CHAPTER V
PARTIAL OXIDATION OF ISO-OCTANE OVER Ni/Ceg 75 Zrg.250;
AND Ni/B"-AlL,O; CATALYSTS

5.1 Abstract

In this study, the partial oxidation of iso-octane over Ni/Ceg 757219250, and
Ni/B"-Al,05 catalysts was investigated. The results indicated that Ni/Ceg.75Zr9 250, is
more active than Ni/B"-Al,O;. The partial oxidation products were mainly H; and
CO for Ni/Ceg7sZrg2s0; catalyst with hydrogen selectivity up to 53% in the
temperature range of 550 - 800°C with a C/O feed ratio of 1. The H,/CO ratio was in
the range of 1.3-1.7 depending on the operating temperature. It was noticed that at
temperatures above 700°C, the presence of methane was detected. On the other hand,
the main products of iso-octane partial oxidation over Ni/B"-Al,O; catalyst were CO;
and i-C4Hg at temperatures below 650°C while H, and CO along with small amount
of hydrocarbons such as CH4, C,H4, C;H;s and C;Hg were obtained at temperatures
above 650°C yielding a Hy/CO ratio of about 1.3. As a result, the hydrogen
selectivity was lower than that of Ni/Ceg75Zro250; catalyst. For both catalysts, the
carbon dioxide and carbon monoxide selectivities were decreased whilst the
hydrogen and hydrocarbon selectivities were increased with increasing C/O feed
ratio. The Ni/Ceq75Zr250; catalyst can be operated over a wider C/O feed ratio
range than the Ni/B"-Al,0; catalyst resulting in less amount of carbon formed. The
presence of steam in the feed yielded a larger amount of hydrogen and less amount of
coke formation. Since the iso-octane conversi;m of both catalysts remained
unchanged after a prolonged reaction time, a decrease in H, selectivity for Ni/p"-
Al,O; catalyst may be attributed to the phase change of B"-Al,0; in the presence of

steam.
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5.2 Introduction

There is currently a great interest in fuel cells as potential replacements of
conventional combustion engines or as auxiliary power units in automobiles. The
most promising fuel cells would seem to be the ones equipped with a proton
exchange membrane (PEM) using hydrogen (Avci et al., 2001; Moon ef al., 2001).
However, the distribution and on-board storage of hydrogen are major hurdles.
Therefore, compact and efficient devices to convert liquid transportation fuels to
hydrogen are needed, either in the form of on-board reformers or in stationary
facilities supplying refueling stations with hydrogen. It is very likely that for the
foreseeable future, we will have to rely on the existing gasoline distribution
infrastructure as source of hydrogen for fuel cell equipped vehicles. Hydrogen can be
produced from natural gas, naphtha, vacuum residue, refinery off-gas, etc. In
transportation, methanol, gasoline, or diesel are suitable fuels (Ahmed and Krumpelt,
2001). Some studies have been focused on the conversion of methanol to hydrogen
(Peppley et al., 1999) but an effective distribution infrastructure for this fuel is not in
place. The generation of hydrogen from the other fuels, including natural gas,
liquefied petroleum gases (LPG), gasoline, and diesel represents attractive
alternatives.

There are three main methods for producing hydrogen from hydrocarbons,
namely steam reforming (SR), partial oxidation (POX), and autothermal reforming
(ATR). In this study we focused on POX. The cenversion of heavy hydrocarbons,
which are major constituents of gasoline and diesel, to hydrogen by partial catalytic
oxidation tends to suffer from coke formation. Hence, there has been ernph'asis on the
development of highly active and coke resistant catalysts for POX (Avci et al.,
2001).

Nickel-based catalysts are attractive for POX due to their low cost but Ni is
deactivated easily by coke formation and/or its sintering. Thanks to the redox
properties of mixed oxide CeO,-ZrO,, N1/Ceg.75Zr9 250, catalyst showed high
catalytic activity and resistance to coke formation in methane partial oxidation
(Pengpanich ef al., 2004). The use of ion conducting solid electrolytes as a catalyst

support is also of interest. It was reported that several ion-conducting solid
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electrolytes, namely H', Li’, Na', K, Au’, Ag" B"-AL,O; act as good supports for
oxidation catalysts (Harkness et al., 1996; Agrawal et al., 1999; Guillet et al., 2003).
When ions are conducted to the metal surface, the rate of hydrocarbon oxidation is
improved. The use of B"-ALO; in fuel cell applications was found to be
advantageous since it yields higher value chemicals and electricity simultaneously
(Kiwi et al., 1991).

