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Temperature Profiles of the Monolith Catalyst in CQ Reforming of Methane
with in-situ Combustion of Methane and Ethane
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Abstract—The temperature profiles in a monolith reactor were measured.ine@@ning of CH with in-situ com-
bustion of methane and ethane in order to find out in what sequence the reactions are occurring. The reaction gas
flowed both upward and downward. A hot spot was observed at low furnace temperatures, and it tended to disappear
as the furnace temperature increased. This is due to natural extinguishment of the flame caused by the endothermic
reforming reactions occurring. The hot spot disappeared at a lower temperature with the up-flow when compared with
the down-flow. When the hot spot appearg)nd CQ are produced by complete oxidation and accordingly the
steam reforming and the G&forming occur competitively in the rear part of the monolith. If the hot spot does not
appear, it is considered that the partial oxidation of methane occurs predominantly over the complete oxidation,
resulting in more efficient COemoval.
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INTRODUCTION produced gas has more flexible applications for the next synthesis
processes.
Recently, the interest in G@forming of CH has rapidly in- A few studies about temperature profiles related with this work

creased for both environmental and economic reasons. Bgth Cave appeared in the literature. Inui and coworkers [1997] have re-
and CH are the most abundant and cheapest carbon-containing gaspsrted as follows: four components of Ni;OgPt-Rh were sup-
but these gases are considered as harmful greenhouse gases [Gadrted on the alumina-coated ceramic fibers. The fibers were formed
and Bower, 1991; Edwards, 1995; Kilaparti, 1997; Souza et al., 200Into a plate shape of 1 mm thickness and the reactions were carried
WMO, 2000]. The advantages of the reforming are disposing anaut over this catalyst. In caseimfitu combustion of ethane or pro-
recycling these gases; if the O®forming of CH or dry reform- pane with oxygen and with the @EIG, ratio of 1, the catalyst bed
ing is used, a decrease of the,@@ission and simultaneous pro- temperature was observed to be higher by about 200 K than the fur-
duction of a synthesis gas can be achieved so that the carbon mace temperature. Consequently, even if the furnace temperature
source can be recycled [Asami et al., 2003; Ashcroft et al., 1991yas low (as low as 623 K), the Cebnversion was quite high. How-
Edwards, 1995; Edwards and Maitra, 1995]. By the way, the reever, since the feed ratio of @QEO, was 1, the CQOproduced by
forming of methane only with GQs a highly endothermic reac- the combustion of ethane or propane was not effectively eliminated.
tion, and hence external heat supply is inevitable. This causes alivhen the feed ratio of GKLO,was 3.5, the Cproduced by com-
other problem that CQOs emitted from another place. One solu- bustion was substantially eliminated. However, the difference of
tion to such a problem is to feedtGgether with more CHso that  the temperature between the furnace temperature and the catalyst
in-situ combustion of a part of Chh the reactor may supply the bed temperature was not disclosed. So it was not known whether
heat necessary. This will prevent lowering of the reactor temperaturthe catalyst bed temperature was higher or lower than the furnace
or minimize the external heat supply [Aschroft et al., 1991; Rostruptemperature. The temperature was measured at only one position,
Nielsen, 1994; Vlernon et al., 1992]. Thus, a complex external heatand the position where the temperature was measured was not de-
ing apparatus may be omitted or it can become more compact. Iscribed exactly. In another work, Torniainen and coworkers [1994]
addition, HO and CQ produced by CHcombustion can be sub- carried out exothermic partial oxidation of Cblzer a monoalith,
sequently converteih situ to CO and Kby the reforming reac-  which was prepared by coating several metals. They observed large
tions with CH. Consequently, the emission of Jé@comes sig-  temperature rises in the monolith compared with the feed gas tem-
nificantly smaller. At the same time, conversion gbHhto CO perature, but they did not measure the temperature profiles along
and H by the steam reforming of methane results in increase othe position through the monolith.
the H/CO ratio, since the JCO ratio of the syngas by the steam  When the combustion of hydrocarbons and @frming of
reforming is 3 while that by the G&forming is 1. Adjustment of  methane occur together in one reactor, it is not known whether com-
the H/CO ratio is also possible to some extent, and therefore théustion occurs first and is followed by reforming, or both reactions
occur together. Also, it has not been well known whether the se-
"To whom correspondence should be addressed. quence of such reactions may be influenced by the reaction condi-
E-mail: kijyoon@skku.edu tions. In addition, there have been few works on the examination
*Present address: Fuel Cell Research Center, Korea Institute of Sciend? temperature profiles in a monolith catalyst. Examination of the
and Technology, P. O. Box 131, CheongRyang, Seoul 130-650, Koregemperature profiles could be helpful to assess two debatable mech-
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anisms for partial oxidation of methane: one is the two-step mechrearly saturated solutions of the corresponding precursors [Kong,
anism, where the complete combustion occurs first and then th2002; Kong et al., 2002]. The support used wasimina (Strem
steam and CQeforming follow, and the other is the methane-de- Chemicals, 1/8 inch cylindrical pellets). It was crushed and sieved
composition (or pyrolysis) mechanism. In case of the former, a hoto get 40-t0-80-mesh powder and then dried in air at 673 K for 2 h.
spot will appear near the inlet of the bed and the temperature in thEhe precursors used were chloroplationic acigiEl-xH,0, Al-
rear part of the bed will be lowered significantly [Kim et al., 2003]. drich Chem., assay 40% Pt), Ni(N&6HO (Shinyo Pure Chem.,
Dissanayake et al. [1991] reported observation of the hot spot anéissay 97%), and cerium nitrate (CegN®@HO, Yakuri Pure Chem.,
suggested a two-step mechanism, but did not measure the tempeassay 98%). The precursors were impregnated stepwise in the order
ature profile. In case of the latter mechanism, observation of thef CeQ, Ni and Pt. After impregnation of each precursor, the pow-
hot spot may not be expected but the entire bed temperature willer was dried at 383 K for 12 h and calcined at 773 K for 4 h.
be moderately higher than the furnace temperature. A honeycomb support was used to prepare the monolith cata-
If the shape of the catalyst is powder or pellet, it is not easy tdyst. The honeycomb is made from cordierite {2APMgO-5SiQ)
obtain a temperature profile of the catalyst bed. But if the shape ofvith channels of square cross section, and the cell density is 400
the catalyst is a monolith of honeycomb, it is relatively easy to meaepsi (cells per square inch). The honeycomb was cut so that the mono-
sure the temperature profile by moving the thermocouple up antith had 17 cells, the length of 28 mm, and the diameter of ca. 8 mm.
down. In this work, the temperature profile along the position wasFour walls of the cells at the center of the monolith were removed
examined by using such shape of a catalyst. The reactions occun order that a 1/16-inch (1.6 mm) thermocouple could be inserted.
ring were CHcombustion-CQreforming of methane and theHg The weight of the monolith before the washcoating was about 0.44
combustion-C@reforming of methane. (5)Ce0)Ni-(1)PYALO, g. In order to use as the washcoat, the (SYCHDNI-(1)PYALO;
catalyst powder, which has been reported to show good catalytipowder was again crushed into fine particles (below a few tens of
performance for the CHtombustion-CQreforming [Kong, 2002;  micrometers). The fine powder was suspended in water, and the
Kong et al., 2002], was used as the washcoat of the monolith. Bywashcoated monolith catalyst was prepared by repeated dipping
doing so, we investigated in what sequence the reactions were oitito the suspension. After each dipping, it was dried at 373K for
curring. In addition, the reacting gas was flowed both upward and2 h and calcined at 673K for 2 h in air. This step was repeated
downward and the differences were compared. It was also disdntil the net weight of the coated powder catalyst became approxi-
cussed whether the released heat from the combustion could effesiately 0.08 g.

