 248 | 198 | 144 | 9.8 5.3

2,3-Dimethylbutane

3-Methylpentane 113 | 16.2 | 199 | 195 | 169 | 13.5 | 9.3 6.2 2.5
n-Hexane 79.3 | 671 | 541 } 425 | 384 | 345 | 30.8 | 29.6 | 29.0
Methylcyclopentane 0.0 0.0 0.0 0.8 1.0 1.0 14 0.7 0.0
Benzene 0.0 0.0 0.0 0.0 1.6 35 49 5.6 53
Hydrocracking % 0.0 0.0 1.8 7.9 | 16.1 | 26.3 | 37.8 | 47.3 | 57.6
Hydroisomerization % 207 | 329 | 441 | 488 | 429 | 347 | 251 | 16.8 | 8.1
Hydrocyclization % 0.0 0.0 0.0 0.8 2.6 4.5 6.3 6.3 5.3
Total Conversion 20,7 | 329 | 459 | 575 | 61.6 | 65.5 | 69.2 | 70.4 | 71.0
Hydrocracking Selectivity 0.0 0.0 39 | 137 | 26.1 | 40.2 | 546 | 67.2 | 81.1

Hydroisomerization selectivity | 100 | 100 | 96.1 | 84.9 | 69.7 | 52.9 36.3 | 239 | 114

Dehydrocyclization Selectivity | 0.0 0.0 0.0 14 4.2 6.9 9.1 8.9 7.5

Isobutane / n-Butane 0.0 0.0 1.0 15 | 0.85 | 0.82 | 0.48 | 0.48 | 0.35

Isopentane / n-Pentane 0.0 0.0 0.0 0.0 20 20 1.67 1.5 | 1.33
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Table 28 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.30% Pt/F-St H-Z Catalyst

e e ponents_ln_i.l?,roduét. :

Methane + Ethane

Propane 0.0 0.0 23 6.6 147 | 20.3 | 26.0 | 32,1 | 37.5
Isobutane 00 | 0.0 05 | 05 | 09 1.4 1.7 1.9 2.1
n-Butane 00 | 00 | 06 141 23 | 41 50 | 57 5.8
Isopentane 0.0 0.0 0.0 0.0 0.5 1.2 1.1 1.0 0.9
n-Pentane 00 | 00 { 00 | 00 | 04 | 10 | 08 | 09 | 08
2,2-Dimethylbutane 0.0 0.0 0.0 0.5 0.9 1.2 0.7 0.0 0.0
2-Methylpentane + 95 | 175 | 227 | 252 | 21.3 | 155 | 10.8 5.6 1.0

2.3- Dimethylbutane

3-Methylpentane 7.1 124 | 156 | 16.2 | 13.6 | 104 | 7.0 3.5 0.5
h-Hexane 834 | 701 | 58.3 [ 48.8 | 43.4 | 40.0 | 39.9 | 404 | 41.0
Methylcyclopentane 0.0 0.0 0.0 0.0 0.0 1.0 0.9 0.9 0.8
Benzene 0.0 0.0 0.0 0.0 1.0 24 35 4.5 5.1
Hydrocracking % 00 | 00 | 34 | 86 | 198 | 29.5 | 37.2 | 451 | 516
Hydroisomerization % 16.6 | 29.9 | 38.3 | 426 | 358 | 271 | 185 | 9.4 1.5
Hydrocyclization % 0.0 0.0 0.0 0.0 1.0 34 4.4 5.4 59
Total Conversion 166 | 209 | 41.7 [ 51.2 | 56.6 | 60.0 | 60.1 | 59.6 | 59.0
Hydrocracking Selectivity 00 | 00 | 84 [ 168 | 350 [ 49.1 | 619 | 757 | B7.5

Hydroisomerization selectivity | 100 | 100 919 | 83.2 | 63.2 | 45.2 | 30.8 | 153 | 25

