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Abstract

In our previous work, it was shown that LiLaNi§/Al ,O3; was an excellent catalyst for partial oxidation of heptane to syngas in a fixed-bed
reactor at high temperature and the selectivity of CO was about 93%. However, pure oxygen was used as the oxidant. We have developed a
dense oxygen permeation membrang 5% sCoy gF&>,O03 that can supply pure oxygen for the reaction. In this work, the membrane was
combined with the catalyst LiLaNi@fAl,Oz in one rector for the partial oxidation of heptane that is typical component of gasoline. A good
performance of the membrane reactor has been obtained, with ad@tane conversion and >94% hydrogen selectivity at the optimized
reaction conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Steam reforming is an endothermic reaction and heat re-
quired for reaction is supplied from an external source. By
Increasingly stringent legislation requires the emission contrast, the partial oxidation is exothermic reaction by using
from internal combustion engines to the point where the de- air or pure oxygen as the oxidant. If air is used, the syngas
velopment of alternative power sources for vehicle is im- contains about 50% N which consumes substantive heat
pelling. One of the attractive alternatives is the electric motor [7]. Though pure oxygen is an ideal oxidant, it is expensive.
associated with a fuel cdll]. And the most technically de- In GTL conversion, there is increasing interest to develop
veloped fuel cell is proton exchange membranes (PEMFC) dense membranes to supply pure oxygen from air directly for
using hydrogen as the fugl,2]. Hydrogen is a clean fuel; the  the production of syngas from natural gas, because the capi-
only product from PEMFC is water. However, there are no tal cost could be potentially reduced by 30% with this tech-
available and reliable transportation and storage techniquesnology [8]. The dense membrane gsBry5CoygFey 203
for hydrogen. The conversion of hydrocarbon to hydrogen we developed was found to be highly permeable to oxygen
for on-board mobile will play an important role in the near (11.5mL/cnf min) at POM reaction conditions. At the same
future. In recent years, natural gas, methanol, ethanol andtime, the POM catalyst LiLaNiG+Al»O3 is also an excel-
hydrocarbong3,4] have been studied as fuels for hydro- lent one for the partial oxidation of heptane to syngas in a
gen production. Among them, gasoline and diesel oil have fixed-bed quartz micro-reactor. This work is to study the hy-
the following advantages: higher heat value, larger hydrogen drogen production in a membrane reactor by combining air
content and the available infrastructure all over the world separation by this dense membrane with the partial oxida-
[5]. In refineries and petrochemical industry, naphtha is also tion of heptane, which is a typical component of gasoline.
used as a hydrogen source by steam reforrfihg

2. Experimental
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Fig. 1. Reactor configuration and flow chart.

pared as described in the literatui®, and the catalyst the same time, the selectivity of ethane and propylene de-
LiLaNiO/y-Al,03 was prepared via the impregnation creased. The main products are alkenes, which can easily
method according to the repdftO], and its performance is  form carbon-deposition. The carbon observed on the reactor
shown from the referencd$1-14] Heptane was fed by a  wall after the reaction confirmed this.

pump at a constant rate and the steam was brought by He,

which was also used to adjust the partial pressure of the3.2. The effect of temperature on the membrane reaction
reactants. Heptane, water and He were fed into an evapo-

rator. After being vaporized, the gaseous mixture reacted The effect of the temperature on the membrane reaction
with oxygen, which was supplied by the membrane from was investigated, and the results are displayeBign 3(A

the air on the other side. After condensation, the products and B) At the temperature range of 750-9%D, heptane
were analyzed by an on-line HP4890GC with a TCD de- can be completely converteBig 3(A) shows that, with the
tector. The purity of heptane was >98.5% and the rest wasincreasing of the reaction temperature from 750 to 850
paraffin with different carbon numbers. A mixture of hep- the selectivity of CO increased rapidly. However, at a tem-
tane 40vol.%, cyclohexane 14 vol.%, toluene 34 vol.% and
hexane 12 vol.% simulated the gasoline.