tively be used for the reforming reactions or not. 2. Reaction Experiments
The reaction was carried out in a conventional flow-type, verti-
THERMOCHEMICAL CONSIDERATIONS cal tubular reactor made of quartz. The inside diameter of the reac-

tor was 8 mm and the middle of the tube was heat-treated to be nar-
In this reaction system, various reactions can occur. Thermochenewed somewhat so that the monolith could be placed on there (Fig.
ical data for these have appeared in a previous article [Kong et a
2002]:

(x+1) CH+CO#0.5% O=(x+2) CO+(2x+2) H down-flow
DH=247-35.7xkd/mol (1) \I/ 15

DHy=247-314.8y kJimol  (2)

If an ideal reaction as shown by Eq. (1) for the removal ¢f CO 25 —
proceeds to produce only CO angHd the final products, the CH — S
combustion-C@reforming of CH becomes overall exothermic L 10
when x is larger than 7. In this case, thi€B ratio becomes 16/9 . [
(=1.78). If the GH; combustion-CQreforming of CH proceeds 10 —
ideally as shown by Eq. (2), it becomes overall exothermic when y i — 20

greater than 0.75, where th¢GO ratio becomes 11.75/7.25 (=1.62). v 25
Therefore, the syngas produced by these reactions will have wide 0 /I\ <

20 —

28 mm

applications than that produced by only,@orming of CH (H,/ -5 —
CO=1). But in reality, the CHonversion is limited and the GO

cannot be removed completely owing to the chemical equilibrium
as well as limited reaction rates. s

up-flow
(@) (b)

1. Preparation of the Monolith Catalyst Fig. 1. Thermocouple position in the monolith reactor for temper-
The (5)CeG(10)Ni-(1)PYALO, powder catalyst was prepared ature profile measurement with (a) down-flow and (b) up-
by dry impregnation (incipient wetness method) of the support with flow of the gas.

