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ABSTRACT

In support of the Department of Energy (DOE) Fuel Cell Program, aimed at oper-
ating fuel cells on middle distillate petroleum liquids in the near term and
coal-derived hydrocarbon liquids in the near future, experimental work has been
conducted on improving the autothermal and steam ref ,rmina processes. Auto-
thermal reforming (ATR) tasks have been directed toward understanding the
different mechanisms by which various fuel component hydrocarbons (related to
both heavy petroleum and coal-derived liquids) are converted to hydrogen with-
out forming carbon. Steam reforming tasks have been directed toward examina-
tion of monolithic catalysts with higher available active surface area and
better thermal conductivity than conventional pellet beds, making it possible
to steam reform fuels heavier than naphtha without sacrificing efficiency.

Experimental ATR results obtained in the previous phase of this work with

sul fur-free pure hydrocarbon liquids are summarized here. Catalyst types and
contiguration used were the same as in earlier tests with No. 2 fuel oil to
facilitate comparisons. Fuel oil has been found to form carbon in ATR at con-
ditions much milder than those predicted by equilibrium. Reactive di‘fferences
between paraffins and aromatics in ATR, and thus the formation of different
carbon precusors, have been showr to be responsible for the observed carbon
formation characteristics (fuel-:pecific). The types of carbon formed in the
reformer were identified by SEM and XRD analyses of catalyst samples and carbon
deposits. From tests with both light and heavy paraffins and aromatics, it is
concluded that high boiling point hydrocarbons and polynuclear aromatics
enhance the propensity for carbon formation in ATR.

Effects of olefin (propylene) addition on the ATR performance of benzene are
described in this report. The amount of propylene that can be added at the
inlet of the reformer before carbon begins to be formed is higher than what can
be added at locations within the steam reforming region of the bed.

In ATR tests with mixtures of paraffins and aromatics (n-tetradecane and ben-
zene) synergistic effects on conversion characteristics were identified. Thus,
the mixtures' propensivy for carbon formation was intermediate between that of
the p%re hydrocarbon component fuels under similar operating conditions.

Comparisons of the No. 2 fuel o0i] data with the experimental results from this
work with pure (and mixed) sulfur-free hydrocarbons indicate that the sultur
content of the fuel may be the limiting factor for efficient AIR operation,
i.e., low oxygen-to-carbon ratios and low preheat temperature. Exploratory
tests with sulfur-containing paratfins and aromatics are described here in
which the conversion and degradation effects of the sulfur additive (thiophene)
in ATR were examined. At the low preheat temperatures and steam-to-carbon
ratios used here, the front part of the catalyst was deactivated by sulfur-
catalyst interaction, while the propensity for carbon formation was enhanced.

Steam reforming of hydrocarbons in conventional retormers is heat transfer
limited. Steam reforming tasks performed in this work have included perfor-
mance comparisons between corventional pellet beds and honeycomb monolith
catalysts. The same fuel, n-hexane, was used 1n all cases. Metai-supporied



moncliths werc examined in this phase of the work. These offer higher struc-
tural stability than ceramic¢ supports, which were found to disintegrate under
the steam reforming conditions used in previous work in this laboratory. More-
over, metal monoliths offer the advantage of higher thermal conductivity.

Data from two metal monoliths of different catalyst (nickel) loading have been
compared to pellets under same operating conditions. Improved heat transfer
and better conversion efficiencies than for the pellets were obtained with the
metal monolith of the higher catalyst loading. txperimental results are
indicative of surface-gas interaction throughout the length of the moroliths.
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PART 1

AUTOTHERMAL REFORMING OF SULFUR-FREE
AND SULFUR-CONTAINING HYDROCARBON LIQUIDS
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INTRODUCTION

Autothermal reforming (ATR) offers an advantagecus alternative to steam reform-
ing for hydrogen production for fuel cells because of the wider range of fuels
that can be converted. This process involves the combination of partial oxida-
tion and steam reforming of a hydrocarbon fuel to produce principally hydrogen
and carbon monoxide as described in the following reactions:
ChHp + n/?2 0p + nCO + m/2 Hy (1)
ChiHn *+ n Ho0 = nCO + (n + m/2) Hy (2)

These reactions are followed by establishment of the equilibria:
co + HZO P C02 + Hyp (3)

Co + 3H2 2 CH4 + Hzo (4)

Other ’han reactants' preheat, no external heat source is required since the

exothermic reaction 1 plus the preheat sustain the endothermic reaction 2.

In this work, the autothermal reforming of hydrocarbcn liquids has been consid-
ered as a viable route for hydrogen generaticn for fuel cell power plants. The
particular advantage that this process offers is to expand the range of appli-
cable fuels to heavier petroleum-based and coal-derived liquids. In compari-
son, light naphtha is the heaviest fuel that can be corverted to hydrogen with-

out carbon deposition by conventional steam reforming, which is the process to

-1-



be used initially for fuel cells. The applications considered here demand a
process with high thermal efficiency, carbon-free operation, and high hydro-
carbon conversion efficiency as dictated by equilibrium. Partial oxidation
alone has lower thermal efficiency than steam reforming. Carbon formation in
this process can be prevented either by increasing the air/fuel ratio (i.e..
decreasing thermal efficiency) or by adding steam (1-3), which also increases

the hydrogen yield because of simultaneous steam reforming.

The prevention of carbon formation in the catalyst bed is one of the most
important aspects of reformer operation. The following carbon producing

reactions are possible:

20 > €+ COp (5)
CO+ Hy + C+ Hy0 (6)
CHy > C+2hy (7)
(-CHp=)p > nC + n Hp (8)

Under certain conditions in the mixture of CO, C0p, Hp, CHy and Hy0, free
carbon is thermodynamically possible. This carbon, produced according to reac-
tions 5 and 6, is usually referred to as thermodynamic carbon or Boudouard car-
bon. Carbon can also be formed as a result of thermocracking of the fuel
hydrocarbon used; the olefinic compounds formed degrade to carbon very easily

giving an overall reaction as set out in reaction 8.

Using the principle of thermodynamic equilibrium, it is possible to specify
which chemical species will be present in the product gases of the autothermal
reformer at equilibrium. The computer proqram used here (4) is hased on the
minimization of the Gibb's free energy of the system (using graphite data for

carbon), and is run under constant system enthalpy, H, and pressure, P, i.e.,



truly adiabatic conditions. In all calculations, a pressure of 1 atm was con-
sidered, as this was approximately the pressure in the reactor system in our
tests. Also, in the weli insulated experimental reactor, 4 nearly adiabatic

operation was achieved.

The autothermal reformer is envisioned as a fuel processor that may have to
operate with sulfur in the process stream, because the sulfur compounds (prin-
cipally thiophenic) in distillate tue)l oils are not readily removed by the
commonly used desulfurization methods for natural gas and naphtha. By combust-
ing a portion of fuel inside the catalyst bed, higher catalyst temperatures
(1200°-1400°K) can be reached than in conventional steam reformers. At these
higher temperatures, the supported nickel catalysts commercially used for steam
hydrocarbon reforming are anticipated to be less susceptible to sulfur poison-
ing because of reduced stability of the nickel sulfides (as predicted by
thermodynamics (5)). The sulfur content of a fuel may also change the condi-
tions fcr carbon formation on a given steam reforming catalyst. Hence, partic-
ular emphasis was necessary in de,ineating this possible sulfur-carbon forma-

tion relation by well planned experiments.

