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RESULTSANDDISCUSSION

CHAPTER 4

RESULTS AND DISCUSSION

The distribution of the hydrocarbons and the inorganic gases of the used
natural gas were determined by a high sensitive gas chromatograph using a

standard natural gas of known composition , the composition deternined is

given in table (4.1).
It has been found that the studied natural gas contains mainly methane , the

remaining paraffins represent about 6.143 mol % and the inorganic gases

(nitrogen and carbon dioxide) represent 0.816 mol %. The investigated

natral gas contained very little amount of carbon dioxide about 0.448 mol

% that has negligible effect compared with the used carbon dioxide as

oxidizing agent .

: Composition of the used Natural gas
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RESULTS AND DISCUSSION

4.1. Rh/-Al0و catalyst :-

4٠1٠1.CH, Conversion :-

The 0.5 % Rh/7-A0را , catalyst exhibit reactivity with varying degrees at the

whole temperature range .
At constant flow rate , the activity of catalyst was increased as temperature

increased ,This occurs because CO, refoming reaction is a highly

endothemmic reaction (Yokota et al; 2002) :-

CH,+ CO,- 2CO + 2Hو H",247وو= kJ.

At constant space velocity CH, conversion increased as the temperature

increased from 600"C to 800C as shown in Fig. (4.1 -a).
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Fig. (4.1 -a). Conversion versus temperatres of CH, on Rh /-Al,0و 
catalyst at different space velocities .

At constant temperatIre , CH,- conversion increased as the space velocity

decreased or contact time increased (i.e) CH, conversion increase in the

order of 18000 > 36000 > 45000 > 60000 cc g""H, where the contact time

was (0 .027 , 0.013 , 0.011 , 0.008 min"") respectively , as shown in Fig.
(4.1.b.), and the data given in Table (4.2).
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Fig.(4.1.b). Conversion versus space velocities 0fCH, on Rh/ ,Al»0- م
catalyst at different temperatures .

However; the 0.5 % Rh /AlO, conversion with respect to CH, was achieved

maximally at temperature of 800%C and space velocity 18000 cc g"h; as

shown in Fig.(4.1-a,b) and given in Table (4.2).

Rh-based catalysts are known to exhibit good stability for the whole

temperature range, and are the most resistance to sintering and to carbon
deposition , the high resistant of supported Rh - catalysts to deactivation by

carbon deposition has been recently explained by a rapid reaction of CH,

fragments with the reactant CO,( Ferreira-Aparicio et al;1998).

4.1.2. C0, Comversion :-

The 0.5% Rh / AlOو catalyst exhibit reactivity with varying degrees within

the whole temperatre range .

At constant flow rate , the activity of catalyst increased as temperature

increased , This occur because CO refomming reaction is a highly
endothermic reaction (Yokota et al ; 2002).

At a constant space velocity COو conversion increased as the temperature
increased from 600%C to 800%C as shown in Fig (4.2 -a).
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Fig.(4.2-a).Conversior versus temperatures of COon Rh/7-Al  ر0 و
catalyst at different space velocities .

At constant temperature , CO,- conversion increased as the space velocity
decreased or contact time increased (i.e) CO, conversion increase in the
order of 18000 > 36000 > 45000 > 60000 cc.g".h', where the contact time

was ( 0.027 , 0.013 , 0.011 , 0.008 min"") respectively , as shown in
Fig.(4.2-b) , Table (4.2).
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Fig.(4.2-b). Conversion versus space velocities 0f CO, on Rh/ y-Alو Oو 
catalyst at different temperatures .
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RESULTSANDpISCUSSION

However ; the catalyst 0.5 % Rh /Alو Oو achieved maximum conversion with

respect to COو at a temperature 0f 800%C and space velocity 18000 cc g'h';

as shown in Fig . (4.2-a, b) and the data given in Table (4.2).

The conversion of CO, was always higher than the conversion of CH, ,at the

same conditions although a feed ratio of unity was wsed, the difference was

more pronounced at low temperature in agreement with ( Zhang et al; 1996)

O, catalyst at spaceر as given in table (4.2) , for example , for Rh /y-Alو 

velocity = 18000ccg'H', 600%C, CH, conversion was 58.47 %, while, CO,

conversion was 71.62 % this occur due to RWGS ( reverse water gas shift

reaction) which take place at lower temperatures :-

CO,+H, = H,0+CO

(i.e) there are different pathways for CO, to be consumed so itsconversion is

usually higher than CH, conversion ( Tortugal et al ; 2000),( Bhat et al ;
1997) and( Mark et al; 1996).

The hydrogen can be supplied by the dry reforming reaction ( DR):-

CO,+CH,-2C0+2H, (DR)

Or by methane cracking :-

CH,+C+2H,

But CO can be supplied by the dry refomming reaction ( DR):-

CO, +CH,- 2CO+2H, (DR)

OR Boudouard reaction :-

CO,+C=2CO
OR (RWGS) reaction :-

CO,+H,=CO+H,O
OR steam refomming reaction :-

CH, +H,O= CO+3Hو 
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RESULTSAND DISCUSSION

Table (4.2). Conversion of CO, and CH,on Rh/-Al»O; at
the stdied conditions .