In this study, we investigate the activity, selectivity, and stability of both the
5 wt% N1/Cey.75Zr9 250, and 5 wt% Ni/B"-AL0; catalysts for iso-octane POX in the

temperature range of 400-800°C at atmospheric pressure.
5.3 Experimental

5.3.1 Catalyst Preparation

S Wt% Ni/Ceo.75Zr0 250, and 5 wt% Ni/B"-Al, 05 catalysts were prepared
by a conventional impregnation method with nickel salt solutions. The B"-alumina
(with Na* ion conductor) used as support was supplied from Ionotec (England) while
Ceo.75Z10.250, support was prepared by urea hydrolysis followed by the method
reported elsewhere (Pengpanich ez al., 2002). Each catalyst was thermally treated in
air at 500°C for 4 h.

5.3.2 Catalyst Characterizations
The surface areas of the samples were determined by the BET method

using a Quantachrome Corporation Autosorb instrument. The samples were
outgassed at 250°C for 4 h prior to analysis. J

The degree of nickel dispersion was determined by H, pulse
chemisorption (Quantachrome modeled ChemBET- 3000 TPR/TPD). About 100 mg
of sample was placed in a quartz reactor. Prior to pulse chemisorption, the sample
was reduced in H; atmosphere at 500°C for 1 h. Then the sample was purged with N,
at 500°C for 30 min and cooled to 50°C in flowing of N,. A H, pulse (pure Hy, 100

ul) was injected into the sample at 50°C. The metal dispersion was calculated by
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assuming the adsorption stoichiometry of one hydrogen atom per nickel surface
atom.

Temperature programmed reduction (TPR) measurements were carried
out to investigate the redox properties over the resultant materials. H, was used as a
reducing gas. H,-TPR was carried out in a TPR analyzer (Quantachrome modeled
ChemBET- 3000 TPR/TPD) using 50 mg of sample. The sample was pretreated in
flowing N> (20 ml/min) at 250°C for 30 min prior to running the TPR experiment,
and then cooled down to room temperature in N,. Then, the sample was exposed to a
5% H; in N gas mixture at a flow rate of 75 ml/min, and the sample temperature was
raised at a constant rate of 10°C/min from room temperature to 950°C. The amount
of H, consumption during the increasing temperature period was determined by
using a TCD signal.

An X-ray diffractometer (XRD) system (Rigaku) equipped with a RINT
2000 wide-angle goniometer using CuK, radiation and a power of 40 kV x 30 mA
was used for examination of the crystalline structure. The intensity data were

collected at 25 °C over a 26 range of 10-90° with a scan speed of 5° (20)/min and a

scan step of 0.02° (20).

Temperature programmed oxidation (TPO) carried out in a TPO reactor
analyzer coupled with an FID was used to quantify the amount of coke formation in
the spent catalysts. Typically, about 40 mg of sample was heated with a constant rate
of 10°C/min from room temperature to 900°C using 2%0; in He as an oxidizing gas
at a flow rate of 40 ml/min. The output gas was passed to a methanizer packed with
15 wt% NI/AL,O; as a catalyst prior to the FID detector. After the temperature
reached 900°C, 100 pl of CO;: pulses was injected in order to evaluate the quantity of .

coke formed.

