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Abstract

The catalytic partial oxidation oi-decane and-hexadecane with air over a Rh-coated monolith produces synthesis gasdHCO)
in selectivities exceeding 80%, with 99% conversion of fuels and 100% conversion of oxygen at catalyst contact times from 5 to 25 ms.
The high boiling hydrocarbons were delivered as liquids using an automotive fuel injector into a heated chamber where they vaporized
in the presence of air. This system creates temperature and concentration gradients that allow safe mixing of fuel with air at temperature
above the autoignition of the fuel. Fuel-rich feeds beyond the syngas ratio produced olefins with selectivities as high as 80% in the case o
n-hexadecane. The distribution of these olefins goes from primarily ethylene taanigéins as oxygen feed is decreased. Partial oxidation
of low sulfur diesel fuel was also carried out successfully, producing synthesis ga8886 fuel conversion with several hours of stable
operation.
0 2003 Published by Elsevier Science (USA).
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1. Introduction and used as a military fuel) into light alkanes and especially
H, for devices such as fuel cells, which function either
Reforming hydrocarbons is important in many applica- exclusively on H (the proton-exchange membrane fuel
tions to produce fuels, such ag tand chemical intermedi-  cell) or which function best with blin the fuel (the solid
ates, such as synthesis gas, and olefins [1-6]. It is accom-oxide fuel cell). Since a major interest is in fuel cells for
plished either by steam reforming or steam cracking which transportation vehicles, gasoline and diesel are essential
involve reaction with HO in endothermic processes or by fuels in the next generation of fuel cell vehicles.
partial oxidation which involves reaction withp@ exother- There is also considerable interest in fuel reforming for
mic processes. Conversion of methane to syngas [1-3] andpollution abatement in automotive applications with internal
ethane to olefins [4,5] by both processes is well established,combustion engines. Reforming of gasoline or diesel into H
and reactions of alkanes up to isooctane have been demonand other small molecules creates a fuel that burns very ef-
strated [6,7]. ficiently, thus reducing or eliminating exhaust emissions of
While steam reforming and steam cracking of higher hydrocarbons, CO, and particulate matter [8—10]. The abate-
alkanes, such as diesel fuel, can be accomplished undement of NQ in diesel engines is especially difficult because,
suitable conditions, the partial oxidation of higher alkanes ynlike a spark ignited engine, in a lean burn environment
presents several problems, such as flames during vaporizathere is insufficient b, CO, and small hydrocarbons to re-
tion and miXing, soot formation associated with combustion act with NO, inthe Cata|ytic converter. Therefore, reforming
of fuel-rich gases, and coke formation on reactor walls and part of the fuel and using it to react with N@ould be im-
on catalysts. portant in diesel emissions control.
Currently there is considerable interest in reforming We describe here the reforming by partial oxidation of
logistic fuels such as diesel and JP-8 (similar to keroseneyyg of the major components of diesel fuekdecane and
n-hexadecane. These fuels can be quantified by detailed
~* Corresponding author. mass balances to determine conversions and selectivities to
E-mail addressschmidt@cems.umn.edu (L.D. Schmidt). various products. We also demonstrate the partial oxidation
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of a low sulfur grade of diesel fuel. Since this is a mixture, boiling point than autoignition temperatures. In these exper-

qguantitative analysis of reactants and products is moreiments we therefore found it essential to use an automotive

complicated, as is specification of th¢@ratio. fuel injector to facilitate vaporization and mixing of reac-
Our primary objective in this paper is to demonstrate the tants before the catalyst.

feasibility of this reaction in short contact time reactors using

a fuel injector for fuel vaporization and mixing with air. 2.2. Reactor

We offer qualitative arguments regarding the mechanisms . ) )

that lead to successful operation, but further experiments The reactor consists of a quartz tube with 19-mm inner

and modeling will be required to characterize these partial diameter and 55-cm length as shown in Fig. 1a. The fuel

oxidation processes quantitatively, especially with diesel S delivered at the top of the reactor using an automotive
fuel mixtures. fuel injector. Air is also admitted at the top of the reactor.