In a recent JPL report to EPRI (6) on autothermal reforming of No.2 fuel oil,
the conditions under which carbor formation started were shown to be much
milder than those predicted by the equilibrium theory. Experimental results by
other workers (7-Y) are in agreement with the JPL data. Follow-on autothermal
reforming work at JPL has focused on identifying the causes for the observed
behavior of No.2 fuel oil. During this work, tasks have been directed toward

delineating the conversion craracteristics of i1ndividual fuel components



(paraffins, aromatics, olefins, and sulfur compounds) in the autothermal
reformer. Since heavy distillate fuels are comprised ¢f a mixture of different
hydrocarbons covering a range of bo.ling points from about 350 to $50°K, the
autothermal reforming of both light and heavy compounds was studied. The same
catalyst types and configuration as in earlier tests with No.2 fuel o0il were
used in these tests. Experiment2} results have veen published (10-12) on the
ATR of model light and heavy paraffins (n-hexane, n-tetradecane) and aromatics
(benzene, naphthalene). These results have demonstrated that differences in
chemical reactivity and carbon-forming tenderLy in ATR are relatad to the type
of fuel hydrocarbon used. Locations 2nd types of carbon in the autothermal
reformer have been correlated with intermediate reaction species for each
hydrocarbon type. In addition, the effects of the operating parameters on
reaction temperature and products, and carbon-forming tendency have been

established.

In this report, the previously obtained information on carbon formation from
individuai paraffins and aromatics is surmarized to facilitate comparisons with
data collected in the present phase of the experimental ATR work. New experi-

mental results reported herein are from three recent tasks:

(a) Addition of Propylene to Benzene.

In these experiments, the influence of an olefirn (propylene) on the ATR
characteristics (conversion, carbon “ormation) of benzene was studied by

injecting propylene at different cata'yst bed locations.

-4-



(d)

(c)

ATR of Mixtures of Paraffins and Aromatics.

These tests were performed with different mixtures of n-tetradecane and
benzene. Using similar operating conditions to those used for the pure
mixture components, data were collected on the carbon formation charac-

teristics of these mixtures.

ATR of Sulfur-containing Paraffins and Aromatics.

Thiophene, a good model sulfur compound for heavy distillate fuels was
used in these tests in mixtures with either n-tetradecane or benzene to
study the conversion and degradation effects of fuel sulfur on the cata-
lyst. Reaction temperatures and products from the ATR of thiophene-con-
taminated n-tetradecane, and benzene are compared to those pertaining to
each pure hydrocarbon. Possible relation between the sulfur content of a
fuel and propensity for carbon formation is discussed in view of the

experimenta! data.



EXPERIMENTAL

Mntus

The design of the autothermal reforming system used in this work has been
developed from previous tests with No.2 fuel oil (6) and pure hydrocarbons (10,
11). Figure 1 shows a schematic of the autothermal reforwmer. UDuring opera-
tion, preheated air and steam are mixed first, followed by the injection of
vaporized fuel downstream of the mixer. The three components are further mixed
in a helical swirler just prior to the reactor entrance. By minimizing the
residence time of the fuel inside the mixing tubes in this manner, the extent
to which carbon-forming, gas phase reactions proceed is limited and were held
to zero in this system. The reactor inlet is made of refractory insulation and
has a conical shape to avoid stagnation iareas and to provide uniform inlet con-
ditions. Externally, the reactor and all feed lines are insulated to minimize

heat losses.

The reactor (3.75 in. 1.D.), made from Inconel, was filled to the top flange
with catalyst pellets. The catalyst bed configuretion is depicted in Figure 1.
Off-center, axial bed temperatures were recorded b, a chromel-alumel thermo-
couple prebe which traversed irside an Inconel theirniowell. A traversing
Inconel gas probe was used to sample gaseous reacticn products throughout the
catalyst bed length. This probe was freely moving inside an Inconel tube which
was closed at the end and perforated at 2 in. intervals. Gas samples were
analyzed by on-line gas analyzers for Hp, C0, and COp, and with two gas
chromatographs, one with a Flame lonization Detector (FID) for hydrocarbons,
and one with a Flame Photometric Detector (FPD) for sulfur compounds. Pres-
sures and pressure differentials were monitored by pressure transducers,

ganges, and manometers.
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Materials

(a)

(b)

Fuels. Technical grade n-tetradecane, and pure grade benzene liquids
were used in these tests. The technical grade n-tetradecane (Humphrey
Chem. Co.) consisted of 100% paraffins, with n-dodecane, branched hexade-
cane, and branched tetradecane as the only trace impurities. The pure
grade benzene (Phillips Chem. Co.) consisted of 99.5 voi.% benzene, and
0.4% other aromatics. The propylene gas (99% +) used as a fuel additive
was purchased from Matheson Co. High purity (99% +) liquid thicphene was

purchased from Eastman Kodak Co.

Caraiysts. The autothermal reactor was packed with three layers ot sup-
ported nickel catalysts as shown in Figure 1. In all tests, the top and
bottom zones consisted of Norton NC-100 spheres and cylindrical G-568
tablets, respectively. The middle zone was packed either with ICI 46€-1
or ICI 46-4 Raschig rings. The physical and chemical characteristics of
these catalysts, cormercially used in steam reformers, are given in

Table I.

The catalyst types and configuration used here were those found to be
most effective in previous ATR tests with No. 2 fuel oil (6). The choice
of catalyst was dictated by the requirements for enhancing ATR operation,
and commercial availability. Thus, in the first zone a low activity
catalyst was used to effect a gradual increase in the reactants' tempera-
ture to the level of subsequent main reaction temperature, and inhibit
carbon formation. The mechanism of heat transfer in this segment is
mainly radiation and conduction aided by some exothermal reaction. The

Norton NC-100 catalyst spheres were selected to mediate the initial
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TRADE NAME

Particle Size, inches

Bulk (packing) Density,

1b/cu ft,

Chemical Analysis, wt.%*

NiQ
Si0
Al

lr 23
K20
Mq0
CQC03
Cal
Fe203

Fusion Temperature, °F

Surface Area, mz/g

TABLE 1|

PHYSICAL AND CHEMICAL CHARACTERISTICS OF TEST CATALYSTS

NORTON NC-100

1/2 spheres

65

6.4 - 706

v93.0

2650
1.0

ICI 46-1

11/16 00 x 1/4 1D
x 5/16 length

72

ICI 46-4

11/16 0D x 1/4 1D
x 5/16 length

62

1.0

77.0
0.3

12.0

>2000
14,0

GIRDLER G-568

1/8 x 1/8
cylinders

2500
13.0

*Composition as provided

by manufacturer

Sl 32vd TYNIDIHO

ALTVNOD ¥00d 40



oxidation reaction and help to inhibit precombustion as well as to act as
a reactant distributor. These highly porous spheres fill the conical
inlet portion of the bed to the top flange as shown in Figure 1, elimi-
nating voids that enhance the probability of preccombustion. In the mid-
dle zone, an active catalyst capable of oxidizing the hydrocarbons must
be used. In this section the oxygen is completely reacted and limited
steam reforming is also maintained. The ICI 46-1 catalyst, which con-
tains potassium as a soot-suppressant, was chosen initially in order to
reduce carbon formation during steam reforming. This catalyst is in the
form of Raschig rings with a high void-to-surface ratio that allows for
gas expansion in this region where the initial rapid reaction ana temper-
ature rise take place. In experiments with aromatics, the middle zone
was tfilled with ICI 46-4 Raschig rings that have geometry identical to
46-1 but lower nickel loading. This catalyst was used to mediate the
high heat release from the aromatic ring oxidation reaction. Finally,
the bottom layer of the catalyst bed should contain a highly active,
steam raforming catalyst to convert ihe residual hydrocarbons and
methane. In this zone, the Girdler G-56B catalyst was used in the form
of small cylindrical pellets. As shown in Table I, these pellets had the

highest nickel loading.
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RESULTS AND DISCUSSION

A1l aut*..nermal reforming tests were run at atmospheric pressure and at moder-
ately high reactant preheat temperature, Tp, within the range of 1000-1150°F
(800-900°K). This is the temperature recorded by thermocouple No.13 of

Figure 1. At each condition, the gas hourly space velocity (G.H.S.V. or S.V.
for brevity) was specified. This quantity is defined here as the volumetric
flow rate of reactants (NTP) divided by the volume of catalyst corrected for

void fraction.