EXPERIMENTAL
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1). The monolith catalyst was redudedituat 973 K for 2h with  peratures without the reaction. The furnace temperatures measured

pure hydrogen flow. The reaction temperature was controlled within the reactor with only Ar flow is shown in figures with dotted or

an external electric furnace. dash-dot lines. As shown in the figures, the actual furnace temper-
The reactant gases (GI€,H;, O,, CO) were fed via mass flow  atures were not uniform, such that the temperature went up as the

controllers and argon was used as the diluent. The effluent gas froposition was higher due to the buoyancy. The furnace temperature

the reactor was analyzed by a gas chromatograph (GC) equippetifference between both ends of the monolith was about 10-17 K,

with a TCD detector (Younglin M600D) and a Carboxen 1004 col-depending on the set furnace temperature. The set furnace temper-

umn (Supelco). In the Glombustion-C@reforming of CH, the ature denotes here the representative furnace temperature at the +15

feed compositions of CHO,: CO,: Arwere 20:5:10:65 (x=1) mm positionAT is the temperature difference at the same position

and 32:14:4:50 (x=7). In the,ld; combustion-CQreforming between the measured temperature in the reactor during the reac-

of CH,, the feed composition of GHCH;: O,: CO,: Arwas 37.5: tion and the furnace temperature in the reactor without the reac-

45:15.75:15:27.25 (y=0.3). The total flow rate of the reactanttion.

gases was 100 ér(STP)/min. The reaction was carried out both 1-1. CH Combustion-C@Reforming of CHwith x of 1

with down-flow and up-flow of the gas. During the reaction, the  Figs. 2 and 3 show the temperature profiles in the case of the feed

temperatures in the reactor, including the inside of the monolithcomposition of CHl: O,: CO,: Ar being 20:5:10: 65 (x=1) with

were measured at several positions by using the inserted thermdewn-flow and up-flow of the reactant gas.

couple. The thermocouple could be moved up and down with neg- Fig. 2 shows the temperature profiles of the monolith reactor with

ligible leaking by slightly loosening the nut with a Teflon ferrule.  the down-flow of the gas. At a set furnace temperature of 573 K,

actually no reaction occurred. This is because the ignition tempera-

RESULTS AND DISCUSSION ture of the CH combustion over this catalyst is about 623-673 K
[Kong, 2002; Kong et al., 2002].
1. CH, Combustion-CO, Reforming of CH, At the set furnace temperatures of 673 and 7791, at the

The temperature profiles in the reactor with a monolith catalystinlet of the monolith were about +60 and +50 K, respectively. This
were measured in the Cebmbustion-COreforming of CH, and indicates that complete combustion of G¥tclusively occurred
the results are shown in Figs. 2-5. The measured temperatures firear the inlet of the monolith. It was also noticed that the tempera-
the reactor during the reaction were compared with the furnace tentures in the region above (before) the monolith, at least tpSo
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Fig. 2. Temperature profiles of the monolith reactor with the down- Fig. 3. Temperature profiles of the monoalith reactor with the up-
flow of the gas in CH combustion-CQ, reforming of CH, flow of the gas in CH combustion-CQ reforming of CH,
(x=1) for different furnace temperatures; O: 573 K; A: (x=1) for different furnace temperatures; O: 573 K; A:
673K; [1: 773K; @: 873K; : 973K; @: 1,023K; V: 673K; : 773K; @: 873K; <: 973K; @: 1,023K; V:
1,073 K; ---- or ——: temperature profile at each furnace 1,073 K; ---- or ---; temperature profile at each furnace
temperature without reaction. temperature without reaction.
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Table 1. Results of CH combustion-CG, reforming of CH, (x=1 and 7) over (5)Ce@(10)Ni-(1)Pt/Al,O, coated on a monolith