Temperature [. 600 %C 700%C 800%C

Space Velocity CH, CO, CH, c0, CH, C6,ccg'.٨'
18000 58.47 71.62 67.03 77.63 94.83 93.44
36000 33.96 41.97 46.62 59.49 58.94 66.01
45000 26.01 43.41 30.41 51.05 36.98 56.8
60000 10.79 5.15 16.71 25.06 25.56 37.74

4. 1. 3. Conversion of heavy components :-

4. l.3. 1. Ethane andpropane conversion :-

The conversion of ethane and propane increased with increasing the

temperature , 800%C is the most efficient degree giving high conversion

percentage as shown in Fig(4.3-a,4.4-a) because the CO,- refomming ofN.G.
is highly endothermic reaction .
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Fig (4.3-a). Conversion versus temperatures ofC,- alkane on Rh/7-Al0و 
catalyst at different space velocities .
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Fig (4.4-a). Conversion versus temperatures of Cز - alkanes on Rh /y-Al0و 
catalyst at different space velocities .

Also, the conversion of ethane and propane increased with the decreasing of

space velocity which is the order of increasing contact time . The highest

conversion occurred at space velocity 18000 cc.gm'h' for all the three

studied temperatures as shown in Table (4.3) due to the highest contact time
which is suitable enough for complete reaction .

Table (4.3). Conversion of Cو - and Cو -alkanes on Rh/-Al0و catalyst
at the studied conditions .

Temperature[ 600 %C 700%C 800%C

Space Velocity c, cر€ و C C, C,ccg'.h'
18000 96.71 98.13 97.04 99.21 97.38 99.99
36000 87.18 89.5 90.09 90.46 94.54 96.72
45000 76.55 80.04 80.25 80.78 86.32 91.86
60000 39.69 49.69 53.68 59.05 67.82 83.98

At constant temperature the conversion decreased in the sequence of

increasing of space velocity .i.e. conversion at 18000 > 36000 > 45000 >

60000 cc. g 'h' in the order of contact time decrease , Fig .(4.3-b, 4.4-b).
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Fig (4.3-b). Conversion versus space velocities ofC,- alkane on Rh/
y- Al catalyst ر0 و at different temperatures .
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Fig (4,4-b) . Conversion versus space velocities ofC,- alkanes on Rh/
y-Al catalyst و0 و at different temperatures .

Generally, the space velocity 18000 cc.gm'h' and the temperature 800%C

are the optimum conditions for obtaining the highest conversion percentage
of ethane and propane .

53



RESULTSANDDISCUSSION

4. 1.3. 2. Conversion of butanes and pentanes (normal and iso-)
compounds :-

The butanes (normal and iso-) and pentanes (nommal and iso-) represent

0.690 mol % and 0.342 mol % respectively in the composition of studied

natral gas , their conversion is dependent on the working temperature and

space velocity .

The conversions of both components increased with decreasing the space

velocity at all the studied temperatures ; the space velocity 18000 ccg'h'

exhibited the most efficient velocity for complete conversion of both butanes

and heptanes because this velocity offered the suitable enough time for
complete reaction .

The temperatre 800%C is the preferred one at all the studied space velocities

used because the COر - refomming of N.G. is highly endothemmic reaction , as

shown in Fig(4.5A-C,4.6 A-C).

ln general , at constant temperature the conversion of butanes (nommal and

is-) and pentanes (noral and iso-) was decreased in the sequence of

increasing of space velocity ،i.e. conversion at 18000 > 36000 > 45000 >

60000 ccg''h' which is the order of decreasing contact time , as given in

Table ( 4.4, 4.5) . While nearly complete conversion occurTed at the
temperature 800%C.
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Fig (4.5 A-C). Conversion versus space velocities ofbutanes on Rh/
٢-Al50و catalyst at temperatures A (600),B (700),C
(800) %C.
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Fig(4.6 . A-C). Conversion versus space velocities of Cو - alkanes on Rh/
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(800) %c.
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Table (4.4). Conversion ofi-C- andn-C,- alkanes on Rh/٦-Al0و 
catal st at the studied conditions .

Temperature 600 "C 700%C 800%C

Space Velocity i-C, 8-C, :-C, n-C, i-C, ٨-C٠
•g-1 h-1٥C ٠

18000 97.41 97.61 99.26 99.08 99.99 99.89
36000 89.52 90.25 90.55 91.7 99.96 99.7
45000 80.1 82.46 81.53 84.25 96.97 96.03
60000 49.87 56.54 61.47 67.01 89.3 87.22

It is clear that at the temperatre 800%C for n-Cو and i-Cو complete

conversion occurred at all the stdied space velocities as shown in Fig ( 4.5

A-C,4.6A-C) and given in Table (4.5).

Table (4.5). Conversion of i-Cو -and n-Cو - alkanes on Rh /-Al0و 
catalyst at the studied conditions .

Temperature 600 "C 700%C 800%C
Space Velocity i-Cو n-Cو i-C; n-Cو :-Cو m-Cو 

•g-1 hا €C ٠
18000 96.2 94.46 99.16 98.73 99.96 99.79
36000 95.62 86.96 97.45 90.77 99.87 99.75
45000 82.63 84.28 86.23 87.38 99.96 99.18
60000 54.89 59.96 67.2 70.19 95.21 96.2

Generally , the space velocity 18000 cc.gm'h' and the temperature 800%

are the optimum condition for obtaining the highest conversion percentage of

butanes (nomal and iso-) and pentanes (nommal and iso-).

4. 1. 3. 3. Hexanes and heptanes conversion :-

The heanes and heptanes components exhibit conversion under all working

conditions (space velocity and temperature) but at different rates .