For each fuel, the carbon formation limit was sought as a function of the
steam-tc-carbon, (S/C),» and oxygen-to-carbon,” (0,/C),, molar ratios

at constant pressure and preheat temperature, and over a narrow range of space
velocities. The (02/C)p, (S/C), ratios are defined here as ratios of

moles of oxygen and steam respectively to atoms of carbon in fuel based on
hourly flow rates. At each (0,/C), ratio, the (S/C), ratio was reduced
stepwise until carbon began to form with each condition maintained at a steady
state for 4 to 6 hours. The determination of carbon formation was detected by
a continuous rise in the bed differential pressure and (or) carbonaceous depo-
sits (soot) on the filter in the exhaust product sample line. These "accele-
rated" carbon formation tests may not describe the precise conditions necessary
to completely inhibit carbon for extended periods of reaction. Thus, “carborn
formation" is defined here as carbon forming at a rate significant enough to be

measured in the time frame during which these tests were conducted.

* To be consistent with the majority of the reported vuel cell work, the
oxygen-to-carbon ratio is used here instead of the previously used
air-to-carbon, (A/C)p, molar ratio. To convert from (0,/C), to
(A/C)py multiply the former by 4.773.

-11-



(A) Summary Of Previcus ATR Work With Pure Paraffinic

And Aromatic Hydrocarbons

Carbon Formation in ATR

Experimental results from autothermal reforming tests with several paraffinic
and aromatic hydrocarbon liquids have recently been reported (10-12). These

have shown clearly that reactive differences exist between these two types of
hydrocarbons which affect their carbon formation characteristics in the auto-

thermal reformer.

Carbon formation lines were determined experimentally for each fuel at similar
operating conditions. These lines separate the carbon-free from the carbon-
forming region in the (0,/C), - (S/C), Plane, i.e., they are the loci of

the minimum (S/C), ratio before carbon formation begins for a given set of

the other operating parameters. In each case, the experimental carbon line was
compared to the theoretical one predicted by thermodynamic equilibrium (gra-
phite free energies). The shape of the experimental carbon formation curves
was found to be similar for light and heavy hydrocarbons of the same type.
However, the heavy homologs of each series formed carbon in ATR at milder con-

ditions than the light ones.

Unique carbon formation characteristics pertaining to each hydrocarbon type

were identified indicating different sensitivity to the operating parameters,
and possibly different carbon formation mechanisms. Typical carbon formation
lines for paraffins and aromatics are shown in Figures 2 and 3, respectively.
For n-tetradecane, Figure 2, the experimental carbon formation line converges

to the equilibrium line at high (0,/C), ratios, but diverges from it for

-12-
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(02/C),, values lower than about 0.33. On the other hand, the carbon forma-
tion lines for benzene, and benzene solutions of naphthalene, Figure 3, diverge
from equilibrium at high (02/(:)m ratios, and are almost parallel to the
theoretical lines at low (02/(:)m ratios, thus exhibiting a minimum. This
minimun (S/C)m value occurs at (0p/C), of about 0.36, and i5 a unique

characteristic of the behavior of arcmatics in ATR.

The effect of different reactant preheat temperatures on carbon formation is
depicted in Fiqure 2 for the ATR of n-tetradecane. The dotted and hatched
curves in this figure were determined on the same catalyst (with ICI 46-4 in
the middle zone) for Tp = 1000°F (811°K) and 1150°F (894°K), respectively.

The carbon forming tendency was higher at lower reactant preheat temperatures.
The effect of different catalyst types in the middle reactor zone is shown for
n-tetradecane by the hatched and dashed curves of figure 2. For the same pre-
heat temperature of 1150°F (894°K), the experimental carbon lire corresponding
to ICI 46-1 catalyst is located closer to the equilibrium line than for ICI

46-4, which does not contain potassium oxide as a soot-suppressant.

Potential carbon precursors for each hydrocarbon type in ATR were sought in
comparative studies of axial bed temperature and reaction profiles. Both
carbon-free and carbon-forming conditions were exarined. Figures 4 and 5 show
typical plots of axial bed temperatures and gas compositions, respectively, for
benzene and n-tetradecane run under the same autothermal reforming operating
conditions (carbon-forming). Bed temperature profiles are very different for
the two hydrocarbons, while reaction intermediates throughout the bed differ in
amounts only, not in type. The experimental resuits plotted in Figures 4 and 5

indicate the following:
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(a)

Two main reaction zones exist for aromatics. The first, partial oxida-
tion Of the fuel, takes place in a very narrow region well downstream of
the reactor inlet. This is depicted by sharp-peaked axial bed tempera-
ture profiles with zero initial slope. A complete absence of benzene
cracking (to olefins and acetylenes) at the inlet, and very limited reac-
tion in the top catalyst zone account for the slopes of the ascending
portion of the temperature profile, and the higher bed temperatures com-
pared to n-tetradecane. In the immediate vicinity of the temperature
peak, hydrocarbons suca as ethylene, acetylene and methane are rapidly
produced and reach a peak. The first two of these intermediate species
are indicative of benzene cracking, which however is very limited, as was

found by mass balance calculations.

The second reaction zone for aromatics involves the steam reforming reac-
tion, which mainly begins upon completion of the first reaction (partial
oxidation), initially at high temperatures, and then at lower tempera-
tures in the lower half of the catalyst bed. The slopes of the descend-
ing (past the temperature peak) portion of the temperature profile for
benzene in Figure 4 indicate that steam reforming occurs at a fast rate
close to the temperature peak (large slope), but it is limited in the
last catalyst zone, where the temperature profile levels off, From
Figure 5, we can see that the profiles of unconverted benzene and pro-
duced methane are cc.amensurate with temperature changes in this cétalyst
zone. Thus, the slope of the unccnverted benzene profile is decreasing
through the length of the .d downstream of the temperature peak, while
that of methane is almost constant in this region, and slightly increas-

ing towards the reformer exit. On the : ... nand, cracking products
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(b)

disappear rapidly and are no longer detected in gas samples taken from
the lower end of the bed. Since carbon is being formed throughout the
steam reforming region of the bed (see below), and because the olefins
and acetylene are negligible in the gas phase throughout the bed, the
main carbon precursor appears to be the aromatic molecule (benzene) it-
self. Benzene may form carbon through dehydrogenation in the gas phase
at the high temperatures prevailing in the vicinity of the temperature
peak. The rate of carbon formation by this mechanism may exceed the rate
of carbon removal by gasification for a given range of temperature and
limited steam availability. Further down the bed, at lower temperature,
surface-bound carbon ﬁay be produced from oenzene-nickel interaction.
The fact that the methane concentration did not decrease through the
lower part of the bed seemed to be unrelated to carbon formation, since

it was also observed under carbon-free conditiors.