The conical dispersion of the 100-um fuel droplets creates
a thin film of liquid fuel on the heated inner walls of the
reactor, which were heated to between 250 and 200
depending on the fuel boiling temperature. This film absorbs
heat and vaporizes near the wall where there is little oxygen
because of the fuel vapor boundary layer. Since vaporization
and mixing of the fuel with air occurs simultaneously, this
For methane and other light alkanes the fuel is a gas avoids or reduces regions containing a combustible mixture
at room temperature or it can be vaporized before mix- at a temperature above the autoignition temperature.
ing by heating to<100°C [1,11]. However, the autoigni- Pressurized fuel at 5 psig feeds the injector, which is
tion temperature of normal alkanes decreases as the chaitomputer-operated at frequencies between 3 and 10 Hz and
length increases and is as low-a200°C for alkanes above  at duty cycles from 0.5 to 10% (the percentage of the time
n-decane. Since the boiling point increases with the hydro- that the injector remains open). Thus, the liquid flow rate
carbon chain length, the boiling point exceeds the autoigni- delivered by the injector is controlled accurately by the
tion temperature for alkanes higher thasdlecane. During  pressure in the fuel supply tank and by the duty cycle.
vaporization and mixing of fuel with oxygen, the interface The fuel delivery rate was calibrated at different pressures,
between the vaporized fuel and oxygen necessarily producesrequencies, and duty cycles and is accurate to with286.
mixtures varying from pure fuel to pure oxygen. Since the  Two blank 80 ppi monoliths placed immediately up-
temperature of vaporization is above the autoignition tem- stream and downstream from the catalyst acted as axial
perature, the mixture could spontaneously ignite, producing heat shields and promote additional radial mixing as shown
flames and explosions. Diesel fuel contains mostly linear in Fig. 1la. The monoliths were wrapped with Fiberfrax
alkanes ranging from g2to Cyo, most of which have higher  alumina—silica paper to avoid bypassing of gasses between
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Fig. 1. Schematic of the reactor (a) and gas chromatograph (b).
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the monoliths and the reactor wall. A chromel-alumelk-type  This GC system was insufficient to analyze the larger hy-
thermocouple was placed between the backside blank mono-drocarbon products Cy) that resulted from the partial ox-
lith and the catalyst to measure the back-face temperatureidation of n-hexadecane because the large number of GC
Alumina-silica insulation was placed around the reactor to peaks made the analysis intractable. Therefore, a GC mass
reduce radial heat losses. The flow rates of the high purity spectrometer was used to analyze heavier products in a sep-
N2 and @ entering the reactor from high-pressure cylinders arate analysis. The hydrocarbon products were condensed
were adjusted using mass flow controllers accurateQd5 in acetone and analyzed. In all cases the results showed
SLPM (standard liters per minute). that most of the hydrocarbon products werelefins. The

The liquid hydrocarbons were high-purity HPLC grade GC-MS also quantified alkanes and olefin fractions.
(99+%), except for diesel fuel, which was a California phase
2 low sulfur diesel. An analysis of this diesel showed thatit 2.5. Startup and shutdown
consists of 90.2% alkanes, 2.1% alkenes, and 7.9% aromat-

ics, with less than 10 ppm sulfur and average molecular fqr— Oxygen and nitrogen at the air ratio were admitted to
mula of Gi4.5H31. The reactor was operated at atmospheric first heat the catalyst and walls of the reactor. Fuel was then

pressure. admitted using the injector. The catalyst typically ignited
within ~ 15 s, and a sample was collected once the back-face
2.3. Catalyst temperature stabilized, usualty30 min later. The reaction

was shut down by stopping oxygen flow first, then the fuel.
The catalysts consist of 18-mm diameter and 10-mm The oxygen flow was occasionally turned back on soon after
lengtha-Al,03 ceramic foams with 80 pores per linear inch. to burn off coke that might have formed on the catalyst
The monoliths were wash-coated with5 wt% y-Al203 surface.
to roughen the catalyst surface and increase its surface
area [12]. The wash-coated monoliths were coated with 4 to
5 wt% Rh by soaking them in an aqueous Rh@)f3olution 3. Results
and calcining for~6 h at 600°C. In these experiments a
total of 150 runs were performed using eight catalysts. Each3 1. ;-Decane
catalyst operated for 10 h, and no catalyst deactivation was
observed if exit temperatures were maintaineet 8000°C. n-Decane and air were fed to the Rh-monolith reactor at