5.3.3 Catalytic Activity Tests
A fixed-bed quartz tube microreactor (i.d. @ 6 mm) was used for

conducting the catalytic activity tests for iso-octane partial oxidation. Typically, ca.
10 mg of catalyst sample diluted in 90 mg of -Al,03 was packed between layers of
quartz wool. The reactor was placed in an electric furnace equipped with K-type
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thermocouples. The catalyst bed temperature was monitored and controlled by
Shinko temperature controllers. iso-Octane was vaporized from a saturator at 10°C
using He as carrier gas. The concentration of iso-octane was maintained at 0.8% by
mole. Typically, the feed composition was altered to obtain C/O ratios in the range
between 0.6 and 1.6, balanced with He. The total flow rate of feed gases was kept at
150 ml/min (GHSV = 80,000 h') using Aalborg mass flow controllers.
Measurements were carried out at furnace temperatures adjusted sequentially to 400 -
800°C. The product gases were chromatographically analyzed using a Shimadzu GC
14A equipped with a CTR I (Alltech) column for a TCD detector and Porapak® Q
(Alltech) column for an FID detector. The conversions (X) were determined by
dividing the mole of reactant consumed by the mole of initial reactant. The
selectivities (S) reported in this work were calculated by the ratio of the moles of a
specific product to the total moles of all products based on dry basis. This definition
allows selectivities of each material to sum to unity.

The effect of water on the POX was carried out in a similar system of
POX as mentioned above. However, a feed gas mixture composed of 0.8% iso-
octane, 3.2% O,, 2.4% H,0 and balanced with He was used. The total flow rate of
feed gases was kept at GHSV = 80,000 h™'. The catalytic activity tests were measured
in the temperature range of 400 — 800°C.

5.4 Results and Discussion

5.4.1 BET Surface Area, Ni Metal Dispersion and H,-TPR

The BET surface areas, and Ni metal dispersion of the catalysts are

shown in Table 5.1. The surface area of Ni/Ceg75Zrg,s0, catalyst is significantly
higher than that of Ni/B"-Al,0; catalyst. The Ni metal dispersion of Ni/Ceg 75Zr 250
catalyst is also significantly higher than that of Ni/B"-Al,O5 catalyst.
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Table 5.1 BET surface areas and Ni metal dispersions of the Ni supported catalysts
calcined at 500°C .

Catalyst BET surface area Ni metal dispersion
(m’/g) (%)

5 wt% Ni/B"-Al,O; 5.5 1.0

5 wt% Ni/Ceg 75212502 112.0 6.4

H,- TPR profiles of the catalysts and their supports are shown in
Figure 5.1. Based on the TPR profiles, B"-Al,O; does not appear to be reduced
significantly while th-e Ceg75Zrp250, support shows two reduction péaks at
temperatures of about 550 °C and 800°C. It is generally accepted that the first peak is
due to the reduction of surface oxygen and the other is the reduction of bulk oxygen.
For 5 wt% Ni/Ceg75Zr9250, sample, the TPR profile shows two peaks located at
temperatures of 300 and 370°C and another broad peak at temperatures over 800°C.
The first two peaks indicate the reduction of NiO to Ni’, and the third peak is
attributed to the reduction of the support (Montoya et al., 2000). Generally, for
supported Ni catalysts the low temperature peak is attributed to the reduction of
relatively free NiO particles, while the higher temperature peak corresponds to the
reduction of complex nickel oxide species interacting with the support (Roh er al.,
2002).

For Nﬂﬁ"-AJgO; catalyst, only one reduction pgak with the
maximum temperature at ca. 530°C was observed. The reduction temperature of

Ni/B"-Al;O5 is higher than that of Ni/Cey75Zro250;. This result indicates that
Ni/Ceq.75Z19.250; is easier to reduce than Ni/B"-Al,0; catalyst.
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Figure 5.1 H,-TPR profiles of catalysts calcined at 500°C -with heating rate of
10°C/min, a reducing gas containing 5%H, in nitrogen with a flow rate of 75 ml/min:

(a) B"-Ale; (b) Ceo_'}szro_stz (C) 5 wt% NUB"-A1203 (d) 5 wt% Ni;’Ceo,TSZro‘gst.
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5.4.2 Catalytic Activity for Partial Oxidation of iso-Octane
POX of iso-octane was carried out over the 5 wt% Ni/B"-Al,0; and

Ni/Ceq 75Zr9250; catalysts under the following conditions: space velocity = 80,000 h°
" and C/O feed molar ratio = 1. The conversion of iso-octane, oxygen consumption
and the product selectivities of iso-octane POX over Ni/p"-Al,O; and
N1/Ceq 75Zr0 250, catalysts are shown in Figures 5.2 and 5.3, respectively. For Ni/p"-
AL O; catalyst, the iso-octane conversion started to increase rapidly as temperature
increased from 600 to 700°C whereas the Ni/Ceq 75Zr( 250, catalyst gave almost 100
% conversion at lower temperatures (ca. 550°C), indicating that Ni/Ceg 75719250
catalyst has higher catalytic activity than Ni/B"-Al,05 catalyst. This may be due to
the fact that the Ni/Ceg5Zr; 250, catalyst has much higher BET surface area and a
higher degree of Ni metal dispersion, which are essential for th.e partial oxidation
reaction, than the Ni/B"-Al,Os catalyst, as presented in Table 1.