In the case of paraffins, the same two reaction zones were identified as
for the aromatics, i.e., partial oxidation and steam reforming. However,
a third zone, cracking to low molecular weight olefins and paraffins, was
very pronounced in the top part of the catalyst bed. This is portrayed
by the temperature and reaction profiles of Figures 4 and 5. These
intermediate cracking products were aiready detectable at the bed inlet
(up to 25 vol.% of the incoming n-tetradecane cracks at the inlet (10)),
and peaked just upstream of the temperature peak location. In addition,
a small amount of benzene was produced in the upper part of the bed
indicative of cyclization reactions. The tenzene profile also peaked
Jjust prior to the temperature peak. because of the endothermic cracking

reactions, bed temperatures were lower for n-tetradecane than for benzene.
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Partial oxidation was taking place throughout the front end of the bed in
the case of n-tetradecane (paraffins being much less refractory than
aromatics), as indicated by larger initial slope of the n-tetradecane

temperature profile.

Similar to the aromatics, the continuous drop in bed temperature begins
immediately past the temperature peak, due to steam reforming of the
paraffins and olefins just produced. In the vicinity of the temperature
peak, at the prevailing high temperatures, both gas phase and surface
carbon formation may take place principally from the olefins abundant in
this region of the bed since the benzene intermediate is present in neg-
ligible amounts. Figure 5 shows that the profiles of the olefins (and
not the paraffins) have the largest slope (highest rate of conversion) in
the bed. Close to the bed exit, all species’ profiles level off, indi-
cating low steam reforming reaction rates. At the low temperatures of
this region, the rate of carbon formation by olefin degradation on the
catalyst surface may exceed the rate of carbon removal if there is not

erocuyh steam available.

It should be noted that the same rea.tion intermediates have been
detected in ATR either under carbon-free or carbon-forming conditions.
The extent of cracking, however, was much higher under carbon-forming
conditions, and resulted in lower steam-to-carbon ratios in the region of
the bed downstream of the temperature peak. As we have discussed in a
previous report (11), the rates of carbon formation are greatly affected
by changing the (S/C), ratio, more so than by temperature changes. In

the following section, the locations for carbon formation in ATR are
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shown to be within the steam reforming region of the bed at the operating

conditions considered in this work.

Locations and Types of Carbon in ATR

Information about the locations of carbon deposition and types of carbon formed
in the catalyst bed was obtained by examination of the bed after carbon-forming
conditions, and analyses of cataiyst samples by Scanning Electron Microscopy

(SEM), Thermal Gravimetric Analysis (7GA) and X-ray Diffraction (XRD).

For both paraffinic and aromatic hydrocarbons, catalyst from the front end of
the bed always appeared free of carbon deposits and retained its structural
integrity. No surface grown carbon was found on the catalyst in this region
where partial oxidation of the fuel mainly occurs. On the other hand, catalyst
from the iower half of the bed had an eroded appearance, and broken pieces and
fines were collected from this region of the bed where steam reforming takes
place. This physical breakdown of the catalyst material can be attributed to
carbon formation inside the pores fcllowed by carbon removal {13) during the
desooting process. Figures 6a and b show SEM photomicrographs of the upper and
Tower half, respectively, of ICI 46-1 catalyst used in the ATR of n-tetrade-
cane. Mheedie-like carbon growths from all directions inside the pores are seen
in Figure 6b, while no carbon is seen in Figure 6a at the same magnification.
The same catalyst samples were also checked for carbon by TGA, and the results

are in agreement with SEM.

Surface grown carbon was identified by SEM on samples from the lower part of

the catalyst bed. Figure 7 shows a typical SEM photomicrograph of the surface

of the lower end of ICI 46-1 catalyst bed used in ATR of n-tetradecane under
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carbon-forming conditions. Tubular carbon whiskers are observed that appear to
have a nickel crystallite located at the end. The diameter of the whisker is

very close to that of the nickel crystallite. These observations are in agree-
ment with earlier reports by Rostrup-Nielsen (14) on coking studies under steam
reforming conditions. Further XRD analysis of the catalyst samples that showed

evidence of surface grown carbon indicated that graphite carbon was present.

In addition to surface grown carbon, evidence of gas phase carbon formation was
obtained from large amounts of soot (carbon fines) collected from the intersti-
cies between catalyst particles throughout the lower two thirds of the catalyst
bed. Heavy deposits of this type of carbon were ivound on the catalyst sur-
faces, but they did not appear to be surface-bound. The gas phase carbon, as
found by XRD, consisted of a mixture of amorphous (non-crystalline) and graphi-
tic carbon forms. The locations of gas phase carbon formation cannot be
defined with certainty, because carbon fines found in the lower half of the bed
could have originated either there or upstream, and transferred down by the
flowing gases. It appears that the most probable location for this type of
carbon formation is around the temperature peak, where thermocracking of paraf-
fins to olefins, which can easily degrade to carbon, or degradation of aroma-

tics to carbon proceed at the fastest rates.

Differences between the types of carbon produced during the ATR of paraffinic
and aromatic hydrocarbons have not been quantified. However, from several
examinations of the catalyst bed after operation at carbon-forming conditions,
gas phase carbon formation in Lhe middle catalyst zone appeared to be more

extensive for aromatics than for paraffins. Limited surface-bound carbon was
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detected in the middle catalyst zone in the case of aromatics. Further down-
stream, in the lower catalyst zone, suiface grown carbon was detected with

either hydrocarton type.

These results indicate possible differences in the mechanisms of carborn forma-
tion between paraffins and aromatics. As discussed in the previous section, at
the high temperatures prevailing in the middle catalyst zone, immediately past
the location of complete oxygen consumption (temperature peak), paraffins crack
to olefins. These can then degrade to carbon either in the gas phase or on the
catalyst/support surface at a rate exceeding that of carbon removal (depending
on the conditions). Thus, both types of carbon observed may have olefinic
precursors. Aromatics, on the other hand, may form gas phase carbon at these
high temperatures by fission of the C-K bonds rather than the C-C bonds. This
hypothesis is supported by (a) negligible amounts of reaction intermediates
(olefins, acetylenes) from aromatics as compared to considerable amounts of
intermediates from cracking of paraffins and (b) the characteristic "minimum"
in the experimental carbon formation line for aromatics, whereby an increase in
the (02/(2)m ratio (i.e., a temperature increase) has an adverse effect on
carbon formation, possibly indicating the onset of gas phase benzene dehydro-
genation to form carbon at a faster rate than the surface reaction (with
steam). Finally, in the lower catalyst zone, where steam reforming takes place
at continuously decreasing temperatures, the rates of surface carbon formation
from either hydrocarbon type may exceed the steam reforming rates depending on
the excess steam and temperature available in this part of the bed. A concise
performance comparison of the au.othermal reforming paraffins and aromatics is
given in Table II. The main characteristics of each hydrocarbon type in ATR,

as discussed above, are listed in this table.
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TABLE II

ATR PERFORMANCE COMPARISON

OF PARAFFINIC AND AROMATIC HYDROCARBONS

ATR
VARIABLES PARAFF INS AROMATICS
Inlet Reactions Extensive cracking No cracking

Exit Reactions

Bed Temperature
Profiles

Peak Temperatures

Intermediate
Hydrocarbon Species

Carbon Formation
Conditions

Carbon Types

Location of Carbon
Deposits

Catalyst Erosion

Steam reforming

Broad-peaked; slow rise
and fall

Low
Predominantly olefinic;

low aromatic

Low 0/C, Tow S/C;
High molecular weight

Surface carbon growths
(whiskers)
Gas phase carbon

(fines in voids)

carbon steam reforming

Surface } Throughout
} zone

Gas phase} Vicinity of

carbon temperature
peak?
Considerable

Steam reforming slower
than paraffins;
methanation

Sharp-peaked; zero slope
at inlet and exit of bed

Higher than paraffins

Predominantly unconverted|
aromatic; low olefins,
acetyiene

High 0,/C, Tow S/C;
polynuclear aromatics

Limited surface carbon
growths

Extensive gas phase
carbon formation

carbon steam

Surface } Throug'.out
reforming zong

carbon temperature

Gas phase} Vicinity of
peak?