several flow rates. The carbon/oxygen feed ratio was varied
2.4. Product analysis from 0.7 to 2.5 at total flow rates of 2, 4, 6, and 8 SLPM.
These flow rates correspond to catalyst contact times of 24,
The product stream consists of a mixture of permanent 12, 8, and 6 ms, respectively, estimated at an average catalyst
gases, liquids (after cooling), and unreacted fuel. Analyzing temperature of 800C. The reactor pressure was kept at
this mixture using a gas chromatograph or mass spectrome-l atm and the feed temperature was 280which is above
ter is challenging because columns that separate permanerthe boiling point ofn-decane, 174#C. The combustion
gases retain larger molecules for long periods of time and ratio for n-decane is @O = 0.323 and the syngas ratio is
columns that can separate liquids cannot separate permaner@/O = 1.
gases. Therefore a dual-column system was designed and in- Fig. 2 shows the conversion atdecane and oxygen and
stalled in a 5890 series Il Hewlett-Packard GC as shown in the catalyst back-face temperature at the total vapor flow
Fig. 1b. The sample is injected into a DB-1 capillary precol- rates studied. The oxygen conversion wa90% for all
umn (15-mlength, 0.32-mmid, 0.25 pm film) at the injection ratios and flow rates. The-decane conversion was 99%
port. The permanent gases travel faster through the precolfor C/O < 1.2 at high flow rates and it decreased slightly as
umn than the hydrocarbons. The four-way switching valve is the feed became more fuelrich for all flow rates. The catalyst
initially at position 1, where the permanent gases are sent toback-face temperature increased with increasing flow rate
a Heyesep D-packed column (9-m length, 2.2-mm id). This because at higher flow rates the rate of heat generation
column separates the permanent gases at room temperaturincreases causing the reactor to operate closer to adiabatic.
After the permanent gases have left the precolumn, the valveAs predicted, the catalyst back-face temperature decreased
is switched to position 2 sending the hydrocarbonsto a DB-1 as the fuel conversion decreased.
capillary column (60-m length, 0.32-mm id, 0.25 pm film). Fig. 3 shows the selectivities to synthesis gas (CO and
The permanent gases are analyzed using a TCD (thermaHz), combustion products (CQand HO), and olefins for
conductivity detector) and the hydrocarbons using an FID these experiments. The optimum yield in both &d CO
(flame ionization detector). Nitrogen was used as the cal- for all flow rates occurred at O = 0.8, a ratio slightly
ibration standard, carbon and hydrogen balances typicallylower than syngas stoichiometry. The shift in théQCra-
closed withint8% error. All products were incinerated ina tio at which the optimum syngas yield occurs could be at-
fume hood and vented. tributed to the presence of homogeneous chemistry, which
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Fig. 2. Effect ofn-decangoxygen feed ratio on the fuel and oxygen conversions and the catalyst back-face temperature at 2, 4, 6, and 8 SLPM.
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Fig. 4. Effect ofn-decangoxygen feed ratio on the ethylene, propylene, aralefin selectivities at 2, 4, 6, and 8 SLPM.

causes the gas-phase stoichiometry to differ from the sur-to the Rh-monolith reactor at varying flow rates. The
face stoichiometry. The highest selectivities fos (86%) carboryoxygen feed ratio was varied from 0.5 to 3 at
and CO (84%) occurred at 4 SLPM. The combustion prod- total flow rates of 2, 4, 6, and 8 SLPM. These flow rates
ucts increased as the feed ratio approached the combuseorrespond to catalyst contact times of 24, 12, 8, and 6 ms,
tion stoichiometry. The syngas selectivity dropped and the respectively, estimated at an average catalyst temperature
olefin selectivity increased as the feed became more fuel richof 800 °C. The reactor pressure was kept at 1 atm and the
(C/O > 1). The olefin products consisted of almost exclu- feed temperature was 40@, which is above the boiling
sively «-olefins ranging from ethylene to 1-hexene, and the point of n-hexadecane of 287C. The combustion ratio for

highest selectivity of 63% occurred at 8 SLPM. n-hexadecane is @ = 0.327, while the syngas ratio is
Fig. 4 shows the selectivities to olefin products in detail. C/O=1.