For 5 wt% Ni/B"-Al,0; catalyst (see Figure 5.2), CO; and iso-butene (i-
C4Hs) were the dominant products at temperature range of 500 to 650°C. It is
believed that CO; is produced from total oxidation while i-C4Hs is produced from
cracking reactions at temperatures < 650°C. It was evidient that heavy hydrocarbons
could be fragmented by thermal cracking or thermal pyrolysis to lighter
hydrocarbons with a high temperature media (Savage, 2000). The cracking
temperature can be varied depending on the molecular weight of hydrocarbons. For
example, the pyrolysis of alkyl-aromatics occurs at moderate temperatures around
400°C, while pyrolysis of n-heptane and methylcyclohexane can be obtained at
temperatures from 680 to 800°C. Hence, we investigated the cracking reaction of iso-
octane over Ni/B"-Al,O; catalyst and over pure quartz wool (as a blank run) with
0.8% iso-octane in He at GHSV of 80,000 h™'. The results are shown in Figures 5.4
and 5.5. The thermal cracking reaction of iso-octane started at temperatures above
650°C while the catalytic cracking of iso-octane over the catalyst started at lower
temperature (above 500°C), with i-C4Hg as a dominant product. This suggests that i-

CsHg is produced from both thermal and catalytic cracking reactions.
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Figure 5.2 iso-Octane conversion, oxygen consumption (hollow symbols) and

product selectivities (solid symbols) at different temperature for partial oxidation

reaction over 5 wt% Ni/B"-Al,0Os catalyst at the conditions of space veloc1ty 80,000

h"! and C/O feed molar ratio = 1.
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Figure 5.3 iso-Octane conversion, oxygen consumption (hollow symbols) and
product selectivities (solid symbols) at different temperature for partial oxidation
reaction over 5 wt% Ni/Ceg 75219 250;. catalyst at the conditions (;f space velocity =
80,000 h™' and C/O feed molar ratio = 1.
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Figure 5.4 iso-Octane conversion (hollow symbols) and product selectivities (solid
symbols) at different temperature for partial oxidation reaction over a blank run at
the conditions of space velecity = 80,000 h™' and iso-octane concentration = 1%

balanced He.
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Figure 5.5 iso-Octane conversion (hollow symbols) and product selectivities (solid

symbols) at different temperature for partial oxidation reaction over 5 wt% Ni/p"-

AlOs catalyst at the conditions of space velocity =

concentration = 1% balanced He.

80,000 h' and iso-octane
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Above 650°C, the CO; and i-C4Hg selectivities were decreased whilst
other products including CO, H,, CHy, C;Hs, C;Hg and C3Hg were observed. Under
such conditions, the oxygen was completely consumed and a Hy/CO molar ratio of
ca. 1.3 was obtained. The light hydrocarbons produced by cracking reactions are then
further reformed by either H,O or CO; to yield CO and H; products (Pacheco er al.,
2003). The olefinic products, C3Hg and i-C4Hs, observed for iso-octane partial
oxidation over Ni/B"-AL,O; catalyst, might be formed due to B-elimination. This
finding is confirmed by results reported by Schmidt and co-workers (Huff et al.,
1995; O’Connor er al., 2000). i-C4Hg resulted from abstraction of the tertiary
hydrogen followed by B-scission of the parent molecule into isobutylene and isobutyl
radical. The isobutyl radical can undergo either abstraction of a primary H atom
leading to another isobutylene molecule (O’Conndr et al., 2000), or B-methyl
elimination to form propylene (Huff et al., 1995). The C,H; and C,Hs products
formed over Ni/B"-ALO; catalyst at temperatures above 700°C may be due to
oxidative coupling of methane. From our earlier results for methane partial oxidation
(as shown in Figure 5.6), not only CO;, CO and H; products, but also C;H, and C,H;
products were observed for such a catalyst. This suggests that oxidative coupling of
methane over Ni/B"-Al,0; may oceur. A similar finding was observed by Kiwi et al.
(1991) who reported that Ni/B"-Al,0; is capable of producing CH; radical precursors
to generate C;Hs and C;Hg products. Therefore, the presence of C; products observed
in the iso-octane POX might stem from this reaction.