Dehydrocyclization Selectivity | 0.0 0.0 0.0 0.0 18 57 7.3 9.0 | 10.0

Isobutane / n-Butane 0.0 0.0 1083|045} 039 | 034 | 034 | 033 | 0.36

Isopentane / n-Pentane 0.0 0.0 0.0 00 1125 1.2 | 1.38 | 1.41 | 112
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Table 29 : Distribution of Reaction Products Through Hydroconversion of n-

Hexane at Different Temperatures Using 0.60% Pt/ F-St H-Z Catalyst

Eom‘pb‘n'ent-in: 'Pro_duct-, i

ST §
MeIﬁane + Ethane ..2.8.. T
Propane 00 | 22 | 65 | 13.3 | 240 | 30.0 | 33.4 | 35.0 | 35.0
Isobutane 00 | 0O | 0.7 | 09 1.5 | 26 | 31 28 | 28
n-Butane 0.0 0.6 1.3 2.6 4.8 6.7 14 7.5 71
Isopentane 0o [ 00 [ 0.3 | 0.8 1.1 1.6 1.6 1.0 | 0.7
n-Pentane 0.0 0.0 .4 0.7 0.8 14 1.4 0.7 0.6
2,2-Dimethylbutane 00 { 00 | 09 | 09 (08 | 0.9 | 0.0 | 0.0 | 00
2-Methylpentane + 126 | 199 | 22.0 | 20.4 | 149 | 8.1 44 | 25 1.1
2,3-Dimethylbutane
3-Methylpentane 84 (123 145133 | 99 | 50 | 28 15 | 05
n-Hexane 79.0 | 64.8 | 529 | 461 | 40.2 | 38.2 | 37.5 | 37.0 | 36.8
Methylcyclopentane 00 | 00 [ 00 [ 00 [ 00 (0.0 | 0.0 | 0.0 | 0.0
Benzene 0.0 0.0 0.0 0.0 0.0 2.7 4.4 6.2 7.0
Hydrocracking % 00 | 30 | 9.7 | 193 | 342 | 451 | 50.9 | 52.8 | 54.6
Hydroisomerization % 21.0 | 322 | 374 | 346 | 256 | 140 | 7.2 | 40 1.6
Hydrocyclization % 0.0 0.0 0.0 0.0 0.0 2.7 4.4 6.2 7.0
Total Conversion 210 | 352 ( 471 | 539 | 9.8 [ 61.8 [ 625 | 63.0 | 63.2
Hydrocracking Selectivity 00 | 85 {206 | 358 (572 | 73.0 | 81.4 | 83.8 | 86.4
Hydroisomerization selectivity | 100 | 91.5 | 79.4 | 64.2 | 428 | 227 | 115 | 64 | 25
Dehydrocyclization Selectivity | 0.0 | 0.0 [ 00 | 00 | 0.0 | 43 | 7.1 98 | 1141
Isobutane / n-Butane 00 [ 0.0 | 0.54 [ 0.35 | 0.31 | 0.39 | 0.42 | 0.37 | 0.39
Isopentane / n-Pentane 0.0 00 | 075 | 114 | 138 | 114 | 114 | 143 | 117
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modest activity towards hydrocracking, which ranges between 2.9% at

425°C and a maximum of 13.0% at 500°C.

Table 26 shows that even the hydrocracked iso-components, namely;
isobutane and isopentane are absent in the product, and only Ci+C,,
propane and n-butane are the reaction products. The major cracked

product is propane.