Cenerally the best conversion of hexanes and heptanes was obtained at the

optimum conditions, space velocity 18000 cc.g'.h' and temperature 800%C,

as given in Fig (4.7,4.8).
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Fig (4.7). Conversion versus temperatures ofC- alkanes on Rh/ A1- ج  ر0 و
catalyst at different space velocities .
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Fig (4.8). Conversion versus temperatres ofC,- alkanes on Rh/ y-AlOو 
catalyst at different space velocities .

At space velocities 36000 , 45000 and 60000 cc.g'.h', conversion was

obtained at all the stdied temperatures but the temperatre 700'C gives the

highest conversion than, as shown in Fig ( 4.7, 4.8) and given in Table
(4.6).
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Table ( 4.6). Conversion of C"- and C,"- alkanes on Rh/-Al»0, catalyst

at the studied conditions .

Temperature 600 %C 700%C 800"C
Space Velocity c c," c c,' c c,

2-1 h-ا cc ٠
18000 92 94.77 99.25 93.12 99.29 99.09
36000 82.1 51.28 88.45 81.3 76.12 60.4
45000 80.87 32.07 84.25 82.98 78.72 50.82
60000 74.69 26.6 78.65 65.55 77.84 37.4

4.1.4.Rormation of syngas (H, and CO) :-

Hر and CO Selectivit:-

The selectivity reflects the actual behavior of the studied three catalysts

under the working conditions . It varies with metal type , temperature , and

space velocity . Therefore it should be referred to specified reaction

conditions ( Patura et al ;2003).

The H, and CO selectivity using Rh / -Al50و catalyst at different conditions

are given in Table(4.7).

It has been found that the selectivity of both Hو and CO increased as a

function of temperatre for all the studied velocities . Also; at constant

temperatre the selectivity ofboth H and CO decreased with increasing the
space velocity .

800"C

CO%H,%C0%H,%

Table( 4.7).Hو and CO selectivity on Rh/y-Alو Oو catalyst at different
temperatures and space velocities .

Feمgياب g[ 6@EE 7@c
SpaceVEiocity  "ذ"يو،'c0%2 شو,بر ا

18000
36000
45000
60000

58.12
47.86
44.21
32.67

36.26
29.87
»

17.61
8.88

52.63
40.05
34.02
22.65

30.86
26.17
 ن

13.36
7.44

42.62
36.93
3197
9

13.48

22
22

6.17
3.63
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 ووبا

The Rh / -Al50و selectivity with respect to H and CO was achieved

maximally at temperature of 800"C and space velocity 18000ccg'h'.

As shown in Table ( 4.7 ) Rh / -Al50و catalyst showed good selectivity to
hydrogen at the smaller velocities , for the higher reaction temnperature ,

where the reverse water gas shift reaction did not take place significantly for

reaction temperature above 600"C،

In general; Hو /CO ratio<1 in agreement with Zhang et al( 1996), as

given in Table( 4.8).CO selectivity was always higher than H selectivity,

and this aspect can be explained considering that CO is also produced from

other chemical reactions ( Portugal et al ;2000), (Bhat et al; 1997) and

( Mark et al; 1996).

Table (4.8).H/CO ratio on Rh /w-AlOو catalyst at different
temperatures and space velocities .

_Temperature
Space Velocity

 "لا"»،
18000
36000
 س45000
60000

600"C

0.51
0.6
 ا

0.27
0.19

700%C

H»/Co
 ا

0.59
 و

0.65
0.39
0.33

800%C

0.62
0.64
 لي

0.4
0.27

Hydrogen can be supplied by the dry refomming reaction ( DR):-

CO,+ CH,- 2C0+2H, (DR)
Or by methane cracking:-

CH,C+2H,

But CO can be supplied by the dry refomming reaction ( DR):-

CO, + CH-2CO+2H,

OR Boudouard reaction:-

CO,+C=2CO
OR( RWGS) reaction;-

CO, +H,=CO+ HO

60
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OR steam reforming reaction:­

CH,+H,0=CO+3H,
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Fig. (4.9.a). H,/CO ratio versus temperatures on Rh/ 7-A5Oو catalyst at

different space velocities .

Fig.(4.9.a) shows that at constant temperature; H/CO ratio increased in the

order of 36000 > 18000 > 45000 > 60000 cc.g'.h',H,/CO ratio is below
1.0 in all cases .
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Fig. (4.9.b). Hو /CO ratio versus space velocities on Rh/7-Al catalyst و0 و
at different temperatures .

The maximum H,/CO ratio of Rh /7-Al50و was achieved at temperature of

700"C and space velocity 36000ccg'H' Fig.@4.9.a,b).
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4.2. Ru/7-Alر O, catalyst :-

4.2.1. CH, conversion :-

The 0.5 % Ru /Al catalyst و0 و exhibit reactivity with varying degrees at the

whole temperature range .

At constant flow rate, the activity of catalyst increased as temperature

increased , This occurs because .CO, refoming reaction is a highly

endothermic reaction (Yokota et al; 2002):-

CH,+CO2و- CO+2H, H"247وور= kJ/mol

At constant space velocity CHي conversion increased as the temperatures

increased fiom 600%C to 800%C as shown in Fig. (4.10-a).
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Fig. (4.10.a). Conversion versus temperatures of CH, on Ru/7-A1  ر0 و
catalyst at different space velocities .

At constant temperature, CH, conversion increased in the order 0f 36000 >

45000 > 60000 > 18000 ccg""h""; as shown in Fig. (4.10-b), and given in
Table (4.9).
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Fig. (4.10-b). Conversion versus space velocities ofCH,on Ru /y-Al  و0 و
catalyst at different temperatures .