Ethylene had the highest selectivity with 36% af k
C/O < 1.5 and 8 SLPM. The ethylene selectivity dropped
at leaner or richer ratios. At higher/O ratios, the yield
to highera-olefins increased and at lower ratios the yield
to syngas increased. The highest selectivities for propylene
(16%), 1-butene (10%), 1-pentene (9%), and 1-hexene (6%)
were obtained at O = 2.5 and 8 SLPM.

In all experiments the total selectivity to all alkane

Fig. 5 shows that the fuel conversion wa®95% and the
oxygen conversion was 100% ay@ > 0.8. The oxygen
breakthrough increased as the flow rate increased. The
catalyst back-face temperature follows the same trend as the
fuel conversion, decreasing as thg@feed ratio increases.

As the flow rate increased, the range ¢f@Cstudied became
narrower because low A ratios resulted in high catalyst

products was< 8% (not shown). The alkane selectivities temperatures and the maximum should not exceed 100

increased with the @O feed ratio and became 0% to prevent Rh sublimation [13]. o
at C/O < 1. The alkane products were mostly methane Fig. 6 shows that the optimum syngas selectivities of 82%

(> 95%) and small amounts of ethane and propane. In some'© Hz and 81% to CO were achieved ay@= 0.8 and

instances traces of butane were observed. 4 SLPM. As the feed became more fuel rich, the syngas
selectivity dropped and the olefins selectivity increased. The

3.2. n-Hexadecane maximum olefin selectivity reached 84% at@= 3 and a
flow rate of 4 SLPM.

The difference of the reactivity between small and large  Fig. 7 shows the olefins produced in detail. Ethylene
molecules was explored by feedimghexadecane and air and propylene showed the highest selectivities for olefins
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with six or less carbon atoms. The selectivities were 8% to where reactants and products overlap, we suspect that most
ethylene and 5% to propylene ay@= 1 and 8 SLPM. of the species are product olefins by analogy with decane
Olefins with six or more carbon atoms had a combined and hexadecane results.

selectivity of 78% at O = 2 and 4 SLPM. An analysis by A more detailed analysis of conversions and product
GC mass spectrometer showed that the large olefin productsselectivities is possible by more extensive calibrations, but
consisted ofx-olefins ranging from 1-gH1¢6 to 1-GgHao. the estimates used here are accuratet&9 error. This

Total internal olefins were< 0.5%, and branched alkanes error was obtained from a calibrated GC mass spectrometry
were< 1%. Trends in the selectivities to alkanes (not shown) analysis.
were similar to those observed withdecane.

3.3. Quantification of diesel reforming 3.4. Low sulfur diesel fuel

Analysis of results for diesel fuel is more complicated  Although itis more difficult to quantify reaction parame-
than for single molecule fuels. Diesel fuel is a mixture; sep- ters, such as conversion and selectivity for this mixture of
aration of reactants and products is difficult, and calibration higher hydrocarbons, we can estimate and make comments
of GC responses of all possible reactants and products is no@n the performance of the system. Mostimportantly, we have
possible. successfully demonstrated the use of a commercial diesel as

To estimate the conversion of diesel we assumed thata fuel for partial oxidation to produce syngas.
all molecules> Cg were diesel fuel reactants and that GC ~ The runs with low sulfur diesel were done only at 2
responses were the same for all molecules. This clearly givesSLPM, as higher flow rates gave back-face temperatures
a lower bound to the conversion, and the actual conversionin excess of 1100°C at G/O = 1. As with n-decane
may be higher than shown. In the range ¢fCCexamined,  and n-hexadecane, the fuel was vaporized in the reactor
the conversion to products less thagi€nearly quantitative,  between 300 and 35%C and no flames were observed in
so the estimate is fairly accurate. the reaction chamber at/O > 0.35. Flames were observed

Selectivities to light olefins and alkanesCg can also be at C/O = 0.3. The combustion ratio for our mixture, which
determined accurately because there are no reactant speciese assumed was 1¢sHs1, is 0.33, consistent with our
in this molecular weight range. For higher molecular weights observations.
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Fig. 8. Effect of the feed ratio on the partial oxidation of diesel fuel at 2 SLPM.