Set furnace temp. [K] 673 773 873 973 1023 1073
X=1 down-flow CH, conv. 12.7 24.5 48.7 775 88.4 93.6
COyield 0.1 10.7 39.1 73.9 85.2 92.7
CQ, disch./in. ratio 1.00 1.25 1.17 0.80 0.21 0.09
up-flow CH, conv. 13.3 22.3 54.3 74.3 90.0 97.0
CO yield 0.8 9.0 48.0 71.2 92.0 97.8
CO, disch./in. ratio 1.24 1.17 1.18 0.35 0.04 0.01
X=7 down-flow CH, conv. 19.2 25.3 29.2 45.6 449 65.1
COyyield 0.0 0.0 3.0 27.1 37.7 52.9
CQ, disch./in. ratio 2.54 3.03 3.06 2.21 1.20 1.24
up-flow CH, conv. 6.4 36.1 42.7 59.1 58.3 72.2
COyield 0.9 5.4 15.0 37.6 53.3 68.2
CQ, disch./in. ratio 143 3.40 3.07 2.34 0.87 0.64

mm position, were significantly higher than the furnace temperasidered due to the radial heat loss through the reactor wall. Unlike
ture. This is because the gas heated by the combustion readily gdibe case of the down-flow of gas, the heat liberated by the combus-
back by sudden expansion or goes up owing to buoyancy. As thtion did not appear to transport well to the region below (in front
gas went through into the monolifT was decreased. This is con- of) the monoalith. It affected only to thé& mm position. This is be-
sidered due to two major reasons. One is the heat loss through tbause the heated gas naturally goes up owing to buoyancy, so the
reactor sidewall, and the other is the endothermic reaction of reheat does not transfer well downward.
forming. At the set furnace temperature of 673 K, the endothermic At the set furnace temperature of 773¥,at—1 mm position
reforming reactions occurred little as shown by the results in Tablén front of the monolith was only +17 K. The measured tempera-
1. Therefore, the temperature decrease is certainly due to the heate dropped and became lower than the furnace temperature after
loss. At the set furnace temperature of 773 K, the decreasing sloghe +3 mm position in the monolith. Complete combustion might
of the temperature to the downward position was steeper than thatcur considerably at the inlet of the monolith. In this case the re-
at 673 K. This indicates that a reforming reaction occurred someforming reaction also occurred considerably from the inlet of the
what more due to a higher temperature, as shown by the results monolith, which will prevent abrupt ignition due to the counter-
Table 1. At this temperature, the temperature decrease is caused bglancing effect of the endothermic reaction. This is contrasted with
the above two reasons, with one being comparable to the other. the case of the down-flow at the same furnace temperature where
Above 873K, itis evident that the endothermic reforming reac-the hot spot appears. This observation suggests that the utilization
tion predominately occurred even at the inlet of the monolith, prob-of the heat by than-situ exothermic reaction to the endothermic
ably due to even higher temperatures. The measured temperaturesction is more effective with the up-flow operation than with the
at the inlet of the monolith were almost the same as the furnace terdown-flow operation. At the set furnace temperatures higher than
peratures, but the measured temperatures right on the inside of t8&3 K, the monolith temperature became significantly lower than
monolith were significantly lower than the furnace temperaturesthe furnace temperature right from the inlet of the monolith owing
The lowest measured temperatures were observed at +5 ~+10 mim the reforming reaction. Complete combustion hardly occurred,
positions AT’s being—20 ~—40 K. Most of the reforming would  but mild partial oxidation might have occurred simultaneously. Unlike
have occurred before these points. It is certain that abrupt complethe case of the down-flow of the gas, the temperature of the gas below
combustion did not occur, but a mildly exothermic reaction such atshe monolith was lower than the furnace temperature, down to about
partial oxidation of methane might have occurred simultaneously-10 mm position. This is again certainly due to the buoyancy, or
with the reforming reaction, with the latter being dominant over denser cooler gas going downward.
the former. Consequently, the hot spot did not appear. The gradual There was not a significant difference in,@&Hnversion and CO
temperature rise after +5 ~+10 mm positions is thought due to a conyield between the cases of down-flow and up-flow, as shown in Table
bination of diminishing extent of reforming reactions, sustenancel. With down-flow, the measured temperature near the inlet was
of partial oxidation occurring, and heat supply from the reactor wall. higher but that in the rear part was relatively lower. With up-flow,
Fig. 3 shows the temperature profiles of the monolith with x of the situation is vice versa. Therefore, this is considered to bring out
1 with the up-flow of the gas. Again at the set furnace temperaturdittle difference in the reaction results.
of 573 K, no reaction occurred. At 673 K, most of the combustion1-2. CH, Combustion-C@Reforming of CHwith x of 7
occurred at the inlet of the monolith; therefore, the measured tem- Next, the temperature profiles of the monolith with x of 7 were
perature became much higher than the furnace temperature (ab@axamined. Here the compositions of ,Gitid Q were relatively
+70 K). Although the heated gas passed through the monolith, thiigher than those with x of 1. The temperature profiles with down-
measured temperature became lower rapidly. But the reforming reaflew and up-flow are shown in Figs. 4 and 5, respectively, and results
tion occurred only to a very small extent, as seen in Table 1. Thef the reaction experiments are shown in Table 1. With down-flow,
main reason for this lowering of the measured temperature is como reaction occurred at 573 K. Compared with the case of x of 1, the
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Fig. 4. Temperature profiles of the monolith reactor with the down- Fig. 5. Temperature profiles of the monolith reactor with the up-
flow of the gas in CH combustion-CQ, reforming of CH, flow of the gas in CH combustion-CO, reforming of CH,
(x=7) for different furnace temperatures; O: 573 K; A: (x=7) for different furnace temperatures; O: 573 K; A:
673K;[1: 773K; @: 873K; ©: 973K; @: 1,023 K; V: 673K; [1: 773K; @: 873K; ©: 973K; @: 1,023K; V:
1,073 K; ---- or ——: temperature profile at each furnace 1,073 K; ---- or ——: temperature profile at each furnace
temperature without reaction. temperature without reaction.