For 5 wt% Ni/Ceg75Zr) 50, catalyst (see Figure 5.3), at temperatures
below 550°C, only CO, was observed as product while CO and H, became the
dominant products at temperatures above 550°C. No C, — C4 products were found
over this catalyst. This might be due to the fact that Ceo.75Zrp250, has high
reducibility and surface oxygen mobility allowing it to exhibit the high activity for
hydrocarbon oxidation reaction (Pengpanich er al, 2004). After the complete
consumption of O, CO and H, started reaching significant levels in the product
stream. This infers that the CO and H, were produced by reforming rather than by
partial oxidation (Praharso ez al., 2003). The Ho/CO ratio was in the range of 1.3-2.0

depending on the operating temperature. It was found that the H,/CO ratio decreased
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with increasing operating temperature. From stoichiometry, the H,/CO ratio from
steam reforming is about 2.1 while that for dry reforming is about 0.6. It is apparent
that the dry reforming dominates at higher temperatures. The small amount of CH,
present in the product stream at temperatures above 700°C is believed to be due to

the methanation reaction (Ming et al., 2002; Krummenacher ef al., 2003).

5.4.3 Catalyst stability
3.4.3.1 The effect of C/O ratio
The C/O feed ratio was varied from 0.6 to 1.6 at a GHSV of
80,000 h' and the reaction temperature of 700 - 800°C. Table 5.2 shows the effect of

C/O feed ratio on the iso-octane conversion, oxygen consumption, and product
selectivities over 5 wt% Ni/Ceg75Zr0250, and 5 wit% Ni/B"-ALO; catalysts at
temperatures of 700, 750, and 800°C. For 5 wt% Ni/B"-ALO; catalyst, it was found
that at a given temperature CO and CO; selectivities were slightly decreased with
increasing C/O feed ratio while the selectivity to H, and higher hydrocarbons (C;’s,
Cs’s, i-C4Hg ) was increased. It might be speculated that with an increasing C/O feed
ratio, adsorbed alkane and/or surface carbon concentration on the catalyst surface
should increase, further inhibiting O, adsorption. Thus, the cracking reaction
becomes a dominant reaction (Dietz et al., 1996). For 5 wt% Ni/Ceg75Zro250>
catalyst, it was found that only CO,, CO, H, and CH, products were observed but
higher hydrocarbons (C;’s, C3’s) were not observed at all C/O feed ratios. At C/O
feed ratios beyond unity, CO and CO, selectivities were decreased at a given
temperature whereas H, and CH, selectivities were increased. It is well known that
ceria promotes the water ga:s shift reaction. The decreases in CO émd CO; selectivties
might be due to the onset of water gas shift and methanation with increasing C/O

feed ratios.
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Figure 5.6 CH4 conversion and product selectivities at different temperature for

methane partial oxidation reaction over 5 wt% Ni/B"-Al,05 catalyst at the conditions

of space velocity = 80,000 h™ and C/O ratio = 1.



Table 5.2 iso-Octane partial oxidation over 5 wt%Ni/Ceg 75Zro.25s0; and Ni/B"-Al,0; catalysts using various C/O feed ratios