3.6.2. Pt-Loaded Fluorinated-Steamed H-ZSM-5 Catalysts
(Pt/F-St H-Z Catalysts)

A great enhancement of the activity of the unloaded F-St H-Z
zeolite is observed via promotion with Pt. The total hydroconversion
using the 0.15% Pt, 0.30% Pt and 0.60% Pt/F-St H-Z catalysts amounts to
20.7-71.0%, 16.6-59.0% and 21.0-63.2%, respectively, at reaction
temperatures of 300-500°C, respectively (Figs. 43-45 and Tables 27-29).
The hydroisomerization maxima amount to 48.8% at 375°C over the
0.15% Pt catalyst, 42.6% at also 375°C over the 0.30% Pt catalyst, and
37.4% at 350°C using the 0.60% Pt catalyst. Maximum benzene
production on these catalysts amounts to 5.3, 5.9 and 7.0%, respectively,
at 500°C. The catalysts support (F St-H-Z) is one of the most hydr-
ophobic zeolites in this study; hence, benzene which is a highly polar

hydrocarbon is not favoured as a product of n-hexane hydroconversion.

Propane is the major hydrocracked product, it comprises 44.0, 37.5
and 35.0% using the 0.15, 0.30 and 0.60% Pt/F-St H-Z catalysts,

respectively, at 500°C. The other hydrocracked components are relatively
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lower (Tables 27-29; and Figs. 43-45). The 0.15 and 0.30% Pt/F-St H-Z
catalysts can be considered as selective catalysts for centric

hydrocracking.

The C,+C; in the hydrocracked product are low on the 0.15 and
0.30% Pt/F-St H-Z catalysts, but significantly higher on the 0.60% Pt-
containing catalyst at higher temperatures (Fig. 46). At the high Pt-

content (0.60%), hydrogenolysis is favoured.

A correlation of the 3-MP and 2,2-DMB components in the isomers
mixture relative to their equilibrium concentrations at different reaction
temperatures using the Pt/F-St H-Z catalysts are shown in Fig. 47. It is
evident that the dimethyalated isomer is of low significance whereas
3-MP is much higher; it increases with temperature up to 325°C then
slows down with a further increase of temperature. Nevertﬁeless, the

Y/Y 4 values do not reach unity at any conditions.

Using this series of Pt-loaded catalysts, the isobutane/n-butane ratio
amount to 1.5-0.35, 0.83-0.36, and 0.54-0.39 using the 0.15%, 0.30% and
0.60% Pt/ F-St H-Z catalysts, respectively, whereas the iso-pentane/
n-pentane ratio amount to 2.0-1.33, 1.25-1.12, and 0.75-0.17,
respectively, at temperatures up to 500°C. However, higher values are

obtained in the middle of this range of temperature.
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Table 30: Apparent Reaction Rate Constant, kK (mol atm™ g's™!), For n-Hexane Hydroconversion
at Different Temperatures Using the Unloaded Zeolite Catalysts.

" PYH-Z

St H-Z

F-H-Z

F-St H-Z

DA-H-Z

F-DA-H-Z

0.0

8.077x10°

0.0

0.0

0.0

0.0

0.0133

0.0

6.650x10™

0.0

7.85x 10"

2.2055x10™

0.0177

0.0

1.3402x10°

4.8668x10™*

7.9922x10* |

0.02196

0.0

3.0614x10°

2.3496x10° :

3.0043x10°

0.0261

0.0

7.2026x10°

5.8754x10°

" 0.0185

6.687x10”

0.0312

1.29049x10°

0.0127

9.6536x10°

0.0119

0.0368

1.9799x107

0.0185

0.0144

0.0174

0.043%

3.3353x10°

0.0254

0.0187

0.0214

0.0521

6.1275x107

0.12199

0.0202
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Table 31: Apparent Reaction Rate Constant, kK(mol atm™ m-_ s), For n-Hexane Hydroconversion
at Different Temperatures Using Pt/H-Z Catalysts.