However ; the 0.5% Ru / 7-Al0و conversion with respect to CH, was
achieved maximally at temperature of 800%C and space velocity 36000 cc

g"h"; as shown in Fig.(4.10 a, b) and the data given in Table (4.9).

This may be related to fommation of CH, fragments , its reactivity and its

amount, ability of catalyst to insert them in the reaction all these factors

contribute to determine the optimized conditions for the reaction (Ferteira­
Aparicio et al; 1998).

The activity of these catalysts can be correlated with the accessible metal

surface area; an increase in metal surface area i.e., the number of active

sites, leads to an increase in CH, conversion ( Tsipouriari et al; 1994).

The increase of conversion with decreasing space velocity from 60000 cc

gh'to 36000 is nommally expected as the contact time increased . But the

final decrease in conversion with further decrease in space velocity

(increase in contact time) can be explained by catalyst deactivation due to

sintering . For Ru - catalysts a sintering of the metallic phase has been

detected by Ferreir- Aparicio et al( 1998).
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4.2.2.CO, Conversion:-

The 0.5 % Ru /Al»0و catalyst exhibited reactivity with varying degrees

within the whole temperature range .
At constant flow rate, the activity of catalyst towered C0, conversion was
increased as temperature increased from 600%C to 800%C as shown in Fig.

(4.11-a) . This occurs because CO, reforming reaction is a highly

endothemmic reaction (Yokota et al ; 2002).
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Fig. (4.11-a).CO, Conversion versus temperatures on Ru/-A catalyst ر0 و
at different space velocities .

For 700%C and 800%C temperatures , CO, conversion increased in the order

0f 36000 > 45000 > 60000 > 18000 ccg'h'; while at 600%C the maximum

conversion was shifed to a higher space velocity ( 45000 ccg'h' )as

shown in Fig (4.11-b) and the data given in Table (4.9).
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Fig. (4.11-b). Conversion versus space velocities ofCO, on Ru/-Alو0و 
catalyst at different temperatures .

However ; the 0.5 % Ru /Al,Oو conversion with respect to CO, was

achieved maximally at temperature of 800%C and space velocity 36000 cc

(.h"; as shown in Fig.(4.11-a,b) and the data given in Table  ""ي4.9)

As given in Table (4.9) the conversion of CO, was always higher than the

conversion of CH,, at the same conditions although a feed ratio of unity
was used; in agreement with Zhang et al;( 1996) for example , for

Ru / -Al0و catalyst at space velocity = 18000 ccg''h' & 800%C , CH,

conversion was 15 %, while, CO conversion was 30.09 % this occur due

to RWGS ( reverse water gas shift reaction) :-

CO, +Hو = HO + CO

Table (4.9). Conversion of CO and CH, on Ru /-AlO; at the stdied
conditions .

Tem erature 600 "%C 700%C 800%C
Space Velocity CH, C0, CH, CO, CH, C0,ceg'.h'

18000 11.74 8.96 12.56 18.38 15 30.09
36000 21.5 20.13 34.46 31.54 47.42 50.95
45000 21.05 26.31 26.62 29.05 32.17 40.65
60000 8.83 9.17 11.28 23.99 17.1 33.08
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There are different pathways to CO, to be consumed so its conversion is
usually higher than CH conversion , ( Portgal et al ;2000), ( Bhat et al;

1997) and ( Mark et al; 1996).

4. 2. 3. Conversion of heavy components :-

4. 2.3. 1. Ethane andpropane conversion :-

The conversion of ethane and propane increased with increasing the

temperature, 800%C is the most efficient degree giving high conversion

percentage as shown in Fig (4.12.a, 4.13.a) because the CO,- refomming of

N.G. is a highly endothermic reaction .
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Fig(4.12.a). Conversion versus temperatres ofCو - alkane on Ru/­
Al catalyst و0 و at different space velocities .
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Fig(4.13.a). Conversion versus temperatures ofCو - alkane on Ru/
7-Alج Oو catalyst at different space velocities .

At constant temperature ; the conversion Cو decreased in the sequence of
increasing of space velocity .i.e. conversion at 18000 > 36000 > 45000>

60000 ccg''h' where the contact time was (0 .027, 0.013 ,0.011, 0.008

min') respectively . But for the conversion ofCو the sequence was slightly

different 18000 > 45000> 36000 > 60000 ccg'h' at the temperature 600%C

& 700%C, as shown in Fig (4.12.b,4.13 .b), and Table(4.10).
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Fig(4.12.b). Conversion versus space velocities 0f C,- alkane on Ru/
y-A50ا , catalyst at different temperatures .
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Fig (4.13.b). Conversion versus space velocities of Cو - alkanes on Ru/
y- Al,03catalyst at different temperatures .

Generally, the space velocity 18000 ccg""h' and the temperature 800%C are

the optimum conditions for obtaining the highest conversion percentage of

ethane and propane .

Table (4.10). Conversion ofC,- and C,- alkanes on Ru/7-Al30; catalyst
at the studied conditions .

Temperature \ 600 "C 700%C 800%C
»

Space Velocity C C, C, C, Cر Cو ceg'.'
18000 37.45 40.16 53.97 50.08 85.16 96.18
36000 29.32 24.09 49.81 38.16 76.3 72.23
45000 32.21 36.72 40.76 46.68 55.31 70.64
60000 13.14 19.01 25.55 28.03 53.84 60.81
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4.2.3.2. Conversion of butanes and pentanes (normal and iso-)

compounds :-

The butanes (nommal and iso-) and pentanes (nommal and iso-) represent

0.690 mol% and 0.342 mol% respectively in the composition of stdied

natural gas , their conversion differs with the working temperature and
space velocity .