C/O Ni/Ceyg 75210250,
e Feed ratio Xics Xo2 Scoz Sco Sha Scha
(°C) H,/CO
(%) (%) (%) (%) (%) (%)
700 0.6 100 ‘ 100 25.2 26.1 48.7 0 1.7
750 0.6 100 100 22.6 28.1 49.1 0.2 1.7
800 0.6 100 100 20.4 29.0 49.6 0.9 1.7
700 0.8 94 100 15.5 354 48.6 0.3 1.4
750 0.8 100 100 144 36.8 473 1.2 1.3
800 0.8 100 100 13.2 36.1 49.2 14 1.4
700 1.0 90 100 9.4 37.9 52.2 03 1.4
750 1.0 100 100 53 40.1 529 1.6 1.3
800 1.0 100 100 R % 2 399 53.8 29 1.3
700 13 85 100 59 38.1 55.1 0.5 1.4
750 13 94 100 2.7 36.2 57.7 1.8 1.4
800 1.3 100 100 1.9 349 - 55.8 4.4 1.6
700 1.6 75 100 54 39.6 539 0.7 1.4
750 1.6 87 . 100 24 37.2 56.2 2.7 1.5
800 1.6 100 100 1.7 34.1 56.1 5.1 1.6

SL



Table 5.2 (continued) iso-Octane partial oxidation over 5 wt%Ni/Ceg 752102502 and Ni/B"-Al,O; catalysts using various C/O feed ratios

cio NUB"-ALO,

Temperature . :
(°C) Feed ratio Xics Xo2 Scoz Sco Sha Schs Scams Scams Scane Sica H,CO

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

700 0.6 70 43 31.7 234 29.5 42 1.2 0 44 5.7 1.3
750 0.6 95 69 22.1 26.5 38.1 5.7 1.3 0.5 32 2.5 1.4
800 0.6 100 94 17.0 314 40.9 ' 5.7 1.3 0.4 2.0 1.2 1.3
700 0.8 69 45 29.5 24.4 31.7 39 1.1 0 4.1 53 1.3
750 0.8 94 73 17.5 28.1 439 4.5 1.0 04 2.6 2.0 1.4
800 0.8 100 94 12.8 322 46.9 43 1.0 0.3 1.5 1.0 1:5
700 1.0 68 80 358 24.7 K.y = 34 0.7 0 1.8 2.0 1.3
750 1.0 92 100 233 25.8 41.7 o R 13 04 2.0 1.7 1.6
800 1.0 100 100 16.7 27.7 435 5.9 1.9 0.6 2.2 1.5 1.6
700 1.3 58 85 22.8 24.8 34.6 43 1.0 0 44 7.9 14
750 1.3 88 100 15.6 272 44.0 49 1.4 0.6 3.1 32 1.6
800 1.3 100 100 11.8 27.1 45.2 7.0 2.2 0.8 32 2.6 1.7
700 1.6 57 87 29.3 19.1 322 . 5.1 1.4 0 5.1 7.8 1.7
750 1.6 85 100 194 18.5 445 6.0 24 0.8 4.1 43 24
800 1.6 100 100 12.5 20.2 48.2 7.7 2.6 1.0 4.1 3.6 24

oL
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The coke formation over the spent catalysts was investigated
after 6 h-time on stream at 800°C and C/O feed ratios of 0.6, 1.0 and 1.6. The TPO
profiles of the catalysts are shown in Figure 5.7. The TPO profiles of 5 wt%
Ni/Cey 75Zr9 250, catalyst show a peak centered at ca. 620°C. The peak area was
increased with increasing C/O feed ratio. For 5 wt% Ni/B"-Al,0s, a very small peak
was observed for the catalysts operated at C/O feed ratios < 1.0, while a peak
centered at ca. 650°C was observed for the catalysts operated at C/O feed ratio of 1.6.
The amounts of carbon deposited on the catalysts are presented in Table 5.3. As the
C/O feed ratios < 1.0, the Ni/B"-AlL,O; catalyst yielded lower amounts of carbon
formed than the Ni/Ceg.75Zro 250; catalyst. However, the amount of carbon deposition
over the Ni/B"-Al,O; catalyst was increased by more than two fold as the C/O ratio
was higher'than unity. This in turn indicates that the Ni/Ceg75Zrg 250, catalyst is
more stable under rich conditions than the Ni/f"-Al,0; catalyst due to its good redox

properties.