Pt/H-ZSM-5

0.15% Pt/H-Z

0.30% Pt/H-Z

0.60% Pt/H-Z

0.0251

0.0

0.0

0.0402

0.0

0.0

00504 | 00578 | 0.0680 i 0082  0.1123 | 01529 : 01984 1 = i 7
00421 | 00589 | 0.0783 | 04013 | 0.1641 { 04911 & - i
0.0434 | 0.05196 | 0.06505 | 0.0837 | 0.1224 | 01744 Lots20 i - | =
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Table 32: Apparent Reactio

at Diffe

n Rate Constant,
rent Temperatures Using Pt/D

kK(mol atm™ g’ s'), For n-Hexane Hydroconversion

A-H-Z Catalysts

Temperature, °C

c_mo\ew: FP.N-N Goaa Soses T 0.0847 567681 0.1009 SA30
0.30% Pt/ DA-H-Z | 00403 00527 | 00610 | 00710 ; 0083 | 0407 04134 | 04276 | 041364 L 04623
0.60% Pt/ DA-H-Z | 00305 00485 | 00621 | 00780 | 00952 i 04238 04678 | 04744 | 01848 | 0.4948
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Table 33: Apparent

Reaction Rate Constant,
at Different Temperatures Using

kK (mol atm™ g''s

1), For n-Hexane Hydroconversio

Pt/F-H-Z Catalysts

Tempera
0.15%Pt/ F-H-Z 0.0540 :
0.30% Pt/F-H-Z 0.0334 0.0451 0.0520 0.0598 0.0672 0.0826 0.0992 0.1245 0.1606
0.0200 0.0289 0.0404 0.0608 0.0881 0.1183 0.1345 0.1558 0.1463

0.60% Pt/F-H-Z
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Table 34: Apparent Reaction Rate Constant, kK(mol atm™ g’ s™), For n-Hexane Hydroconversion

0.30% Pt/ St H-Z

0.60% Pt/ St H-Z

4.8319x1

2.7694x10°

7.9342x10°

at Different Temperatures Using Pt/St H-Z Catalysts

9.1632x10°

0.0161

0.01816

0.0244

BEE sl
0.0302

0.0294

0.0338

0.0440

0.0489

0.0624

0.0621

0.0755

0.0775

0.0881

0.0865

0.

0.1004

0.1040

0.0767

0.1060

0.1176

0.0767

0.1036

01245

l
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Table 35: Apparent Reaction Rate Constant, kK(mol atm™ g’ s1), For n-Hexane Hydroconversion
ppP g y
at Different Temperatures Using Pt/F-DA-H-Z Catalysts
 Catalyst
DAL | 00 S pe 03T 00483
O.wo.xu Pt/ F-D »P..HﬁnN 0.0160 0.0245 0.0348 0.0450 0.0817 0.0708 0.0767 0.0787 0.0835 0.0847
0.60% Pt/ F-D A-H-Z 0.0166 0.0254 0.03414 0.0441 0.0594 0.0785 0.0905 0.1013 0.1064 0.1128
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Table 36: Apparent Reaction Rate Constant, kK(mol atm™ g s™ ), For n-Hexane Hydroconversion
at Different Temperatures Using Pt/F-St H-Z Catalysts

0.60% Pt/F-St H-Z

0.15%Pt/ F-St H-Z. | 0.0902 0.0172
0.30% Pt/F-St H-Z, 7.987x107 0.0156
0.0104 0.0191 0.0280 0.0341 0.0401 0.0423 0.0432 0.0437 0.0440
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Kinetics of n-Hexane Hydroconversion; Rate

Constants and Arrhenius Plots

The data obtained for the hydroconversion of n-hexane using the
unloaded catalysts under study are given in Fig.41. The F-H-Z catalyst is
evidently the most active, indicating that F has a powerful promoting
effect on the H-ZSM-5 zeolite for n-paraffins hydroconversion. The H-Z
catalyst occupies a second position of reactivity up to a reaction
temperature of 425°C, beyond which the rate of hydroconversion slows

down with the increase of temperature.

The apparent reaction rate constant for first order pulsed reactions,
kK, is calculated according to Bassetf and Habgood [209] applying the
equation: KK =F"/273 RW (Ln V/ 1-x)
where; k is the intrinsic first order reaction rate constant, K is the
adsorption equilibrium constant, F°is the carrier gas flow rate (em’s™), R
is the ideal gas constant, W is the weight of the catalyst, and x is the
weight percent converted divided by 100. The kK values obtained are
given In Tables 30-36.