Less extensive
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(B) Addition Of Propylene To Benzene

In this work, a new series of tests with benzene were run in the autothermal
reformer in which the effects of olefin addition on reaction products and
carbon formation were studied. Propylene, one of the main reaction interme-
diates in the autothermal reforming of paraffins (10-12) was the olefin used in
these tests. The baseline operating conditions with pure benzene were chosen
in the carbon-free region. The amount and location of propylene injection into
the ceformer were varied, thereby permitting the identification of the reaction

zone most prone to carbon formation under the chosen operating conditions.

Tests CP-183 through 190 were run in the ATR reactor on the same catalyst bed.
This was composed of the usual upper and lower zone catalysts, NC-100 and
G-56B, respectively, while in the middle zone the ICI 46-4 catalyst was used.
The reactants' preheat temperature, Tp, was kept at 1050°F, and the

(02/C)p, and (S/C), ratios, based on benzene only, were 0.33 and 0.80,
respectively. Carbon-free operation for benzene neat was expected for these
conditions based on previous data (10), and this was verified in tests CP-183,
184, As can be seen in Figure 3, however, this data point lies close to the
experimental ly determined carbon formation line for benzene, so that with
rather small perturbations on the operating conditions, carbon deposition may
take place. Propylene gas was added at various bed locations at flowrates of
0.02, 0.045, 0.20 and 0.40 ib/hr. Because of the low flowrates of propylene
added, the space velocity in all runs remained approximately the same at 9500

hr'l.
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Table 11l summarizes the data collected from these runs, and Table III-a shows
longitudinal bed temperatures for each test run. Also shown in Table III are
baseline data from tests CP-183, 184, which were run with pure benzene without
carbon formation. The dry gas product analysis from the pure benzene tests
showed a total of 900 ppm hydrocarbons, of which 700 ppm were CHgq and 20" ppm
were unconverted benzene. In tests CP-185 through 187, and in CP-189-1, propy-
lene was injected through the access tube of TC-18 (located 1/2 inch below the
reactor inlet, Figure 1) in progressively higher amounts from 0.02 to 0.40
1b/hr. The total hydrocarbon content of the product gases in CP-189-1 (with
0.4 1b/hr propylene addition) was increased to 4500 ppm, of which 4200 ppm was
CHq and 300 ppm benzene. In all cases, no unconverted propylene was detected
in the product gases, and the operation remained carbon-free. As can be Sseen
from Table I1]-a, bed temperatures were lower when propylene was injected at
the inlet of the catalyst bed, mainly because the propylene was added at room
temperature, but in part because of changes in the (0,/C), and (S/C)p

ratios effected by the propylene addition. Thus, (0,/C)n and (S/C)g

ratios of 0.33 and 0.80 respectively for 6 Ib/hr flow of benzene, became 0.31

and 0.76 respectively upon addition of 0.4 1b/hr propylene.

Following these tests, propylene was injected at eight inches below the reactor
inlet using the gas probe access tube. With 0.20 1b/hr propylene addition,
test CP-188-1, unconverted propylene was detected in the exhaust gases, but tine
reactor could still be operated in the carbon-free region. However, when the
flowrate of propylene was raised to 0.40 1b/hr, injection at this level led to
carbon formation in the bed (tests CP-188-3, 189-2). Carbon was detected by a

sooty deposit in the sample line filter. The recorded temperatures in this
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AUTOTHERMAL REFORMING OF BENZENE

TABLE 111

Effects of Propylene Addition on Conversion
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TABLE III (Cont'd)
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1) Preheat temperature, T.C. No. 13 (Fig. 1)

2) Maximum bed temperature and location with reference point at the reactor inlet
3) Mass flowrate of fuel

4) Space velocity based on reactants' flowratec (NTP)

5) Gas sample probe location with reference point at the reactor inlet
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AUTOTHERMAL REFORMING OF BENZENE
tffects of Propylene Addition on Bed Temperatures

(}) <.V BED TFMPERATURE, °F
TEST  J0,/0),|(S/C) "o At (in. from Reactor Inlet)
@ - % | el | 0.5] 3 4 5 6 7 8 9 | 10| 12 |12 ] 13 16 ] 15
184 033 | 08 | 1070 19667 | 1068 | 183 | 1282 | 165t | 1731 | 1784 | 1719 | 1659 1596 | 1562{ 1482 | 1451 | 1443| 1451
186 0.3 | 08 | 001 | 9w7 | 1060 | 1277 | 1270 [ 1632 | 1750 | 1757 | 1743 | 1688 1624 | 1572 1520 | 1496 | 1.°8| 1487
{
181 | 033 | 08 | 1062] w47 § 1060] 1230 | 1267 [ 1607 | 1700 {1733 | w11 | 1649 1592 | 1554 ) 1498 | 1470 1453] 1448
<2 | X " . 1064 | 1222 | 1275 | 1630 | 1742 | 1764 | 1765 | 1692 1630 | 1581 | 1529 | 1489 | 1476| 1465
-3 " " " " 1065 | 1217 | 1247 | 157 | 169 | 1723 | 1708 | 1657] 1601 | 1557 | 1486 | 1453 | 14B{ 1420

189-1 0.3 0.8 1050 | 9447 1049 | 1195 | 1194 | 1523 1626 | 1646 | 1659 | 1601} 1540 | 1494 ] 1421 1387 13¢?¢ 1350

(1) Preheat Temperature, 1.C. No. 13 (Figure 1)




case were higher than those correspending to injecticn at the inlet (see Table

111-a). However, this did not prevent carbon formation.

These results indicate that olefin (in this case, propylene) addition to the
reacting gas m’vture in ATR can cause carbon formation, only after a “critical®
amount of the olefin has been reached. The important finding of this study is
that this “"critical® amount of propylene is higher if the injection is made at
the reactor inlet rather than at a level 8 inches downstream of the inlet. In
other words, higher amounts of propylene can be "tolerated” at the reactor
inlet. This means that the relative competition of benzene and propylene for
the available oxygen at the front end of the reactor does not produce a carbon
formation situation. This was also observed for injection of propylene at
other points upstream of the main oxygen depletion zone, which corresponds {0
the bed temperature peak region. The extent of propylene/benzene-cxygen reac-
tion in this region is sufficient to convert an adequate amount of propylene
and generate encugh heat to steam reform the ensuing “carbon precursor” hydro-
carbon species. The 8 inch injection level, on the other hand, located about 1
inch downstream of the temperature peak for these runs, is in the region where
steam reforming, unaided hy oxygen, takes place. A reduction in the overall
value of the steam-to-carbon ratio at this level can be crucial for carbon

formation (11).