Table 5.3 Amounts of carbon deposited on the catalysts, as determined by TPO,
using 2%0; in He and heating rate of 10°C/min, after 6 h time on stream at 800°C
and C/O ratios of 0.6, 1.0 and 1.6

Catalyst C/O ratio iso-Octane Carbon deposits
conversion® (%) (Wt%)

5%Ni/B"-A1,03 0.6 100 0.13

1.0 100 . 0.19

1.6 100 3.88
5%Ni/Ceg 75210250, 0.6 100 0.23

1.0 100 0.85

1.6 100 1.30

* conversion at the end of time on stream (6 h)
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Figure 5.7 TPO profiles of spent catalysts after exposure to POX reaction at 800°C
for 6 h with a heating rate of 10°C/min, an oxidizing gas containing 2% oxygen in He
with a flow rate of 40 ml/min: (a) 5 wt%Ni/f"-AL,0; (C/O ratio = 0.6), (b) 5
wt%Ni/B-Al,0; (C/O ratio = 1.0), (c) 5 wt%Ni/B”-AL,0; (C/O ratio = 1.6), (d) 5
wt%Ni/Ceg.75Z1r0 250, (C/O ratio = 0.6), (€) 5 Wt%Ni/Ceg75Zrg 250, (C/O ratio = 1.0),
(f) 5 wt%Ni/Ceg 75210250, (C/O ratio = 1.6).
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5.4.3.2 The effect of water

After prolonged operation of the catalyst at 800°C with C/O
ratio of unity for 6 h, both catalysts maintained their initial activities as shown in
Figures 5.8 and 5.9. This indicates that our catalysts are stable for POX. However, a
small amount of carbon deposition was observed for the catalysts. It has been
reported that the addition of water into the feed stream of POX could reduce the
amount of carbon deposition (Seo ez al., 2002). This led us to scrutinize such a water
effect on our catalysts by introducing some steam into the POX system operating in
autothermal reforming (ATR) mode.

The effect of water was studied at a C/O feed ratio of unity and
H,0O/C ratio of 3:1. The activities of iso-octane POX in the presence of steam in the
feed stream over Ni/B"-AlO3 and Ni/Ce5Zry 250, catalysts are shown in Figures
5.10 and 5.11, respectively. By comparing the results of POX without/ with steam in
the feed stream, at a given temperature, one can observe a decrease in iso-octane
conversion for both catalysts as steam was introduced. This suggested that steam
could retard the POX reaction. However, a decrease in CO selectivity but an increase
in H, selectivity was observed resulting in obtaining higher H,/CO ratios of 3 — 4 as
compared with those obtained from POX. It is postulated that a water-gas shift
reaction would play a role such a change. Interestingly, small amounts of C,H,, C,Hj
and C3Hg were observed in the product stream at temperatures above 650°C for the 5
wt% Ni/Ceg75Zr0250; catalyst (see Figure 5.11) whilst those were not observed in
the case of POX. C;Hg and C3Hg formation is believed to be due to the thermal
cracking reactions.

As seen in Figure 5.12 and 5.13, at 800°C, the iso-octane
conversion as a function of time on stream of both catalysts remained unchanged
under POX in the presence of steam. It should be noted that the Ni/Ceq.75Zr 250,
catalyst yielded the complete both iso-octane and oxygen conversions with almost
unchanged H; selectivity. This suggested that the Ni/Ce.75Zr( 250, catalyst is more
stable than the Ni/B"-Al,O; catalyst in the presence of steam. Since carbon formation
was not observed for both the spent Ni/B"-Al1,0; and Ni/Ceg75Zro 250, catalysts at

800°C after 6 h on stream in this study, therefore, it is conceivable that the decrease
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in H; selectivity of the Ni/B"-AL,O; catalyst might be due to phase transformation of
B"-Al,03 when steam was introduced to the POX system as proposed by Garbarczyk
et al. (1983).

Figure 5.14 shows XRD patterns of fresh Ni/B"-Al,0; catalyst
compared with those of spent Ni/B"-Al,O; catalysts from POX with and without
steam in feed at 800°C. A split of the (104) plane reflection at 21.12° (20) indicates a
phase transformation for the spent Ni/B"-Al,O; catalyst obtained from POX with
steam in the feed stream whereas no such split of a plane reflection was observed for
the fresh Ni/B"-AL,O; catalyst and the spent Ni/B"-Al,O3 catalyst from POX without