To calculate the apparent activation energy, Ea, the Arrhenius
equation and plots of In KK vs. I/T are used
kK = A exp (-Ea/RT)
In kK =In A - Ea/RT
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Table 37: Apparent Activation Energy, J mof, for n-Hexane

Hydroconversion using the unloaded Catalysts.

DA-H-Z 108,810
F-H-Z 31,250
St H-Z 161,540
F-DA-H-Z 171,585 77,840
F-St H-Z 96,255
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Table 38: Apparent Activation Energy ,J mol”, for n-Hexane

Hydroconversion Using the Pt-Loaded

Modified Zeolite Catalysts

0.15% PtH-Z |
0.30% P/H-Z
0.60% PY/H-Z

0.15% PYDA-H-Z
0.30% PUDA-H-Z
0.60% PYDA-H-Z

0.15% Pt/F-H-Z
0.30% Pt/F-H-Z
0.60% Pt/F-H-Z

$t0.15% PV H-Z
St 0.30% Pt/ H-Z
St 0.60% Pt/ H-Z

0.15% Pt/F-DA-H-Z
0.30% Pt/F-DA-H-Z
0.60% Pt/F-DA-H-Z

0.15% Pt/F-St-H-Z
0.30% Pt/F-St-H-Z
0.60% Pt/F-St-H-Z

23,435

56.915
61.940

51,055
66,125

39,340

22,880

19,810
32,645

30,130

25,110
48,545

41.850
28.460

35.155
35.155

32,645

" 43,524

49,383

31.805
46.035

16,740
26,785
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Ln k

13 1.4 1,5 1.6 17

1/Tx103

Fig. 48. Arrhenius plots for n-hexane hydroconversion
using the unloaded modified H-Z catalysts.
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where A; is the pre-exponential factor, Ea; is the apparent activation
energy, R is the ideal gas constant and T is the absolute reaction

temperature. Hence, the slope of an Arrhenius plot is equal to Ea/R.

The unloaded zeolite catalysts, can be arranged in their activity order
as follows:
F-H-Z > H-Z > DA-H-Z > F-DA-Z > St H-Z > F-St-H-Z
Figs. 48-54 gives the Arrhenius plots and Tables 37 and 38 give the
values of Ea for the hydroconversion of n-hexane using the unloaded and

Pt-loaded catalysts.

The Arrhenius plots for the hydroconversion of n-hexane (Fig. 48)
using the H-Z and F-DA-H-Z catalysts give two slopes with lower values
at the higher temperature range (HT) and higher values at the lower
temperature range (LT). The H-Z catalyst plot shows that the diffusion
controlling-higher-temperature-region appears to be of very low
activation energy (10,000 Jmol ™). However, the LT region Ea value using
this catalyst amounts to 93,745 Jmol! . This appears obvious from Fig. 41
where the reaction rate can hardly change beyond 425.°C. Diffusion
limitation is very significant in the channeis of the H-Z catalyst,
obviously due to their small diameter. The F-DA-H-Z catalyst possesses
the largest Si/Al ratio (36.5) which means that the mother H-Z zeolite
(S/Al= 24.0) has suffered from the largest dealumination among the
unloaded zeolites, under study, whereby the Si/Al ratio increases by
52.1%.

-182-




Results anii;i—s;;s_sﬂm ' e

Nevertheless, the reaction using the F-DA-H-Z catalyst gives a
measurable activation energy during the high temperature region (77.840
Jmol)which indicates that diffusion limitation in the channels of this
catalyst is much less significant than in the case of the H-Z catalyst. In
case of the reaction using the F-DA-H-Z catalyst, diffusion limitation
may result through the production of different forms of non-framework
Al species [127, 204-208] inside the channels and cages of the zeolite.
Since this catalyst has encountered two dealuminating treatments: a)
EDTA-dealumination, and b) HF doping, both treatments remove Al from
the framework but some of this aluminium species remains in non-
framework positions inside the channels, thus, causing diffusion
limitation of reactants and/or products along these channels. Some Al-F
species are formed and left in the catalytic pores, in contradistinction to
the procedure of HF-leaching which is carried out in excess solution,

where these Al-species are washed outside of the channels [96].