80
= CH,
3. Results and discussion 60
S
3.1. Blank experiments -
3 a0
Since the membrane reaction is at 800—900it is nec- g
essary to study the homogeneous reaction and carbon de- @
position of heptane by the thermal cracking. The informa- 20+
tion can be obtained by blank experiments in a fixed-bed o
guartz micro-reactor without catalyst at a temperature range N A N ‘éﬂe
of 750-950°C, and the ratio of W/C (defined as molecu- 0 o~ séomo —
lar ratio of H,O/carbon) was 0.42. The results are shown in
Fig. 2 Temperature (°C)
With the increasing of the temperature from 750 to Fig. 2. The effect of the reaction temperature on the selectivity of
950°C, the selectivity of ethene increased from 53 to 72%, the products in a blank reaction. Reaction conditiofs: 850°C, Vie
and the selectivity of Chl increased from 8 to 15%. At = 35mL/min, W/C= 0.42, V4r = 200 mL/min.
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100 10 H> was 100% at 900C. The conversion of water decreased
with the rising of the temperature. At 95Q, it was 0%.
L8
. = 3.3. The effect of the space velocity on the membrane
) 6 = reaction
Z s
% ‘§ Fig. 4(A and B)shows the results of the partial oxidation
S 4 g of heptane (POH) reaction at different space velocities in
@ the membrane reactor. It can be seen that the space velocity
-2 affected the membrane reaction drastically.
The space velocity is an important factor on the se-
. . 3 . Lo lectivity of products and the activity of the catalyst. The
750 800 850 900 950 catalyst LiLaNiO#-Al,03 has been shown an outstanding
(A) Temperature (°C) catalyst for the partial oxidation of methane, ethane, and
heptane in a fixed-bed reactor. At a high space velocity (2.7
20 x 1P L/(kg h)) of methane, the selectivity of CO and the
9 100 . H, g conversion of CH still kept at >97 and 95%, respectively.
g /‘/"—4 ; However, the catalytic conversion of heptane in the mem-
‘® 80 J, {15 E brane reactor is expected to be different from the one in the
s * E fixed-reactor.
8 60- E From theFig 4(A), it can be seen that the selectivity of CO
i 110 ¢ first increased rapidly as the space velocity increased from
3 a0 kS
g ° E 30 100
3 20 1° qﬁ' T
3 1" T——aco | g
Ho X
0-—¢ ; ' . t—=Jo O T 20- s
750 800 850 900 950 < L0 =
2 2
(B) Temperature (°C) 2 15 :;
[*]
Fig. 3. (A and B) The effect of reaction temperature on the selectivity of the % 10 -40 é
products in the membrane reactor. Reaction conditigns:= 35 mL/min, 0 CH, (2}
Vair = 200 mL/min, Vij,0 = 8.9 mL/min. 5 N CH,|-20
perature >850C, the selectivity of CO began to decline, and ] Co,
the highest value was 91%. The selectivity of £i€H, s T 20 2% 3.0 I
and GHg decreased rapidly in t_he Wh.ole range of the tem- A) GHSV(x1000 L/Kg.h)
perature (GHg was not shown in th&ig. 3). At the tem-
perature of 850C, no GH4 and GHg were observed in 100 20 g
the products. The selectivity of Gncreased with the tem- q ”\Dj_ﬂ\ﬁ\g 2
perature. The observed phenomenon is due to the increased¢ H, '€
oxygen supplied by the oxygen membrane, which is a func- -2 801 H07| 18 E
tion of the temperaturétig. 3(B) shows that the oxygen flux E A 3
gradually increased from 0.0 to 14.8 mL/&min with the & 60 {12 T
increasing of reaction temperature from 750 to 960 At © Jo, %
a lower temperature<850°C), the oxygen supplied by the ; 40 ls &
membrane is not sufficient to completely convert alHg > =] §_
and GH, into CO, H. Therefore, we observed,8g and § <
C2Hg in the products. As the flux of oxygen grew, the i@ S 20+ 14 g
the products became less and disappeared at last. Simulta- °
neously, the selectivity of CO reached its highest value. At 0 T — 0

a temperature >85(C, the oxygen permeating through the
membrane is more than the amount needed for the reaction ®
which converted not only all of the Qto CO and H, but

also produced some GOThus, the selectivity of CO be-
gan to decreasé&ig. 3(B) also shows that the selectivity of