The reaction ignited when the back-face temperature 4.1. Range of operation
reached~ 260 °C and the temperature proceeded to rise
quickly over~ 1 min, reaching an equilibrium temperature We first note that this process is operable over a surpris-
after ~10 min. Analysis of the lower molecular weight ingly wide range of composition. We have operated stably
products,< Cg, indicated that at least 98% of the reactant from C/O = 0.5 to 3.0 without any evident deterioration
material has been converted to products with 6 or fewer in performance over at least several hours. The lower limit

carbons for all GO ratios. The dominant products af@ was determined by the maximum temperatures that the cat-
ratios near 1 were CO and.Hwith small amounts of alyst can withstand without Rh loss, and we seldom used

ethylene and C@ C/0 < 0.5 for that reason. The upper/O limit was deter-
The product trends, shown in Fig. 8, are similar to those mined by the low reactor temperatures and the resultant low

observed forn-decane andi-hexadecane. The back-face conversion. We generally did not continue experiments when

. . th nversion of alkane w %.
temperature is higher at lower/O, and this corresponds e conversion of alkane was50%

. . o . . In these experiments we used air rather than puyrécO
to higher Hz' production. Similarly, higher (O resulted n reduce the possibility of flames and explosions. For applica-
the production of more ethylene and propylene. Maximum

. , i tions such as automotive fuel, reforming air is obviously the
H> production was achieved at/O = 0.35, although this

. ' o . : most relevant, but for olefins production pure @ay be re-
will certainly vary with different diesel fuels due to varying quired. In experiments such as these it may be possible to