It is to be pointed out that although both treatments using EDTA and
HF cause widening of the channels, yet, an over-compensating effect
caused by deposition of Al-species debris appears to take place. During
the LT range, the reaction activation energy using the F-DA-H-Z catalyst
amounts to 171,585 Jmol™, whereas during the HT region a value of

77,840 Jmol™ is obtained.
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N,

1.5

e 0.16%Pt/H-Z
A 0.30 % Pt/ H-Z
0 0.60 % Pt/ H-Z

2.0
Ln K
2.5
3,0
1 i 1 | i
1 15 16 17 1.8
1/Tx 10°
Fig. 49. Arrhenius plots for n-hexane hydroconversion
using the PH-Z catalysts.
® 0.15 % Pt/ DA-H-Z
2.0k A 0.30 % Pt/ DA-H-Z
o 0.60 % Pt/ DA-H-Z
-2.5F
Lnk
—_ 3'0 -
}
3.5 D ! | i ! |
1.3 1.4 1.5 1.6 1.7 18
VAR 10:3

Fig. 50. Arrhenius plots for n-hexane hydroconversion
using the PYDA-H-Z catalysts.
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3.7.1. Pt/H-ZSM-5 Catalysts

Incorporation of Pt in the H-Z zeolite results in a large activation of
the catalytic activities of these catalysts, whereby different behaviours of
the Arrhenius plots are observed (Fig. 49). The kK values for n-hexane
hydroconversion over these catalysts are given in Table 31. The 0.15%
Pt and 0.60% Pt/ H-Z catalysts are more activated at the higher
temperature range than during the lower temperature range, thus ,
exhibiting a behaviour that excludes the occurrence of diffusion
limitation in the catalytic pores (Fig. 49). However, the catalyst
containing 0.30% Pt shows a normal linear Arrhenius relationship. A
reason for excluding pore diffusion limitation in the PtH-Z series of
catalysts may be the decrease of acid sites number and strength as a result
of Pt incorporation. Hence, Diffusion along the pores becomes easier than

in the case of the unloaded H-Z zeolite catalyst.

3.7.2. Pt/DA-H-ZSM-5 Catalysts

The kK values obtained for n-hexane hydroconversion using the
catalysts of this series are given in Table 32. All Arrhenius relationships
obtained for the hydroconversion of n-hexane over the catalysts which are
members of this group (PVDA-H-Z) show simple straight lines (no
inflections observed) (Fig. 50). The highest Ea value (32,645 Jmol™) is
obtained using the catalyst containing 0.60% Pt, which may be attributed
to: a) higher hydrocracking activity producing smaller molecules which

diffuse easily, as well as, b) a lower acid sites strength and number,
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20k ® (0.15%Pt/F-H-Z
) A 0.30 %Pt/ F-H-Z
0O .60 % Pt/F-H-Z
-25F |
Lnk
~-30}k
-3.5F
_4.0 1 1 1 1 1
1.3 1.4 1.9 1.6 17
17 Tx10°
Fig. 51. Arrhenius plots for n-hexane hydroconversion
using the Pt/F-H-Z catalysts.
-2.51 ® St0.15% PtH-Z
A $t0.30% PtH-Z
o $t0.60% Pt/H-Z
_3'0 - .
Lnk
-3.5t
L0}
-4,5
1.2 1.3 14 1.5 1.6

/7T x 103

Fig. 52. Arrhenius plots for n-hexane hydroconversion
using the St Pt/H-Z catalysts.
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compared to the catalysts containing lower metal contents. Hence, the
desorptivity and diffusion restriction of the reacting species drops via
increasing the Pt content. The 0.15%Pt- and 0.30% Pt-containing
catalysts show lower Ea values which are not markedly different, i.e.,

22,880 and 19,810 J mol™, respectively.