The conversions of both components increased with decreasing the space

velocity at all the studied temperatres ; the space velocity 18000 ccg'h'

exhibited the most efficient velocity for complete conversion of both

butanes and heptanes because this velocity offered the suitable enough time

for complete reaction .

The temperature 800%C is the preferred one at all the studied space

velocities used because the CO,- refomming of N.G. is highly endothermic
reaction, as shown in Fig(4.14 .A-C,4.15 .A-C).

It is clear that the temperature 800"%C for butanes (nommal and iso-) and

pentanes (nommal and iso-) is the optimum temperature for conversion at all

the studied space velocities, as shown in Fig ( 4.13.A-C, 4.14.A-C).
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Fig(4.14A-C). Conversion versus space velocities of Cر - alkanes on Ru/
7-Al.0و catalyst at A (600),B (700),C (800) %C.
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Fig (4.15. A-C). Conversion versus space velocities ofCو - alkanes on
Ru/ Al5, catalyst at temperatres A (600),B (700),
C (800) "C. '

At constant temperatre , it is clear that the butanes (nommal and is0-) and

pentanes (normal and iso-) conversion decreased in the sequence of
increasing the space velocity .i.e. conversion at 18000 > 36000 > 45000>
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60000 ccgh' in the order of decreasing the contact time, as shown in

Fig.(4.14.A-C, 4.15.A , B) . However ; the decrease in conversion with

increasing space velocity was not very pronounced for pentanes at 800C

Fig.(4.15.C) and the data given in Tables (4.11,4.12).

Table (4.11). Conversion of i-C,- and n-Cر - alkanes on Ru/-
Alو Ocatalyst at the studied conditions.

600 %C  ا
٠ ,

700%C 800%CTemperature
Space Velocity i-C, n-C i-C, n-C, i-C, n-C,ceg'.h'

18000 47.41 41.68 81.6 78.6 99.32 98.18
36000 37.84 39.09 64.94 60.34 92.03 87.38
45000 16.2 14.84 43.67 31.95 83.19 74.87
60000 6.94 4.21 31.6 27.84 80.4 73.97

Als0, at the four different space velocities the conversion of iso-butanes

and iso-pentanes was generally higher than n- butanes and n- pentanes

conversion at all temperatures Table (4.11, 4.12), this may be occur

because the iso-components are more active due to the branching in the

chain .

Table (4.12). Conversion of i-Cو - and n-Cو - alkanes on R/-Al0و 
catal st at the studied conditions .

Tem erature 600 "C 700%C 800%C
Space Velocity i-Cو n-C; \ i-C; n-Csا i-Cو ] n-Cو; ceg'.٨'

18000 75.45 75.08 84.35 77.03 100 99.67
36000 70.45 60.28 72.98 62.01 89.01 75.1
45000 39.52 42.27 71.34 64.11 93.6 85.11
60000 7.17 0.88 33.13 29.78 92.68 85.42

Generally, the space velocity 18000 ccg"h' and the temperature 800%C are

the optimum condition for obtaining the highest conversion percentage of
the butanes (normal and iso-) and pentanes(normal and iso-) .
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4. 2.3.3. Hexanes and heptanes comversion :-

The conversion of hexanes and heptanes increased with increasing the
temperature, 800%C is the most efficient degree giving high conversion

percentage as shown in Fig (4.16, 4.17) because the CO,- refomming of

N.G. is highly endothemmic reaction .
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Fig(4.16). Conversion versus temperatures ofC- alkanes on Ru/7-Alؤ Oو 
catalyst at different space velocities .
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Fig (4.17). Conversion versus temperatures of C,- alkanes on Ru/
y-Al50و catalyst at different space velocities .
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The conversion of hexanes and heptanes increased with decreasing the

space velocities which is the order of increasing the contact time .

At constant temperature , the conversion decreased in the sequence of

increasing of space velocity .i.e. conversion at 18000 > 36000 > 45000 >

60000 cc.gm'h' in the order of contact time decrease ( 0 .027,0.013,

0.011, 0.008 min') respectively, Table(4.13).

Table (4.13). Conversion ofC'-and C,"- alkanes on Ru/7-Al,0,catalyst
at the studied conditions .

700%C600 "C

c,c%
 ص

85.9
 ن

71.76
m
71.95
 ص
49.71

c,c;
83.03
 اد

76.43
»

77.33
 ص

67.16

85.11
 د
71.8

68.19
51.8

75.97
71.46
47٠17
29.25

Temperature
Space Velocity

 "ل."ء»
18000
 ن

 و36000
45000
 ص

60000

Cenerally, the space velocity 18000 ccg""h' and the temperature 800"C are

the optimum condition for obtaining the highest conversion percentage of
the hexanes and heptanes .

4.2. 4. Formation of syngas (H; and CO):-

The Hو and CO selectivity using Ru / %-Al50و catalyst at different
conditions are given in Table( 4,14).

t has been found that the selectivity of both H> and CO increased as a

function of temperature for all the stdied velocities. Also ; at constant

temperature the selectivity of both 'H, and CO decreased with increasing
the space velocity .

However ; no hydrogen was present at 45000 , 60000 ccg'h' for the 3-

tested temperatures , but CO was always detected at the different

conditions as given in Table(4.14) . Only Ru / -Alو O, catalysts showed
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good selectivity to H and CO at 18000 , 36000 cc.g'.h' for space
velocities examined , at 800%C reaction temperature .