measured temperature rise was more pronounced in general. Abowéthe Q, the reforming reaction could occur regularly. Accordingly,
the set furnace temperature of 673K, up to 1,073 K, the highedhe effective length of the monolith that was used for the reforming
AT'’s were observed at +2~+5 mm positions. This indicates thatyeaction became relatively shorter. Moreover, as the production of
unlike the case with x of 1, the combustion occurred predominantiH,O was great, the steam reforming could prevail over thee=O
from the O through +5 mm position. This is due to larger amountforming. As a result, CQdischarge/input ratios obtained at 1,023
of CH, and Q fed. It was also observed that the temperature of theand 1,073 were 1.20 and 1.14, respectively. This means that the large
region above the monolith was quite higher than the furnace temamount of C@produced by combustion could not be removed ef-
perature. This is due to the buoyancy. As the furnace temperaturfectively.
became higher, the position of the highest measured temperature Fig. 5 shows the temperature profiles of the monolith for x of 7
was moved from the +5 mm position toward the inlet of the mono-with the up-flow of the gas. At a set furnace temperature of 573 K,
lith and the highe&kT became smaller. This indicates that the re- the CH combustion did not occur. At 673 K, abrupt ignition was
forming reactions occur to a greater extent with the temperature inaot observed. But since the measured temperature in the monolith
crease. In addition, the ignition phenomenon was observed up taas somewhat higher than the furnace temperature, this indicates
as high as 1,073 K. that some exothermic reactions occurred mildly throughout the mono-
When comparing the case of x of 7 with that of x of 1 at 1,023lith. At 773 K, ignition appeared to occur at the inlet. In addition, it
and 1,073 K, where the reforming reactions occurred to a great exappears that a flame was present at the region before the monolith,
tent, the following results were obtained. The methane conversionsince the highe#tT’s were observed at theéb ~—2 mm position.
for x of 7 were 45-65%, and these were lower by 25-30% than thos&his indicates that the flame caught at the inlet was easily and im-
for x of 1. The CO yields of 38-53% for x of 7 were lower by 30- mediately propagated to a region somewhat before the monolith
35% than those for x of 1. This may be explained as follows: wherbecause a higher amount gf¥@as supplied. At 873 K, it was ob-
x was 1, the reforming reactions occurred predominately from theserved that the measured temperature rapidly dropped and became
inlet of the monolith. On the contrary, when x was 7, complete comiower than the furnace temperature at the rear part of the monolith.
bustion and the reforming reactions might have occurred competiThis indicates that the reforming reactions occurred to a large ex-
tively from the inlet of the monolith through a good part deep insidetent, when compared with the case of down-flow of the gas, and
(to +5~+10 mm), but because a higher amount, @f&3 supplied  that the ignition occurred only at a narrow region of the inlet of the
complete combustion occurred predominately. With the exhaustiomonolith. Above the furnace temperature of 973 K, ignition did not
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occur. The reforming reactions did occur from the inlet of the mono- 1100
lith to a great extent, resulting in self-extinguishment of the flame,
and the lowest temperature appeared at around the +5mm po 1050¢ o 800
tion. This is contrasted with the case of x of 1 with the up-flow, where | T -
the lowest temperature appeared at around +2 mm pofian. 1000 « °* ¢
were larger in this case. This is surely due to the large extent of th _ #0000t
reforming reactions. X 990 ooo0