Figure 8 shows axial dry gas hydrocarbon profiles for the conditions of tests
CP-183, 189-1, and 188-3 corresponding to neat benzene, and benzene + 0.4 1b/hr
propylene injected at the inlet and the 8 iach level of the bed, respectively.
The propylene content of the mixtures at the 8 inch icvel was calculated by

solving the mass balance equations, which were also used to calculate the
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(S/C)p,i ratios (where i = Benzene (8), Propylene (P), Methane (M), or

Total Hydrocarbons (T) at this level). The ordinate in Figure 8 gives moles of
each species per carbon atom in the fuel at the inlet. The change of slope of
the curves of Figure 8 (indicating rate changes) illustrates the etfect of
propylene addition on benzene conversion and carbon formation. With 0.4 1b/hr
propylene injection at the inlet, the benzene conversion is somewhat inhibited,
and methane goes up, while propylene disappears faster than benzene. As shown
in the bottom of Figure 8, the overall (S/C)m’T ratio at the 8 inch level

is 2.5 in this case, lower than the 3.6 value corresponding to the data for
neat benzene. However, this ratio is still adequate to steam reform “carbon
precursors® that might result from either propylene or benzene, and no carbon
is detected either at this level or at the bed exit. With (0.4 1b/hr propylene
injection at the 8 inch level, however, the amount of unconverted benzene at
the exit is further increased, the rate of propylene conversion is low, and the
methane content of the exhaust gases is lTower than that required for complete
carbon balance. Carbon detected in this case had been formed presumably in the
part of the bed downstream of the 8 inch level. The overall (S/C)y

ratio at this level was calculated to be 2.2, a value not adequate to steam off

the carbon formed.

In Figure 9, a comparison similar to that of Figure 8 is depicted for tests
CP-183, 188-1, and 188-3 corresponding to neat benzene, and benzene plus 0.2
1b/hr and 0.4 1b/hr, respectively, of propylene. The propylene gas was in-
Jected at the 8 inch level in both CP-188-1 and 188-3. No carbon was observed
in test CP-188-1 (0.2 1b/hr propylene addition). As can be seen from Figure 9,
in the remaining 7 inches of the bed downstream of the injection point the rate

of benzene conversion decreases, and the rate of methane formation increases,
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test CP-?89—3.
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w:ile propylene itself disappears very slowly. The overall (S/C)p, T

ratio at the 8 inch level was calcvlated to be 2.7, as shown in the bottom of
Figure 9. This (S/C)n,T value appears to be high enough to steam reform

any carbon formed from either propylene or benzene. However, the (S/C)m’T
ratio at the 8 inch level was 2.2 for the case of 0.4 1b/hr propylene injec-
tion, which was carbon-forming. As discussed above, this (S/C)m’T value

must be lower than the "critical” one for carbon-free operation at these condi-

tions.

While this data does not produce information about the mechanism of carbon for-
mation in the bed, it definitely shows that the steam reforming region of the
bed is the most prone to carbon formation. In support of this is the above
presented evidence that a reduced (S/C), ratio at the ATR inlet, created here
by olefin addition, has less effect on carbon formation than a similar (S/C),
reduction in the steam reforming part of the bed. Scanning elactron microscope
(SEM) examinations of catalyst samples used under carbon-forming conditions
with pure benzene or n-tetradecane fuels also support this. As discussed in
the previous section, surface carbon growths (mainly in the form of whiskers)
were found on cata'yst samples taken from the steam reforming region of the
reformer, while no surface carbon was found on the NC-100 or the top ICI cata-

lysts, where oxygen is present.
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(C) ATR Of Nixtures Of Benzene And n-Tetradecane

Concluding the experimental studies of the autothermal reforming of sulfur-free
hydrocarbon liquids, a series of tests with mixtures of paraffins and aromatics
were run in the reformer. The purpose was to determine what effects aromatic
and paraffinic hydrocarbon combinations have on catalyst bed temperatures,
intermediate reaction products, and carbon formation, as compared to the pure

component hydrocarbon data.

Mixtures of benzene and n-tetradecane were used because of the previous tests
on them, individually, and the ease of following the hydrocarbon intermediates.
Two mixtures were prepared in which the molar ratio of n-tetradecane to
benzene, (T1/B),, was set equal to 2.0 and 0.5, respectively. Tests were run
at similar operating conditions as earlier tests with each of the component
fuels. Fresh catalysts were loaded in the reformer prior to the first test of
this series. In the middle catalyst zone, the ICI 46-1 catalyst was used to
better control carbon formation. Tests CP-212 through 216 were run with the
(T/8)g = 2.0 mixture, while in tests CP-217 through 221, the (T/B), = 0.5
mixture was used. Table IV shows the operating conditions and summarizes the
results from these tests. Corresponding axial bed tempe:ratures are shown in

Table lV-a.

Carbon-forming conditions for each mixture tested were determined and compared
to those for the pure component hydrocarbons. These are depicted in Figure 10,
in which the carbon formation lines determined for the mixtures are plotted
along with carbon lines for neat benzene and n-tetradecane (see Figures 2 and

3). Similar inlet conditions, and the same catalyst types were used with all
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TABLE IV