Generally; H,/CO natio< 1 is observed due to the higher CO selectivity

than H selectivity , in agreement with ( Wang et al; 2000) ; as given in

Table ( 4.5) this aspect can be explained by considering that CO is also

fommed as a product in other chemical reactions ( Portgal et al ; 2000),

(Bhat et al; 1997) and ( Mark et al; 1996). Hydrogen produced as a

result of the reforming reaction could be consumed by the RWGS which is

more active at lower temperature ( Wang et al; 2000).

Table (4.14). H5 and CO selectivity on Ru/y-Al,0و catalyst at different
temperatures and space velocities .

Temperature 600%C 700"C 800'C
Space Velocity H,% C0% H,% ,%C0%/ Hا C0%ا ccg-H'

18000 0 091 0 1.48 5.31 14.28
36000 0 0.72 0 1.07 2.54 7.82
45000 0 0.56 0 0.66 0 5.98
60000 0 0.22 0 0.42 0 5.22

The hydrogen can be supplied by the dry refoming reaction ( DR):-

CO, +CH, 2CO +2H, (DR)

Or by methane cracking:-

CH,C+2H,
But CO can be supplied by the dry refoming reaction (DR):-

CO, +CH,2CO+2Hو (DR)
OR Boudouard reaction:-

CO,+C=2Co
OR ( RWGS ) reaction:-

C0+H,=CO+H,O
OR steam reforming reaction:-

CH, +H,O=CO +3H,
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 «ووجر٣هوك

Generally , the space velocity 18000ccg"h' and the temperature 800"C are

the optimum conditions for obtaining the highest selectivity for Hو and CO

individually .
On the other hand; the best conditions to produce a high ratio of Hو /CO

(0.372) is 36000 ccg'h' space velociy as shown in Fig (4.18.b) , and

800%C for temperature as shown in Fig (4.18.a) , and the data given in

Table (4.15).
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Fig.(4.18.a).H,/CO ratio versus temperatures on Ru /-Al50و catalyst at
different space velocities .
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Table (4.15). H,/CO ratio on Ru/y-Al50و catalyst at different
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4.3. Ir/-Alر Oو catalyst :-

4.3.1. CH, Conversion :-

The 0.5 % Ir / 7-Al catalyst ر0 و exhibit reactivity with varying degrees

within the whole temperature range .
At constant flow rate, the activity of the catalyst increased as temperature

increased ,This occurs because C0ر refomming reaction is a highly

endothemmic reaction (Yokota et al; 2002):-

CH,+C0, CO د2 +2Hو 

At constant space velocities CH, conversion increased as the temperature

increased from 600"C to 800"C as shown in Fig. (4.19.a) .
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Fig(4.19.a). Conversion versus temperatures ofCH, on Ir/-Al50و 
catalyst at different space velocities .

Ir - based catalysts are stable at high temperature 800"C , due to their high

resistance towards carbon deposition under reaction conditions ; when

decreasing the temperature high deactivation rates are observed by

accumulation of carbon on the Ir-surface probably this deactivation takes

place as a result of an easier methane activation as compared with that of
CO,(Ferreira - Aparicio et al;1998).
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At constant temperature , CبH conversion increase with increasing space

velocity reaches a maximum at 45000 ccg'.h"" then decreases; as shown in

Fig (4.19.b), Table (4.16).

This may be related to formation of CH, fragments , their reactivity and

their amount , ability of catalyst to insert them in the reaction . AIl these

factors contribute to detemmine the optimized conditions for reaction

( Ferreira - Aparicio et al; 1998 ) .The activity of these catalysts can be

correlated with the accessible metal surface area . lncreasing the flow rate

allows the reacting species to reach more metal active sites . An increase in

metal surface area; i.e, the number of active sites , leads to an increase in
CH, conversion ( Mark et al; 1996).
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Fig(4.19.b). Conversion versus space velocities 0f CHي on Ir/-Al,0و 
catalyst at temperatures .

However; the 0.5% Ir / AlOو conversion with respect to CH, was

achieved maximally at a temperature 0f 800"C and a space velocity of

45000 ccg'h; as shown in Fig.(4.19 a, b) and given in Table (4.16).
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4.3. 2. CO, Conversion :-

The 0.5 % Ir/Al5Oو catalyst exhibits reactivity towards CO, conversion

with varying degrees within the whole temperature range .

At constant flow rate, the activity of catalyst toward CO, conversIon

increased as temperature inereased from 600C to 800"C as shown in Fig.

(4.20.a) . This occurs because CO, refomming reaction is a highly

endothermic reaction (Yokoa et al ; 2002):-

CH,+CO, 2CO+2H, H",  =و247 تا
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Fig(4.20.a) . Conversion versus temperatures of CO, onlr/-Al0و 
catalyst at different space velocities .

The observed behavior is in agreement with that reported by Ferreira -

Aparicio et al (1998 ). These others argued that Ir-based catalysts are
stable at high temperature 800%C, due to their high resistance towards

carbon deposition under reaction conditions ; when decreasing temperature

high deactivation rates are observed by accumulation of carbon on the Ir­

surface probably this deactivation takes place as a result of an easier

methane activation as compared with that of CO,،
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Similar to the case 0f CH, conversion at constant temperature , CO,­

conversion increase in the order of 45000 >36000 > 18000 > 60000 ccg'.h""

; as shown in Fig (4.20.b).
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Fig (4.20.b). Conversion versus space velocities ofCO, on Ir/7-AlOو 
catalyst at different temperatures .