compositions and the ill-defined meaning of@ in a  gperate in pure @or with less dilution, at least over a nar-
mixture. It iS Surprising that the maximumzH)rOdUCtion row range Of Composition and preheat_
occurs at a €O ratio close to the combustion ratio. The  The critical variable in determining the range of opera-
explanation for it is yet to be determined. However, we tion is the reactor temperature. It appears that these exper-
speculate that it is related to the fuel mixture containing iments are possible only with autothermal, nearly adiabatic
alkanes, alkenes, and aromatic compounds, each having @peration, because with dilution in a furnace the tempera-
specific reactivity. This topic is being pursued with known tures will never be high enough to avoid coke formation,
mixtures to determine relative reactivities. and high temperatures in the reactor before the catalyst will
cause homogeneous combustion and soot formation. For the
size of the monolith used here (1.8-cm diameter and 1-cm
long) and with heat shields and insulation around the cata-
4. Discussion lyst tube, the measured temperature at the exit of the catalyst
is within 100°C of the calculated adiabatic temperature. It
o . ) . is essential to preheat the reactants before they enter the cat-
This is a complicated process in terms of reactions, gt to completely vaporize the fuel, so minimum preheat
reactor configuration, range of operation, and products. temperatures are from 250 to 480, depending on the fuel
More detailed experiments are required to decide definitively boiling point; higher preheat obviously increases the reactor
how each of these variables affects the process, becaus@amperature. The temperature profiles within the catalyst are
we have only considered the variation of composition and not well characterized. For methane to syngas the maximum
total flow rate with fixed geometry and sufficient preheat temperature within the catalyst can be as much as°800
to vaporize the fuels. In this discussion we will consider higher than the exittemperature [14], while for ethane oxida-
some of these subjects, but we can only speculate on detailedive dehydrogenation to ethylene the maximum temperature
mechanisms that may be operative. is seldom more than 10CC above the exit temperature [15].
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Since the present experiments make both syngas and olefinghe present results are compared with previous experiments
we anticipate temperature maxima within the catalyst to be with n-hexane [6]. Results for-hexane were only ob-
between 100 and 300C above the measured exit tempera- tained at 2.5 SLPM, and they are compared wittecane
tures. and n-hexadecane at 4 SLPM, so flow rates are similar
It is surprising that carbon formation before and within but not identical. The:-hexane experiments were also ob-
the catalyst does not shut down the process because graphiteined using a liquid vaporizer before mixing (preheating
is thermodynamically stable for the feed compositions used to ~ 100°C) rather than a fuel injector, so slight variations
at all temperatures if O > 1, and graphite is predicted could be caused by these differences.
at equilibrium at lower temperatures for/G < 1. We The conversion generally increases as the molecular
sometimes found that the catalyst extinguished becauseweight of the fuel increases. While for Glthe conversion is
of carbon formation, but this was almost always due to typically from 85 to 95% (depending on/O and preheat),
inadequate preheat that allowed liquid fuels to contact the for the higher hydrocarbons the conversion is alway29%
catalyst; at 8 SLPM the feed containsb g of carbon per  even beyond the syngas ratio/@= 1. Similarly, the Q
minute, so even traces of carbon would plug the catalyst or conversion is higher for higher hydrocarbons. This appears
accumulate downstream. to be qualitatively explained by the higher reactivities of
There was definitely some carbon on the used catalysts|arger hydrocarbons. The C—H bond energy is 104 kuoal
in all situations. This could be observed visually as black for CH,, while the C—C bond energy is 80 k¢atol for
carbon that filled the channels of the foam which formed |inear alkanes.
at high GO. As expected, carbon tended to form more  The CO and H selectivities (Fig. 9) are somewhat
around the edges of the catalyst where the temperature wasigher for n-hexane than forn-decane andi-hexadecane,
lower. If coking were suspected, the catalyst was regeneratedyith some of this difference caused by the large amounts
by operating at lower (O ratios to remove it. Also, by  of olefins produced from higher alkanes. Note that,CO
switching from a reacting mixture to pure air an exotherm s nearly the same for all fuels. It is' 10% and almost
in temperature of up to 100C could be measured. Further  jhgependent of 0.
experiments are planned to use the exotherm by burning off  The selectivities to olefins also increased with the mole-
carbon to quantify the amount of carbon on the catalyst and ¢yjar weight of the alkane as shown in Fig. 9. None are ob-
the amounts of CO and G@ormed, both in steady-state and  geryed with methane but up te 5% with hexane,~ 60%
in transient experiments. o with decane, and- 80% with hexadecane. Methane clearly
We have speculated that the absence of coking is cause¢an form olefins only by coupling, while the higher alkanes
by the water formed in the process that removes carbonform olefins by cracking reactions. The larger the alkane, the
by steam reforming to CO. Oxygen is present in the early ,qre fragment olefins are possible.
region of the catalyst, so any carbon on the surface should hcreasing gO also causes a transition in selectivities
be oxidized off. The presence of monolayer amounts of 4, ethylene to higher alkenes as shown in Fig. 9. This
carbon later in the catalyst is probably important for slightly geems reasonable in terms of the temperature and the series
deactivating the Rh surfaces and thus preventing further qactions by which larger molecules decompose into smaller
reactions such as reaction of olefins to form acetylenes oneg Al higher olefins are-olefins with double bonds only
and aromatics that would certainly lead to additional coke 4; one end of the hydrocarbon chains.
formation. There are almost no small alkanes formed in these
experiments. The total alkane selectivity wa8% for all
fuels, and this is predominately GHwvhich is typically more
than 95% of all alkanes observed. There are also almost
no branched isomers of alkanes or olefins, indicating little
isomerization even though temperatures:ag00°C.