The results of the reaction experiments are also shown in Table: £ o007 4
At 1,023 and 1,073 K, the Gidonversions were 58 and 72%,re- ©® @ -
spectively. These were lower by 16-18% when compared with the & 850 o & @ e
case of x of 1, but higher by 7-13% compared with the case of dowr % Ada,
flow with same x. The CO vyields were 58 and 68%, respectively. o 800 | A
These were lower by 20-24% when compared with the case of 5 B e |
of 1, but higher by about 15% compared with the case of down a%’ 750 .
flow with same x. s A R

When comparing the case of up-flow with that of down-flow with (AL S R N ®
x of 7, the most pronounced difference is that in the former a ho e
spot was not observed above 973 K, while in the latter a hot spc
was observed up to 1,073 K. Higher values of &iversions and 600
CO yields were another big difference. Even if abrupt ignition did
not occur above 973 K with the up-flow of the gas, thev&s ex- 550 1 e
hausted almost completely. In this case, it may be assumed th: 15 10 -5 0 5 10 15 20 25
rather than complete combustion, a mild exothermic reaction of pai ,
tial oxidation of CH (CH,1/20,—CO+2H) could occur through- Depth of the monolith [mm]
out the monolith. This suggestion may be supported strongly by theig. 6. Temperature profiles of the monolith reactor with the down-
fact that nickel and platinum are also good catalysts for the partial flow of the gas in GHy combustion-CQ, reforming of CH,
oxidation in this temperature range [Jun et al., 2003, 2004a, b; Kim (y=0.3) over (5)CeQ(10)Ni-(1)Pt/Al,O; coated on a mono-
et al., 2003; Torniainen et al., 1994]. In this situation, the steam re-  lith for different furnace temperatures; A: 673K; L1: 773

K; @:873K; @: 1,023 K; -— or ——: temperature profile

forming, which competes with the ¢@forming of CH, is min- at each fumace temperafure without reaction,

imized since there is little production of® As a result, the CO
removal can become higher. When partial oxidation occurs predomi-
nantly over complete oxidation, the Cebnversion will become  This is apparently due to the combustion of ethane. The higrest
higher since the reaction rate of the partial oxidation is faster thamvere observed at arounrl mm position: they were about +150 K,
that of the reforming reactions. With down-flow of the gas, on the+170 and +110 K, respectively. This means that the flame propa-
contrary, the complete oxidation of Cptedominantly occurs first  gates upward and almost all the ethane is burnt in the gas phase.

and then the steam and Q€forming reactions follow with lower- At a set furnace temperature of 673K, the reforming reaction
ing of the temperature. Thus, this will result in decrease of the CHoccurred to a minute extent (Table 2). The temperature lowering in
conversion and the G@&moval. the bed of the monolith is again considered due to heat loss through
2. CHg; Combustion-CO, Reforming of CH, the side reactor wall. At the set furnace temperatures of 773 K and

Ethane was fed together with, GH,, CGO, and the diluent (with 873 K, sudden temperature drops were observed at the inlet of the
y of 0.3) so that heat liberated by the combustion of ethane coulded. Due to the high temperature brought by the combustion, the
be utilized. The ¢, combustion-CQreforming of CH was car- reforming reactions could start with the assistance of the catalyst in
ried out with down-flow as well as up-flow of the reactant gas. Thethe monolith. Consequently, the temperature dropped abruptly. The
results of the reaction experiments are presented in Table 2. AT’s at +1 mm position at 773 and 873 K were measured to be about

The temperature profiles in the reactor with the down-flow are—20 and-45 K. After the +1~+2 mm positions in the monoalith,
shown in Fig. 6. Abrupt ignition was observed from 673 K to 873 K. the measured temperature rose gradually. This is also considered

Table 2. Results of GH combustion-CQO, reforming of CH, (y=0.3) over (5)Ce®(10)Ni-(1)Pt/Al,O, coated on a monolith

Set furnace Down-flow Up-flow
temp. [K] C,H, conv. CH conv. CO yield GH, conv. CH conv. CO yield
573 66.2 11.8 1.2 0.0 0.0 0.0
673 77.0 10.8 3.3 56.4 10.7 1.1
773 89.7 27.7 12.0 67.6 8.3 2.8
873 100.0 39.4 37.0 89.3 24.6 23.9
1,023 100.0 80.9 83.8 98.2 67.5 69.6
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the exothermic complete combustion or the partial oxidation and
the endothermic reforming reactions occur simultaneously and that
the heats of the reactions appear to keep a balance between them.
Actually, it was observed that when the reaction was just started,
the catalyst bed temperature rose abruptly by the ignition. How-
ever, after a whiledT became smaller and smaller and the reactor