AUTOTHERMAL REFORMING OF MIXTURES
OF BENZENE AND N-TETRADECANE

-82-

() @ ) Sl &
¥ MAX. BED | © S(4) : GAS DRY GAS COMPOSITION, MOL %
TEST FUEL  J(0,/C) N5/C) !,LEMP‘R”URE FsVel g |- PROBE
.7 _| - [ S
MAX AT - AT 7
@ - T3 el IV TV Pl I e lco, [ coney Ten, [en [eamq [ets|Cats| €a | €5 | <6
22 | amg=20 0% | 06 |10 |[17% | 63 |70 (9%l M0 4 5.5 1563 1350 |8.1e» [1.43 | 3.728 {0.30 |0.91 |0.02 jo.60 [0.18 fo.10
" v lws2 |ise |63 | | [|» 6 %73 |5.86 k047 |emx [1.72 |1.88 0.8 |0.21 [0.02 P06 [0 |-
" v e |7 |63 |« | | 8 12.73 |30 [23.52 |1.70 |1.02 | 042 0.9 006 | - o0 |- |-
" " 1049 1776 6.3 " " " 10 33.50 |4.24 123.57 |1.5% 1.01 0.30 |0.09 0.06 - 0.01 - - [1]
" w |iwso s |63 | | |» | mar w9 |38 [wo01 [0.52 |ouws |o0.04 002 000 |- |- - |- Jo
213 (T/B)-' 2.4 0.3l 1.2 1146 1593 6.3 6.0 9549 NO 4 9,76 |5.15 [11.75 |6.53* | 0.% 2,60 |0.21 0.79 |C.O1 JO.51 0.23 .20
“ v Luse {ed |63 | |0 | 6 2357 |6.75 le.20 le.13w | 1.9 | 2.56 [0.26 | 0.77 [0.01 [0.% |o.09 Jo.05
" w |nso 16 {63 | {» |» 8 %8 (8% 1941 |2.27 |08 |o0.66 |05 [0.22 | - Jo.oe |o.01 Jo.01
" woluas J1se fea |0 e | 10 .14 |8.86 [18.96 {253 |1.08 |0.73 |07 |0.28 | - [o.07 |0.02 .01
" " 1150 1587 6.3 " " " 12 39.16 |8.20 [19.92 |1.67 0.93 0.3 [0.16 0.13 - j0.01 0.01 01
" v s |12 63 | | " | mar ww |8.47 (19077 [1.% [087 | 0.19 [0.08 007 | - [0.02 [0 |-
214 (T/B)n'2.0 0.8 0.4 1055 1897 6.0 7.8 po1a3 |yEs 4 20.17 {5.02 {20.19 413 | 1.4l 1.727 |0.19 0.30 |0.01 |0.10 0.0.2 -
" o liwost |wo [eo0 [ * [ |* 6 .82 (303 (2.2 [2.69% [1.24 | 064 [0.08 |057 [ - Jo |- |-
" w |iose |1eee |60 | | | 8 nor |24 [25.03 |18 [1.08 |0.25 {006 002 | - |- - |-
" w lweo |wo1 |60 | * | v | war 3.9 212 [25.20 [o.n |0.58 | 007 |0.03 |00 | - |- - |-
25 |amo=2q4 ox [ o8 [108 [1en | 59 |65 [wse |w0 4 16.80 18.25 l16.50 [5.900 [1.06 | 2.43 |0.23 | 0.2 |0.01 [o.46 [0.16 .10
" " 1055 1630 5.9 " " " 6 132,99 |6.01 [21.15 [2.43% | 0,95 0.73 | 0.15 0.25 - 0.09 0.02 .02
" v s |17 {59 v | | 8 %56 |6.00 [21.67 {2,277 |1.03 | 062 [015 [o2t:| - Jo.m [0.00 fo.1
" " 1050 l613 5.9 " " " 10 36.70 |5.92 |22.45 |1.5% 0.91 0.28 | 0.13 0.1l - 0.03 0.01 -
" v lios2 {1607 [ 59 | * | | | mar 3751 |59 (2.8 {110 |0.83 |0.09 |0.® Joos| - Jor |- |-
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TABLE Iv ( Cont'd) -
O v
C >
E ® )
m
R
(n @) @) . &)
I MAX. BED |~ S(4) : GAS DRY GAS COMPOSITION, MOL %
TEST FUEL [(0,/C) fis/cy | P [TEMPERATURE] ™¢ | S.V. PROBE__
m m — B}
o :~'~AxT AT ol AT CHal € | €
@ - L IN. [LB/HREHR T O E anehes 3e| “4 5 | €6 [CeMs
216 (T/B) = 2.08 0.29 1.5 1159 1525 6.0 5.% 9378 NO INET - 0.01 0.01] 0.0l 1.58
= " e | 15 | 60 " " " 4 - {o0%]| 021 0.217 1.20
" » L use| 153 | 6.0 " " " 6 - | 0.25] 0.09] 0.07]| 0.4
" " 1142 15 6.0 " " " 8 - 0.15 0.05( 0.04 0.3
" v L uss| 1523 ] e " " " 10 - | 0.07]| 0.03] 0.02| 0.2
v " 116l 1528 6.0 " " " 12 - 0.04 0.02] 0.02 0.15
" o | ss| 1537 ] 60 " " " BIT - | 0.03] o0.00] 0.m ] 0.10
217 (1/B) = 0.5 0.38 0.6 1151 2011 5.8 6.5 9553 NO 4 0.01] 0.02 0.02 - 0.48
. | " ] 1150 2017 5.8 " n " 6 - - - - 0.18
" v L ns2| 2016 | 58 " " " 8 - - - - 0.09
" v | ns2| w0 5.8 " " " 10 - - - - .
1] " l‘w m 5’8 " H " mT - - - - -
2B | (/) =04 0.29 1.2] nas| 1558 | 60 | 60 | 9520 msj 4 001 0.37] o.6f 01| 2.13
- " " 1152 1571 6.0 " " " [ - 0.0 0.03| 0.02 0.71
" | us2| 150 | 6.0 " " " 8 - | o0.06] 0.01] 0.00| 0.44
" » | nso| 1557 | 6.0 " “ " 10 - | o0.02| o.01| o.00| 0.24
" | s3] 15| 6.0 " " " BIT - | 0,02 o.m| o0.01| 0.8
20 | =04 0% 07| nmae| 8% | s& | 65| 95| wo 4 0.02| 0.07| o0.02| - 0.93
" v | nws] 8% ] s.8 " " " 6 - | o0t not| - 0.3
" o | nwl 80| 58 " " " 8 - - - - 0.12
" v nso| ] s " " " 10 - - - - 0.06
J » | nso| 185 | 5.8 " " " BT - - - 0.03
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TABLE IV (Cont'd)

0| wal o) 2l &
1 MAX, BED | * @A GAS DRY GAS COMPOSITION, MOL %
TEST FUEL |(0,/C)_[is/C) P |TEMPERATURE| ™5 |S.V. f; PROBE
m m .
T e et e _ ——
MAX | AT il o AT g

®- °F | op | iN. [UBHRIHRTTL L nches | M2 {92 | €O | MOr | CMa |CaMa|CaMe[CaMe|CaMs| Ca | €5 | 6 |6
20 fwm =05 [ 040 |o.6 ftost 1953 |65 [e.25 [9555 [ M0 4 15,15 | 5,65 [19.13 |4.56% | 1,18 | 1.69 | 0.16 | 0.26 | 0.00 |o.10 |0.03 |- [1.3
U w o liowe (1987 jes | " " EqatT 31.48 | 342 |24.55 |031» [ 0.2 | 0.00 |00 | - - |- - |- Jom

060 |05 o2 |07 |60 J6.25 [9% | N 4 23446 |3.93 [23.19 |2.76% [ 1.5 [ 0.70 { 0.05 | 0.02 { 0.00 [0.02 {0.02 | - |o0.40

" v lios2 |201 |e6.0 " " " 6 27.84 | 3.40 [24.5 |[1.76% | 1.20 | 0.2 |0.03 {001 | - jo.0o1 |00 |- [c.22

» v fios1 |19% | 6.0 " " " 8 .77 | 3,11 (25.09 {1.03 |o0#3 | 008002 [ - | - |- - - Jo.0

" v host |9 |eo | " " EXIT 30.69 |2.83 {25.16 |[0.% |0. [ o001 001 | - | - |- - |- Jo.03

221 kB =05 0% o6 |ues |85 |se |70 |%m |ws 4 23.07 | 5.21 (21.98 la54% | 167 | 1.59 [ 0.14 | 0.18 | 0.02 l0.07 |0.02 | - 1.05
® " v fust fser [se [ " " BIT %.86 |3.62 [25.20 0.8 | 0.7 | 002003 J 000 | - | - - |- Jou3

0.% 04 (150 |1889 | s0 |70 |eex |vEs 4 20.25 | 3.59 |23.60 | 5.26% | 1.79 | 2.01 | 0.10 | 0.10 | 0.03 {0.05 |0.03 | - 1.15

» v e [1885 | 5.0 " " " 6 29.18 | 2.25 |25.60 |2.85 | 1.32 | 086 | 0.10 | 0.10 [ 0.00 [0.03 |00 | - [0.62

" v Juw |18 | s.0 " v v 8 31,93 | 1.10 |26.88 [ 1.59 | 1.08 | 0.21 | 0,06 | 003 | - | - - |- |oa

" v Juae |7 {so | " " EXIT 32,60 | 1.9% {2666 [1.12 (0.9 [ 006 (003 [ 00 | - | - - |- |o.os

Ql

(1) - (5) See Table III 3
~ Gaseous hydrocarbons not including n-tetradecane Q
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TABLE Iv-a
AUTOTHERMAL REFORMING OF MIXTURES OF BENZENE AND N-TETRADECANE
Longitudinal Bed Temperatures