4.2. Products observed

These results show systematic trends with respect to
product selectivities as functions of feed composition and
fuel type. For all fuels the selectivity goes from mostly £0
to CO to small olefins to large olefins ag@ increases.
Thus the reactions switch from combustion to reforming to
dehydrogenation with increasing/ O,

4.3. Rates and mechanisms

These results suggest that only a few dominant reaction
Products = CO; +H20 ¢ CO+Hz & CoHy & a-olefins pathways operate in these experiments. The detailed chem-
Feed GO <1 ~1 >1 ~2 istry of homogeneous combustion and pyrolysis for these
This switch is determined by the amount of oxygen in alkanes is well known from diesel combustion and naphtha
the feed and the reactor temperature, both of which strongly steam-reforming applications. The detailed surface chem-

affect the selectivities as discussed later. istry of methane and ethane partial oxidation on Rh and Pt
In previous experiments we have observed similar re- surfaces is also fairly well established, although the kinet-
sults with CH, [2,16], GHe to C4H10 alkanes [16-18], ics of surface reactions of higher alkanes have not yet been

andn-hexane, cyclohexane, and isooctane [6,11]. In Fig. 9 established.
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Fig. 9. Comparison of the product distribution frershexane (2.5 SLPM);-decane (4 SLPM), ana-hexadecane (4 SLPM).

The exact roles of surface and homogeneous reactionature is highest in this zone, oxidation reactions go rapidly
steps are unclear in these experiments, and surface ando completion and consume albQvithin the first millime-
homogeneous reactions are probably tightly coupled in this ter of entering the catalyst, presumably generating mostly
catalyst geometry because of the small channel sizes. WhileCO, CQ, Hz, and HO. Once all Q is reacted, pyrolysis
methane partial oxidation is known to be90% on the reactions should dominate, producing mostly olefins. These
surface, ethane oxidative dehydrogenation occurs throughreactions could be homogeneous or on the surface, and it is
both surface and homogeneous routes [15]. By analogy with difficult to determine the roles of surface and homogeneous
CH, and GHe partial oxidation [2,4], we suggest that most  reactions from product distributions.

CO and CQ is formed by surface reactions on the Rh  The pathway that appears to explain olefins is that of
surface and that most olefins are formed by homogeneougdhitiation by pyrolysis of the parent alkane to produce two
pyrolysis reactions. alkyl radicals,

Reaction could also be occurring before, within, or after Ri~R, — Ry + Ry-.
the catalyst. Preheat of 25C for n-decane and 408C for
n-hexadecane should cause negligible reaction in the resi-with the fragments R and R determined by the statistical
dence time of- 20 ms in the preheat-mixing zone. However, Probability of C—C bond scission, accounting for the higher
the gases are heated to considerably higher temperatures béond strengths associated with methyl and ethyl. Next a
fore entering the porous catalyst by thermal diffusion of heat radical can decompose b/ scission to yield ethylene and
from the hot catalyst face, and homogeneous reaction could@ smaller radical,
occurin thg region within sgveral m|II|mE'3te'rs of the catalyst. RCH,CHy- — R- + CoHa
Most reaction almost certainly occurs within the catalyst be-
cause temperatures are highest and heat conduction betwee®r by 8 hydrogen elimination to yield a larger stable olefin
gas and surface assures highest gas temperature.

A basic picture assumes that reaction is initiated at the RCHCH,- > RGH=CHy.
surface near the entrance of the catalyst where oxygen con-This process can continue with the radical eliminating
centration and surface coverage are high. Since the temperethylene molecules until it finally forms the ethyl or propyl
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radical, which can only dehydrogenate to form ethylene or should have different reactivities than aliphatics. Differences
propylene, may also occur between pyrolysis and in oxidation reactions
and between homogeneous and surface processes. Pyroly-
CoHs: — H- + CaHa, sis rates are probably well predicted by C—C and C-H bond
C3H7- — H- + C3Hg. strengths because breaking these bonds to form radicals is
the initiation step in homogeneous reactions and probably
for surface reactions. These reactivities are probably corre-
n-CygH3z4 — 2n-CgH17- — n-CgHia- lated with autoignition temperatures, which vary by as much
as 100°C between fuel components.
Oxidation reactions may have a different order of re-
whose overall stoichiometry is activities than pyrolysis reactions because they depend on
reactions with @, OH, O, QH, and related alkyl species
n-C16H34 — 8C2Ha. where reactivities do not correlate with bond strength but are
If the hexadecane molecule dissociated initially to produce more sensitive to molecular geometry and electronic struc-
radicals with an odd number of carbon atoms, the overall ture. Even less is known regarding the relative surface reac-
reaction would give five ethylene and two propylene mole- tivities of these components and their variation with size and