< 950 reached steady state. The initial high temperature would have in-
E 900 duced the endothermic reforming reactions, resulting in self-extin-
% M e guishment of the flam&T at—2 mm was +9 K, and this suggests
O 850 ¢— —¢— ~0““:’““ A Y that a mild exothermic reaction (for instance, the oxidative dehy-
g drogenation of the ethane) could occur to some extent.
L 800 At the furnace temperatures of 873, 973 and 1,073 K, the tem-
E 50 __Q_____DE\Q_D_D_D; A — - peratu.re profi!es were simila_r to each other. Near thg inlet of the
@ &-— A monolith, again the exothermic and endothermic reactions appeared
3 A “a to occur simultaneously and to make the heats balanced. In addi-
= 700 1 Yoa . tion, it may be considered that the exothermic reaction in this re-
650 L ——— T gion is milder and progresses more slowly. For instance, as ethane
is more reactive than methane, partial oxidation of ethane ¢elg:, C
600 5/20,—2C0+3HO or GH;+0O,—2CO+3H) may occur first, and
@@g@@@g@@O—__o_—-@—~—@-’*f then the steam or G@eforming of the methgne may follow. A_f,
T et —— the reactant gas passed through the monolith, the endothermic re-
15 10 -5 0 5 10 15 20 25 forming reaction became gradually prevalent and thus the measured
) temperature at +25 mm position became considerably lWsr.
Depth of the monolith [mm] at +25 mm position were37 K at the set furnace temperature of
Fig. 7. Temperature profiles of the monolith reactor with the up- 873 K,—40K at 973 K ane-56 K at 1,073 K. This shows that the

flow of the gas in GH, combustion-CQ reforming of CH,
(y=0.3) over (5)CeG(10)Ni-(1)P/ALLO, coated on a mono-
lith for different furnace temperatures; O: 573 K; A: 673
K; [1: 773K; @: 873K; : 973K; V: 1,073K; -— or ——:
temperature profile at each furnace temperature without
reaction.

endothermic reactions occur more and more as the reaction tem-
perature becomes higher.

When comparing the conversion and the vyield, the results ob-
tained with the down-flow operation were higher than those with
the up-flow. This is considered due to that with the down-flow the
ethane being burnt abruptly and the catalyst bed temperature be-
coming considerably high, so that the reforming reaction could occur

due to the heat supply from the outside. This sort of temperaturtd a greater extent. It is considered that most of the reforming reac-
profile suggests that the reforming reactions occur in a narrow retions occurred near the inlet of the monolith. With the up-flow, how-
gion near the monolith inlet.
At a set furnace temperature of 1,023 K, a hot spot was not olthe inlet of the catalyst was relatively low. The partial oxidation of
served and the reforming reactions occurred predominately fronthe ethane might progress slowly and compete with the reforming
the inlet of the monolitAT’s were-8 K at 0 and-50 K at the +1
mm position. The reforming reactions are considered to occur througane could occur regularly, but the measured temperature became
hout the catalyst bed because the temperature was high. Due to theich lower and thus the reaction rate became much slower. Con-
heat supply from the outside, the measured temperature in the morgequently, the overall results of the Qidnversion and CO vyield
lith ascended gradually afdT™ at +25 mm position was7 K. It
was considered that a mild exothermic reaction occurred to some

extent at this temperature becali$ebefore the monolith was po-

ever, the ethane was not burnt abruptly and so the temperature near

of methane. At the rear part of the monolith, the reforming of meth-

became lower.

CONCLUSIONS

sitive. This reaction may be oxidative dehydrogenation of the eth-

ane (GH;+1/20—CH,+H,0), since this reaction can occur in

The temperature profiles in the monolith reactor were measured

the gas phase reaction without catalyst and also occur owing to theith down-flow as well as up-flow of the reactant gas. The follow-

catalytic action of the stainless-steel sheath of the thermocouple, @3 results were obtained:

already reported in an earlier study [Jun, 1998].
Fig. 7 shows the temperature profiles with the up-flow of the gasurnace temperatures (673-873 K) because the combustion occurred