3.7.3. Pt/F-H-ZSM-5 Catalysts

The kK values obtained for the reaction using the Pt/F-H-Z catalysts
are given in Table 33. Correlation of the Arrhenius plots obtained using
the catalysts of the PUDA-H-Z series (Fig. 50) and those of this series
(Pt/F-H-Z) (Fig. 51) shows that the 0.60% Pt-containg catalysts in both
series give the highest Ea values (32,645 and 48,545 Jmol™,
respectively.), Although the difference in the Ea values obtained using
the 0.15% Pt- and the 0.30% Pt-containing catalysts is still of a limited
extent (30,130 and 25,110 J mol’!, respectively), yet, the difference is
significantly larger in case of the PUF-H-Z series than in the case of the
Pt/DA-H-Z series. Hence, the activation energy for the reaction, under
study, using the catalysts of the PUF-H-Z and PtDA-H-Z series can be
arranged, based on Pt-contents, in the following order:

0.60% Pt > 0.15% Pt > 0.30 Pt

The low values of Ea obtained for the catalysts containing 0.30% Pt
in both series, can be assumed to be the result of a compromise between
the acid sites number and strength (adsorption effect) and the Pt-
crystallites nature, i.e., bifunctionality.
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pra—————

e 0.15% Pt/ F-DA-H-Z

2.5¢ A 0.30 % Pt/ F-DA-H-Z

o 0 0.60 % Pt/ F-DA-H-Z
3.0k

Ln k

-3.5-
4.0k

1 | I | &

4 15 1.6 1.7 1.8
1/7 ><103

Fig. 53. Arrhenius plots for n-hexane hydroconversion

using the Pt/F-DA-H-Z catalysts.

-3,0F ® 0.15% Pt/ F-StH-Z
A 0.30 % Pt/ F-StH-Z
0 0.60 % Pt/F-StH-Z
_.3_5_
Ln k
_4.0F
_4.5 -
-5.0— ' ' '
1.4 15 1,6 1.7 1,8
1/ Tx 103

Fig. 54. Arrhenius plots for n-hexane hydroconversion

using the PUF St HY titdlvsts.
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Both PUDA-H-Z and Pt/F-H-Z catalysts have been prepared via
dealumination procedures. The insignificant difference in the behaviours
of the Arrhenius plots (Figs. 50 and 51) may substantiate the occurrence
of insignificant changes in the physical natures of these series of

catalysts.

St Pt/ H-Z catalyst

The kK values obtained for the reaction using the St Pt/H-Z catalysts
are given in Table 34. A single-slope straight line is obtained only for the
hydroconversion reaction using the St 0.60% Pt/ H-Z catalyst and higher
In kK values also appear in the Arrhenius plot than using the St 0.15%
and 0.30% PtYH-Z catalysts (Fig.52). Using the two latter catalysts,
inflected lines are obtained, whereby two activation energies can be
obtained for each catalyst. The 0.30% Pt-containing catalyst shows an
evidently larger slope  (higher Ea value = 61,940 Jmole™) at the lower
temperature region and a lower slope (Ea value = 46,035 Jmole™) at the
higher temperature region as compared to the reaction on the 0.15% Pt-
containing catalyst. The rate constants obtained using the 0.15% and
0.30% Pt-containing catalysts of these series are considerably lower than
those obtained using the 0.60% Pt-containing catalyst during the lower

temperature region.