However ; the 0.5 % Ir /Al50و conversion with respect to CO, was

achieved maximally at temperature of 800%C and space velocity

45000ccgh"; as shown in Fig. (4.20-a,b) and given in Table (4.16).

The conversion of CO, was always higher than the conversion of CيH .

under the same conditions although a feed ratio of unity was used , in

agreement with ( Zhang et al; 1996), as given in Table (4.16), for

example , for Ir /-AlAO, catalyst at space velocity = 45000 ccg'h', 800%C,

CH, conversion was 30.11% ,while, COو conversion was 42.88 % this may

occur due to RWGS ( reverse water gas shif reaction) :-

CO, +Hو = HO+ CO
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Table (4.16) .Comparison of conversion for CO, and CH,on Ir/%-Al50
at the studied conditions .

Temperature \٠ 600 %C 700%C 800'C
«

Space Velocity CH C0, CI ١ co, ١ CH١ Co,ceg"".h-'
18000 10.74 8.57 10.96 9.01 12.98 12.52
36000 10.95 10.78 13.56 18.49 24.63 32.99
45000 20.97 22.75 24.56 27.98 30.11 42.88
60000 1.37 2.57 0.54 5.78 4.97 7.11

(i.e) there are different pathways to CO, to be consumed so its conversion

is usually higher than CH, conversion in agreement with Portugal et al

(2000), Bhat et al( 1997) and Marketal (1996).

4.3. 3, Conversion of heavy components:-

4. 3.3. 1. Ethane andpropane conwersion:-

The conversion of ethane and propane increases with increasing the

temperature , 800"C is the most efficient degree giving high conversion

percentage as shown in Fig (4.21.a,4.22.a).
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Fig (21.a). Conversion versus temperatures ofC, - alkaneon Ir/-Al0و 
catalyst at different space velocities .
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Fig (22.a). Conversion versus temperatures of Cو - alkanes on Ir/ ,Al,0- م
catalyst at different space velocities.

At constant temperature the conversion decreased in the sequence of

increasing of space velocity .i.e. conversion at 18000 > 36000 > 45000 >

60000cc.gmh' or in the order of contact time decrease as shown in Fig.
(4.21.b,4.22.b), and Table (4.17).
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Fig (4.22.b) . Conversion versus space velocities ofCو - alkanes on Ir/y­
Al catalyst ي0 و at different temperatures .

Cenerally , the space velocity 18000cc.gmn'h-' and the temperature 800%C

are the optimum condition for obtaining the highest conversion percentage
of ethane and propane .

Table (4.17)، Conversion of Cر - and Cر - alkane on Ir/y-A ,O ا catalyst a
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the studied conditions .

Temperature 600 %C 700%C 800%C
Space Velocity €, cي C. c, c. C,ceg'.٨-'

18000 38.22 32.98 . 48.97 48.97 70.12 84.25
36000 22.9 29.11 27.02 32.72 65.21 74.32
45000 16.38 18.74 23.73 27.94 59.23 62.94
60000 4.27 6.21 7.52 5.61 21.44 31.83

4. 3. 3. 2. Conversion of butanes and pentanes (normal and iso-)
compoundS:-

The butanes (nomal and iso-) and pentanes (normal and iso-) represent

0.690 mol % and 0.342 mol % respectively in the composition of studied
natural gas , their conversion differed according to the working temperature
and space velocity .

The conversions of both components increased with decreasing the space

elocity at all the studied temperatures ; the space velocity 18000 ccg'h'

exhibited the most efficient velocity for complete conversion of both

butanes and pentanes because this velocity offered the suitable enough time
for complete reaction .

The temperatre 800C is the preferred one at all the studied space

velocities used because the CO,- reforming of N.G. is highly endothermic
reaction , as shown in

Fig( 4.23.A-C,4.24.A-C).
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Fig (4.23A-C). Conversion versus space velocities of C,- alkanes on Ir
/y-Al5O, catalyst at temperatures A (600),B(700),C
(800) %C.
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At constant temperature , it is clear that the butanes (nommal and is0-) and

pentanes(nommal and iso-) conversion decreased in the sequence of

increasing of space velocity .ie. conversion at 18000 > 36000 > 45000 >

60000 ccgh' i.e. in the order of decreasing contact time, as shown in Fig.

(4.23.A-C,4.24.A-C) and Table( 4.18,4.19).
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Fig (4.24. A-C). Conversion versus space velocities of Cو - alkanes on Ir
/- A0و catalyst at temperatures A (600), B(700),

C (800) %C.

There is approximately a complete conversion at space velocity 18000

ccgm'h' and 800%C for butanes compound , the data given in Table (4.18)

Table (4.18). Conversion of i-Cر - and n-C,-alkanes on Ir/-AlO
catalyst at the studied conditions .

Temperature 600 %C 700%C 800%C
SSpaee Velocity i-C, n-C, ،-c, / »-c, ,c-٨/,cن. ccg'.٨1

18000 36.7 29.46 63.36 51.8 100 100
36000 22.64 21.61 49.56 34.04 94.62 77.4
45000 8.56 9.49 34.75 30.62 76.47 46.46
60000 8.37 8.46 12.73 10.66 61.88 41.58

Also, the four different space velocity the conversion of iso-butanes and

iso-pentanes was generally higher than n- butanes and n- pentanes

conversion at the three diffEerent temperatures, this may be occurs because

the iso-components is more active due to the branching in the chain, Table
(4.14,4.15).
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Table (4.19). Conversion for i-C,- and n-Cو - alkanes on Ir/7-Al,0و 
catalyst at the studied conditions .