Regardless of the flow direction, a hot spot was observed at low

with the same composition. At 673 K, likewise to the case of down-abruptly near the inlet of the monolith, to bring out the flame. As
flow, C,H, combustion began at the inlet of the monolith and thenthe furnace temperature increased, the hot spot tended to disappear.
the flame burst out and propagatedA@sat O mm position was  This is due to natural extinguishment of the flame, because the en-
+180 K, and the higheAlT, as high as 230 K, was observed4t  dothermic reforming reaction occurs more and more with the in-
mm position. At 773 K, a hot spot was not observed. When the gasrease of the temperature. As the reforming reactions occurred to a
passed through the monoalith, the measured temperature was alimgseater extent, the catalyst bed temperature became considerably
the same as the furnace temperature. This may be explained as tlaver than the furnace temperature.
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With the down-flow of the gas the possibility of inflammation at Edwards, J. H. and Maitra, A. M., “The Chemistry of Methane Reform-
the inlet of the monolith was higher than with the up-flow of the gas.  ing with Carbon Dioxide and its Current and Potential Applications;
When ethane that has a higher reactivity than methane or a higher Fuel Process. Technpf2, 269 (1995).
amount of @was supplied, the hot spot appeared up to about 1,00Gavin, D. and Bower, C., Proc. of the 1st JAPAN-EC, 96 (1991).

K. With the up-flow, the hot spot did not appear above 973 K. ThisInui, T., “Recent Advance in Catalysis for Solving Energy and Envi-
is because a gas heated by an exothermic reaction readily goes upronmental ProblemsCatal. Today51, 361 (1999).

into the monolith and thus promotes the endothermic reforming readnui, T., Ichino, K., Matsuoka, I., Takeguchi, T., Iwamoto, S., Pu, S.-B.
tion, resulting in the flame extinguishing itself. When a hot spot  and Nishimoto, S., “Ultra-rapid Synthesis of Syngas by the Catalytic
appears at a region before the monolith, the heat loss through the Reforming of Methane Enhanced iysitu Heat Supply through
reactor side is considered great; thus the released heat from the com-Combustion;Korean J. Chem. Engdl4(6), 441 (1997).

bustion would not effectively be used for the endothermicr€H  Jun, J. H., “A Study on Oxidative Dehydrogenation of Ethane; Master
forming. Thesis, Sungkyunkwan Univ., Korea (1998).

In the CH combustion-CQreforming of CH, when a hot spot ~ Jun, J.H., Jeong, K. S., Lee, T.-J., Kong, S. J., Lim, T. H., Nam, S.-W.,
appears, D and CQare produced with the exhaustion of the O Hong, S.-A. and Yoon, K. J., “Nickel-Calcium Phosphate/bbygh-
Accordingly, the steam reforming and the,@orming occur com- patite Catalysts for Partial Oxidation of Methane to Syngas: Effect
petitively in the rear part of the monolith. As the reaction rate of of Composition;Korean J. Chem. Eng1(1), 140 (2004a).
the steam reforming reaction is faster than that of the€@m- Jun, J.H., Lee, S.J,, Lee, S:-H., Lee, T.-J,, Kong, S. J., Lim, T. H., Nam,
ing reaction, the efficiency of G@emoval was reduced. In case S.-W,, Hong, S.-A. and Yoon, K. J., “Characterization of a Nickel-
that the hot spot does not appear, it is considered that the partial oxi- Strontium Phosphate Catalyst for Partial Oxidation of Methane!
dation of methane may occur predominantly over the complete oxi- Korean J. Chem. Eng20(5), 829 (2003).
dation. As the reaction rate of partial oxidation is faster than that oflun, J. H., Lee, T.-J., Lim, T. H., Nam, S.-W.,, Hong, S.-A. and Yoon,
the reforming reaction, the Cebnversion can become higher. More- K. J., “Nickel-Calcium Phosphate/Hydroxyapatite Catalysts for Par-
over, as the production of® and CQis minimized, the CQOcan tial Oxidation of Methane to Syngas: Characterization and Activa-
be removed more efficiently. Therefore, in order to obtain better tion; J. Catal, 221, 178 (2004b).
performance in COremoval, it is hecessary for the reactor to be Kilaparti, R., “The Great Debate on €BmissionsNature 390 227
operated under the conditions that prevent the hot spot, such as up- (1997).
flow, high temperature and low x. When x is high, feeding of CH Kim, S.-B., Kim, Y.K,, Lim, Y.-S., Kim, M.-S. and Hahm, H.-S., “Reac-
and Q distributed along the reactor side may be more effective than tion Mechanism of Partial Oxidation of Methane to Synthesis Gas

co-feeding all the gases at once. over Supported Ni Catalyst&orean J. Chem. Eng20(6), 1023
(2003).
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