Pt/F-DA-H-Z Catalysts

The apparent reaction rate constants for n-hexane hydroconversion

using the Pt/F-DA-H-Z Catalysts are given in Table 35. This series
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contains catalysts which have been doubly-treated via dealumination with
EDTA, followed by treatment with HF. The 0.30% and 0.60% Pt-
containing catalysts have equal Ea values (~ 35,155 Jmol™") due to equal
In kK values throughout a temperature range of 300-450°C, beyond
which the 0.6% Pt-containing catalyst continues with its linearity during
the higher temperature region (Fig. 53)- However, the 0.15% PUF -DA-H-
7 catalyst shows somewhat lower Ea value (28,460 Jmol™) . The relative
effectiveness of these dually-dealuminated zeolites containing 0.30% and
0.60% Pt, may be attributed to their larger Pt contents. Nevertheless, it
can be assumed that a significant part of Pt in the catalyst containing
0.60% Pt has been masked by the Al-species removed from the zeolite
framework and deposited in the non-framework positions in this zeolite.
The widening of the pores due to the double-treatment may play a role for

retaining non-inflected straight lines.

3.7.6. Pt/F-St H-ZSM-5 Catalysts

The kK values obtained for the reaction using the Pt/F-St H-Z
catalysts are given in Table 36. A similar behaviour is observed on
correlating the Arrhenius plots (Figs. 52 and 54) for hydroconverting 11-
hexane using the Pt/St H-Z and Pt/F-St H-Z catalysts, respectively. The
0.60% Pt-containing catalysts in both series give single straight-line
Arrhenius relationships, whereas the 0.15% and 0.30% Pt-containing
catalysts in the two series show inflected relationships with lower Ea

values at the higher temperature region. The highest deposition of the Al-
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species during the different dealumination procedure takes place in the
steaming step, since a significant fraction or even all the Al species
removed are kept inside the channels and cages [208]. Fluorination also
results in a significant non-framework Al species in the channels and
cages, hence, the Pt/F-St H-Z catalysts are considered to encounter the
most significant diffusion limitation encountered during treatments. This
may explain why hydroconversion using the unloaded F-St H-Z
catalyst is largely inhibited (Fig.41), whereby maximum hydroconversion
comprises only 13.0% at 500°C. The presence of non-framework Al
debris together with the enhanced widening of the pores via the double
dealumination procedure, appear to reflect their deteriorative effect on the
hydroconversion reaction using the unloaded zeolite catalyst. A
somewhat increase of activity is observed via Pt incorporation which may
indicate that a large part of the Pt content is deposited on the external
surface of the zeolite.
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3.8. Selectivities of Unloaded and Pt Loaded Zeolite

Catalysts

The use of unloaded H-ZSM-5 zeolite (H-Z catalyst; Fig. 55),either
unmodified or after being modified via EDTA-dealumination (DA-H-Z
catalyst; Fig. 56), treatment with HF (F-H-Z catalyst; Fig. 57), steaming
at 500°C (St H-Z; Fig. 58), dual-treatment via EDTA-dealumination
followed by HF doping (F-DA-H-Z catalyst; Fig. 59) dual-treatment via
steaming followed by HF doping (F-St H-Z; Fig. 60) as catalysts for the
hydroconversion of n-hexane produces principally hydrocracked
products. - Each Figure contains four plots; the first represents the
selectivities for the three hydroconversion reactions using the unloaded
zeolite catalyst, whereas the three other plots give selectivities of the
reactions using 0.15% Pt, 0.30% Pt and 0.60% Pt-loaded versions.

Fig. 55(a) shows a major hydrocracking selectivity using the H-Z
catalyst and very low selectivities for isomers formation and benzene
production. In Fig. 56(a), the DA-H-Z catalyst shows modest cyclization
at low temperatures but a major hydrocracking selectivity. Fig. 57(a) also
shows a modest selectivity for isomerisation with a lower cyclisation
selectivity; beside a high selectivity for hydrocracking. On the other hand,
Figs. 58-60 show that using the St H-Z, F-DA-H-Z and F-St H-Z
catalysts, respectively, the hydrocracking selectivities are always 100% ,

irrespective of the hydroconversion values.
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The 0.15% and 0.30% Pt/DA-H-Z can be considered the catalysts of

Hydroisomer—ization in the present study.

choice for n-hexane