2.0 2.5 3.0
GHSV(x1000 L/Kg.h)

1.5 3.5

Fig. 4. (A and B) The effect of the space velocity on the selectivity of
the products in the membrane reactor. Reaction conditidns:850°C,
Vair = 200 mL/min, W/C= 0.42, Ve = 35mL/min.
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1.4 x 10% to 2.1 x 10°L/(kg h). After reaching a maximum  plays that, When W/C was 0, namely there was no water, a
(selectivity: CO 96%, IH498%) at the space velocity of 2x1 large mount of CH, CoH4, and GHg were detected in the
10° L/(kg h), the selectivity of CO began to decline rapidly. products. The selectivity of CO was only 20% and selectiv-
Simultaneously, gH4 was observed in the products and the ity of CO, and H were 0%. At the same time, the pressure
selectivity to this product increased with the space velocity. was observed to increase and carbon deposited on the cata-
Fig. 4(B) shows that, in the whole examined range of the lyst. At this time, the oxygen flux was only 4.8 mL/émmin
space velocity, the oxygen flux almost kept constant around accordingly Fig. 5(B)). When water was added to the reac-
10 mL/cn? min, since the permeation of oxygen is only a tant, the selectivity of CO, C®and H began to increase
function of the temperature at a certain driving force. At a rapidly. However, the selectivity of methane and ethane de-
low space velocity, the oxygen permeated from the mem- creased. At a W/C ratio of 0.52, the selectivity of CO as
brane was sufficient to react with heptane. Higher space ve-high as 98% was obtained, and ngHG and GHg were de-
locity means the higher feed rate of heptane, which makestected. However, further increase of the W/C ratio resulted
oxygen deficient for the reaction. A space velocity higher in a decreased selectivity of CO, and continuous increasing
than 2.1x 10° L/(kg h) resulted in undesired product 0§C  selectivity of H.

3.4. The effect of W/C on the membrane reaction 3.5. The long-term test of the partial oxidation of heptane
in the membrane reactor
Fig 5(A and B)shows the effect of W/C (defined as molec- . - ) o
ular ratio of HbO/carbon) at a range of 0.0 to 1.51 on the  Fig- 6(A and B)shows the stability of partial oxidation

reaction of heptane in the membrane readtiy. 5(A) dis- of heptane in the membrane reactor. The reaction was very
stable. The heptane converted completely at the reaction
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Fig. 5. (A and B) The effect of W/C on the selectivity of the POH Fig. 6. (A and B) The stability of the partial oxidation reaction of
products in the membrane reactor. Reaction conditidns: 850°C, Vhe heptane in the membrane reactor. Reaction conditidns:850°C, Vhe
= 35 mL/min, Vi = 200 mL/min. = 35 mL/min, Vair = 200 mL/min, W/C= 0.36.
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Fig. 7. (A and B) The stability of the partial oxidation reaction of
gasoline in the membrane reactor. Reaction conditidns: 850°C, Vue
= 35mL/min, Vair = 200 mL/min, W/C= 0.46.

condition, and the conversion of water was only 40%. The
selectivity of CO and K was 91 and 96%, respectively
during 100 h Fig. 6(A)). The oxygen permeation flux kept
constant 11 mL/cfmin (Fig. 6(B)).

3.6. The long-term test of the partial oxidation of gasoline
in the membrane reactor

Fig. 7(A and B)shows the stability of partial oxidation
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ane 12 vol.% simulated the gasoline. During 75 h, the reac-
tion is stable. The selectivity of CO and,hvere about 91
and 96%, respectively. The conversion of water was about
60% and the oxygen flux was about 10 mLmin.

4, Conclusion

At optimized conditions, the conversion of heptanes was
100% and selectivity of CO was 90-92% at a tempera-
ture of 850°C, W/C ratio of 0.51, and a space velocity of
2.1 x 16%L/(kg h). At these conditions, we investigated the
long-term performance of the partial oxidation of gasoline in
the dense membrane reactor. The catalyst LiLafi@l»>03
exhibited a good activity and a favorable stability during
75 h running; simultaneously there was no obviously change
in the membrane.
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