Thus the overall process is a series of reactions such as

— n-C4Hg- — CoHg- — CoHg

cules, structure. Adsorption and decomposition are probably quite
different on Rh than on the alumina support because the Rh
n-CieHzsa — 5C2H4 + 2CsHe. should have much greater capability to adsosw®ich pro-

This may account for the £814/C3Hg ratio observed. If motes surface oxidation channels. On alumina, decomposi-
C/O is increased, the temperature is lower, @nigydrogen tion might therefore be expected to have a greater tendency

elimination becomes more important, yielding a larger olefin to form coke.

from the alkyl fragment. We note that a fundamental possible complication with
We suggest that bimolecular hydrogen abstraction reac-Partial oxidation of fuel mixtures is that reactivities are not
tions, simply an average over all reactant molecules because the
most reactive component in a mixture will consume all
Ri-+RoH — RiH + Ro-, Oy very quickly. This will leave pyrolysis in an £free

where a radical reacts with a parent alkane to form an aIkaneenVironment as the only reagtion Chaf‘”e' for less reactiy c
and an alkyl radical of the parent should not be important cr?mpolljer:\tg. Forh example,. if aromatllcs a:je less reatlctlye
because it would produce smaller alkanes and also internalt"a@" aliphatics, the aromatics can only undergo pyrolysis

olefins when the alkyl eliminates a hydrogen atom. Since we reactlorls. Th_'s would probaply not be desired pecagse
observe very little branched alkanes or olefins, bimolecular 2r0matics, being hydrogen deficient compared to aliphatics,

alkyl transfer reactions must also be unimportant. must inevitably pyrolyze to coke and soot. _
The fuel we used in these experiments is a high grade
4.4. Issues in diesel reforming of diesel fuel that contains low sulfur (10 ppm), aromatics

(8%), and olefins (2%) compared to a conventional diesel

As discussed previously, the characterization of products fuél- All of these components could cause problems in
and conversion of a logistic fuel is more complex than with 1igh concentrations, so experiments like those reported here
a single fuel component. In addition to these complexities, Must be done to determine how large fractions of these
there are other issues in reforming that arise because of the€0mponents affect performance.
nature of diesel fuel. Fuel vaporization is also different for mixtures because

First, the stoichiometry (the [ ratio) is not precisely ~ Poiling points vary. Diesel fuel boils from 100 to 30Q, so
described for a mixture with Varying carbon atoms and vari- fractional distillation will occur if evaporation is slow. The
able G/H ratio. Thus, we attempted to describgQby as- highest boiling fraction is probably highest in polyaromatics
suming an average molecule containing 14.5 carbon atomsthat should have the greatest tendency to decompose to
and 31 hydrogen atoms. This is probably a good approxi- coke before evaporating. We believe that the evaporative
mation for this fuel because it was well characterized, but mixing system we use produces a rather rapid vaporization
actual fuels can have variable compositions. Singeahid and thus avoids excessive distillation to leave a residue.
CO have maxima for @O near 1, this maximum could be The relative amounts of evaporation in the drops from the
broadened and lowered or shifted with a fuel mixture be- fuel injector and at the wall will vary with the drop size,
cause some components are above and below the optimunair and fuel temperature, and with the distance between
stoichiometry for H production. injector and wall. Obviously, parameters such as surface

Second, the reactivities of different molecules may be temperature, heat flux to the surface, fuel delivery rate, and
quite different. Linear, branched, and cyclic alkanes should mixing concentration profiles should have large influences
not react identically. Aromatic and polyaromatic molecules on vaporization and mixing. We have demonstrated the
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operability of this system, but we have not yet examined with an emulsion. This enables the water—gas shift in the

these variables systematically. short contact time reactor to produce high/BO ratios,
Although a complete quantitative analysis was beyond which are required in fuel cell applications. Experiments to

the scope of this study, we have successfully demonstratedyenerate hydrogen in high concentrations from diesel fuel

the partial oxidation of low sulfur diesel to produce a and gasoline are in progress.

hydrogen-rich mixture. Additional study is required to

characterize the reactivity and product distribution in detail.

In the future we shall examine the effects of composition, Acknowledgments
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