Tenperature 600 %C 70cC 800%C
Space Velocity

٤-Cو n-C, ٤c, / ٨-c, i-Cو ,C-8إ ccg".E!
18000 47.74 41.96 82.14 68.73 98.77 95.34
36000 26.03 20.1 56.51 46.79 94.76 93.6
45000 1021 10.8 39.27 37.02 90.07 86.98
60000 7.45 7.91 22.6 19.14 81.62 68.06

Generally, the space velocity 18000 ccg""h' and the temperature 800"C are

the optimum condition for obtaining the highest conversion percentage of

the butanes (normal and iso-) and pentanes@nommal and iso-).

4. 3. 3. 3. Heranes and heptanes conversion :-

The conversion of hexanes and heptanes increased with increasing the

temperature , 800"C is the most efficient degree giving high conversion

percentage as shown in Fig (4.25.a , 4.26.a) because the CO,- reforming of

N.G. is highly endothemmic reaction .

٩٩ ما&اسمتs. gم
!cc/gmtوه 
}450cccgm Nب 
 بم تسه جى٦٥٤ &٣-'Cgm٨ ر

٤ ،co
c< له٤ ه 5 ه

 ي
3oن 
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1٥

٥
600 700

TemperatureC
800

Fig (4.25.a). Conversion versus temperatres of Cم alkanes on Ir/
y- Al50; catalyst at different space velocities .
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Fig (4.26.a). Conversion versus temperatures of C, alkanes on Ir/
- Al0و catalyst at different space velocities .

At constant temperature the conversion decreased in the sequence of
increasing of space velocity .i.e. conversion at 18000 > 36000 > 45000 >
60000 ccgh'i.e. in the order of decreased contact time.
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Fig (4.25.b). Conversion versus space velocities of Cج - alkanes a on Ir/
y-Al0و catalyst at different temperatures .
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Fig(4.26.b). Conversion versus space velocities of C,- alkanes on Ir/
y- Al catalyst ر0 و different temperatures .

The highest conversion occurred at the space velocity 18000 ccgh' for all

the three studied temperatures as shown in Fig (4.25.a , 4.26.a)due to the

highest contact time which is suitable enough for complete reaction.

There is approximately a complete conversion at space velocity

18000cc.gm'H" and 800"C for hexanes and heptanes compound Table

(4.20 Jand shown in Fig(4.25.b, 4.26.b) .

Table ( 4.20). Conversion of Cج "-and C,- alkanes on Ir/y-Al,0,
catalyst at the studied conditions .

Temperature 600 "C 700%C 800%C
Space Velocity c; c," c ",c أ c/ c,'

£-1 h-1CC ٠
18000 59.77 70.91 71.06 85.59 98.69 100
36000 43.06 66.89 49.78 75.1 96.01 97.01
45000 37.43 50.8 40.22 62.19 93.67 95.26
60000 10.68 17.86 21.62 42.52 64.81 85.26

4. 3. 4. Formation of syngas (H, and CO) :-

THe H, and CO selectivity using Ir/-Al,O; catalyst at different conditions
were given in Table(4.21).
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It has been found that the selectivity of both Hو and CO increased as a

function of temperature for all the studied velocities . Also; at constant

temperature the selectivity of both Hو and CO decreased with increasing

the space velocity ،

Table (4.21). H,CO selectivity on Ir/-Al50, catalyst at different
temperatures and space velocities .

Temperature 600%C 700%C 800%C
Space Velocity H,% C0% H,% C0% H,% CO%cc٤'H'

18000 0 13.78 2.01 7.76 4.35 22.05
36000 0 0 2 3.52 3.08 12.93
45000 0 0 0 1.92 1.73 8.11
60000 0 0 0 0 0.14 6.88

Ir / A- م catalysts ا50 و showed moderate selectivity to H and CO at18000 ,

36000 cc.g".h" for space velocities examined , at high reaction temperature

700, 800%C only Table (4.21).

Generally ; CO was detected at most of the operating conditions which

was not the case with H ; however; Hو / CO<1 was always observed

Table ( 4.22) Wang et al (2000) this aspect can be explained considering

that CO is also involved as a product in other chemical reactions with

respect to H5( Portugal et al; 2000), ( Bhat et al; 1997) and ( Mark et al;
1996).

The hydrogen can be supplied by the dry refomming reaction( DR):-

CO,+CH,2CO+2H, (DR)
Or by methane cracking :-

CH,-C+2H,
But CO can be supplied by the dry reforming reaction ( DR):-

CO,+CH,2CO+2H, (DR)
OR Boudouard reaction :-

CO,+C=2CO
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OR (RWGS) reaction :-

CO,+H,=CO+H,O

OR steam refomming reaction :-

CH,+H,O=CO +3H

Generally, the space velocity 18000 ccgh" and the temperatre 800"C are

the optimum condition for obtaining the highest selectivity for H and CO

individually .

On the other hand ; the highest of H,/CO( 0.57) ratio , for Ir/ -A  ر0 ر

catalysts occurred at 36000 ccg"h' space velocity and 700%C temperature

as show in Fig. (27.a,b) and Table( 4.22).
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Fig .(4.27.a).H/CO ratio v ±rsus temperatures on Ir/ ,O رAl- م catalyst at
different space velocities .
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Fig (4.27.b).H,/CO ratio versus space velocities on Ir/ w-Al»0و catalyst
at different temperatures .

Table (4.22). H,/CO ratio on Ir/7-Al0و catalyst at different
temperatures and space velocities .

600%C

0.20
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H,/CO
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