steam.
5.5 Conclusions

It can be concluded that Ni/Ceq75Zrg250; catalyst is more active than Ni/p"-
AlO; catalyst for POX of iso-octane. Under POX reaction conditions, synthesis gas
was produced at temperatures above 550°C on the Ni/Ceq 75Zrj 250; catalyst whereas
Ni/B"-AL,O; required temperatures above 650°C. Alkanes and olefins (CHs, C,’s,
Cs’s and C4’s) were produced over the Ni/B"-Al,0; catalyst, however only CH; was
formed over the Ni/Ceg75Zrg250; catalyst. This suggests that Ni/B"-Al,O; may be
useC for the simultaneous production of H, for fuel cells and of value-added
chemicals. Both catalysts are quite stable when operated under normal conditions,
yet the Ni;’CngsZro_zsoz catalyst is more stable when rich conditions are applied. The
addition of steam promotes a water-gas shift reaction resulting in a larger amount of
hydrogen production and less amount of coke formation. Althogh the iso-octane
conversion of both catalysts remains unchanged under ATR conditions but H,
selectivity from ATR over Ni/B"-ALO; catalyst significantly decreased due to the
phase change of B"-Al,O; support.
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Figure 5.8 iso-Octane conversion, oxygen consumption (hollow symbols) and
product selectivities (solid symbols) as functions of time for partial oxidation
reaction over 5 wt% Ni/B"-AL,O; catalyst at the temperature of 800°C with the -
conditions of space velocity = 80,000 h” and C/O feed molar ratio = 1.
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Figure 5.9 iso-Octane conversion, oxygen consumption (hollow symbols) and
product selectivities (solid symbols) as functions of time for partial oxidation
reaction over 5 wt% Ni/Ceg75Zrg 250, catalyst at the temperature of 800°C with the

conditions of spac'e velocity = 80,000 h™! and C/O feed molar ratio = 1.



83

100
1001 —O0-X,
_O_ XD,
_ 80 o e
o\c —A— Su, w
g8 604 —%- s:;_ 160 %
o —+— Scﬁ‘ =
5 =K~ Sc,rg =
g 404 *75 ™2
&) N
204 120
0 r—= 0
400 500 600 700 800

Temperature ("C)

Figure 5.10 iso-Octane conversion, oxygen consumption (hollow symbols) and
product selectivities (solid symbols) at different temperatures for POX with steam in
feed over 5 wt% Ni/B"-Al,O; catalyst at tﬁe conditions of space velocity = 80,000 h’!
and C/O feed molar ratio = 1, H,O/C ratio = 3.
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kigure S5.11 iso-Octane conversion, oxygen consumption (hollow symbols) and
product selectivities (solid symbols) at different temperatures for POX with steam in
feed over 5 wt% Ni/Ceg75Zro2s0; catalyst at the conditions of space velocity =
80,000 h™' and C/O feed molar ratio = 1, H,O/C ratio =- 3.
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product selectivities (solid symbols) as functions of time for POX with steam in feed
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space velocity = 80,000 h™' and C/O feed molar ratio = 1, H,O/C ratio = 3.



100 EF—G Q o—Oo—~0 a Q %0
- 80 - —O-x H\‘\“A—A—‘--h_____ A A 60
S ) %
: o _._ SCD "'._ SCD —
= 60 -A-s, -y-s, Ei
£ K~ Scy, —+—Ser 192
2 40 e 2
: - 5
- 5 | S .“‘“'--==—l—l : : 420 <
0' __--—-—-.-—-—-—-__..—/ '_.‘.
e Y—V—V— v v
0-BF—%— ; — H—; —3 ¥*— 0
0 1 2 3 4 5 6

Time (h)

86

Figure 5.13 iso-Octane conversion, oxygen consumption (hollow symbols) and

product selectivities (solid symbols) as functions of time for POX with steam in feed

over 5 wt% Ni/Ceg 75Zro 250 catalyst at the temperature of 800°C with the conditions
of space velogity = 80,000 h™' and C/O feed molar ratio = 1, H,O/C ratio = 3.
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Figure 5.14 XRD patterns of «-Al;Os (a), fresh 5 wt% Ni/B"-Al,Os catalyst calcined
at 500°C (b), spent 5 wt% Ni/B"-AL,0; catalyst from partial oxidation at 800°C (c)
and spent 5 wt% Ni/B"-AlL,O; catalyst from autothermal reaction at 800°C (d).
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