SO . BED TEMPERATURE, °F

TEST  0,/C), [(S/0),, Tp At (in. from Reactor Inlet)
@ - °F | el [ 0.5] 3 4 5 6 7 8 9 | 10 | 12 | 12 | 13 | 14 [ 15
212 0.3 | 0.6 | 1050 | o1 | 1145 | 1350 | 1451 | 1690 | 1792 | 1802 | 1751 | 1697 | 1680 | 1682 | 15% | 1536 | 1502] 1467
213 0.31 | 1.2 | 1150 | 9549 | 1200 {1320 | 1416 | 1560 | 1602 | 1610 | 1571 | 1523 | 1493 | 1502 | 1425 | 1365 | 1331] 1308
214 0.33 | 0.4 | 1055 ) 10183 | 1200 [ 1450 { 1520 | 1809 | 1901 [ 1879 | 1841 | 1820 1817 | 1792 | 1711 | 1675 | 1640| 1612
215 0.% | 0.8 | 1055 | 9456 | 1120 | 1275 | 1400 | 1597 | 1629 | 1587 | 1541 | 1526 | 1530 | 1466 | 1396 | 133 ]| 132 1314
216 029 | 1.5 | 1ss| 9378 | 1190 | 1250 | 1320 | 1491 | 1537 | 1515 | 1466 | 1442 | 1453 | 1421 | 133 | 1276 | 1241 1204
217 038 | 0.6 | 1150 9553 | 1275 | 1560 | 1635 | 1958 | 2015 | 1949 | 1868 | 1832] 1819 | 1790 | 1734 | 1700 | 1676| 1665
218 0.2 | 1.2 | 152} 9520 | 1196 {125 | 1325 | 1488 | 1575 {1533 ] 1472 | 1456 | 1469 | 1461 | 1409 | 1351} 1301| 1275
219 0.3 | 0.7 | 1150 | 95 | 1255 | 1410 | 1460 | 1762 | 1848 | 1765 | 1699 | 1670 | 1668 | 1661 | 1629 | 1596 | 1562 15%
220-1 | 040 | 06 | 1050 | 9553 | 113 | 1350 | 1392 | 1770 | 1965 | 1915 | 1816 | 1779 | 1770 | 1771 | 1747 | 1709 | 1674 1650
223 | 040 | 05 | 1055 | 9190 | 1175|153 | 1680 | 1886 | 2003 | 1909 | 1798 | 1768 ] 1748 | 1714 | 1681 | 1676 | 1659| 1635
21-1 | 0% | o6 | 115 | %73 | 1350 | 1560 | 1589 | 1828 | 1852 | 1741 | 1644 | 1576 | 1513 | 1469 | 143 | 1401 | 135| 130
214 | 0.3% | 04 | 150 656 | 1375 | 1650 | 1703 | 1889 | 1812 1675 | 1567 | 1515 | 1466 | 1449 | 1413 | 12| 1®3]| 139

2

z

>

(1) Preheat Temperature, T.C., No. 13 (Figure 1)
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Figure 10. Autothermal Reforming of n-Tetradecane/Benzene Mixtures.
Carbon Formation Lines.
O @: n-Tetradecane (Cj4k3g), neat
V ¥: Benzene solution (C14H30/CgHg = 2, molar basis)
QO @®: Benzene solution (C14H30/CeHg = 0.5, molar basis)
0 .; Benzene (CgHg), neat
Open Symbols: Carbon-Free
Closed Symbols: Carbon Formation
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fuels with the exception of neat benzere, which had been tested with ICI 46-4

catalyst in the middle ATR zone.

The plots in Figure 10 clearly demonstrate that a synergistic effect exists in
mixtures of benzene/n-tetradecane, whereby the carbon-formation line of the
mixture lies between those of the component hydrocarbons. In the case of the
mixture (T/B), = 2.0, the paraffinic character is prevailing; the carbon line
diverges from equilibrium at low (0,/C)y, ratios, but not as much as the

line for pure n-tetradecane. The reverse is true for the (T/8), = 0.5
mixture, which has more of the aromatic character. This line diverges from
equilibrium at high (0,/C), ratios, but not as pronouncedly as the pure

benzene line.

To further understand the causes of the observed synergism in benzene/n-tetra-
decane mixtures, reaction bed products and temperatures during ATR of mixtures
were comparad to these for the pure hydrocarbon components. Tables V and V-a
show dry gas analysec and temperatures, respectively, from tests run at similar
operating conditions with the mixtures and each pure hydrocarbon component.

These data comparisons have revealed the following:

(a) Bed temperatures for the mixtures were intermediate, i.e., they were
lower than respective temperatures for neat benzene and higher than those

for neat n-tetradecane.
(b) The presence of benzene in the benzene/n-tetradecane mixtures appeared to

limit the amount of intermediate hydrocarbons (primarily low molecular

weight olefins) produced by cracking of n-tetradecane. As a result of
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(c)

this, carbon formation was suppressed at low (0p/C)y, ratios where the
deviation of the experimental from the theoretical carbon formation line
was the largest for pure n-tetradecane (see Figure 2). The fact that the
benzene/n-tetradecane mixtures had lower propensity for carbon formation
than pure n-tetradecane at low (0,/C), ratios may be explained by the
higher bed temperatures during ATR of the mixtures. The rate of carbon
removal by steam reforming may exceed the rate of carbon formation (via
paraffin cracking) at these temperatures, resulting in no carbon deposi-

tion in the bed.

The presence of n-tetradecane in the benzene/n-tetradecane mixtures
appeared to control carbon formation from benzene at high (0,/C)g
ratios, where the deviation of the experimental from the theoretical
carbon formation line was the largest for pure benzene (see #igure 3).
This can be explained by the lower bed temperatures during ATR of the
mixtures, which were caused by the endothermic cracking reactions of
n-tetradecane. The rate of carbon formation via dehydrogenation of the
benzene molecule would then be decreased because of lower temperatures.
However, these temperatures are still high enough for steam reforming, So
that the overall effect for paraffinic/aromatic mixtures in ATR is a
carbon removal rate that is faster than in the case of the pure aromatic

fuel at high (0,/C), ratios.
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TABLE V S
¥
ATR COMPARISON OF BENZENE/N-TETRADECANE MIXTURES AND Cnm
THEIR PURE HYDROCARBON COMPONENTS G
m @) B) &
T TEA:A?’)E(r;ABTEDRE : 5(3/) ;} P%\:E DRY GAS COMPOSITION, MOL %
TEST FUEL [(O/Q) [is/C) | P : v f 5 4 ) -
— AT - AT T 15~ 1 e —-
~ 1 'max il o —
@- I e BN (1 L N TN B I el e Rt B R A R I I R C "
13 ‘etr adecans 0.38 0.6 1006 1742 5.0 7.19 110,000 4 7.33 ] 6.93 6.40 9.00' 1.62 4,57 0.26 {1.31 0.01 |0.78 0.9 - c.20
T’T " “ Lo0s | w6 | 50 | i 6 211 621 |17 |ass* 18 {175 017 {03 | - lon Jouae | - o
" » L 005 | 16 | 50 | v w | v 8 32.49 | 482 12047 | 2% |1.50 {050 {042 {o.n | - Jo.02 003 | - |00
" " 1017 1776 5.0 " " " Bdr 35.40 | 4.48 [21.13 | 1.08 {0.87 0.03 0.06 |0.01 0.01 - 0.04 - 0.01
22 ke =2.0 o3| o6 |05 1798 | 63 | 7.0 | ]| w0 4 8.50 | 5.63 |13.50 | 8.16° |1.43 |3.78 | 0.3 [0.91 | 0.02 [0.60 | 0.18 | 0.10 | 0.84
o " « {052 | 1789 | 63 | wo | 6 %.73 1586 (2047 | 6.6®|1.72 |1.88 | 0.18 {0.21 | 0.02 |0.06 {001 | - |0.36
" " 1048 177 6.3 " " " 8 32.73 | 4.3 |23.52 | 1.70 [1.02 0.42 0.09 | 0,06 - 0.01 - - 0.10
" v | oso| 1805 | 63 | w | » | mar %.92 |38 |2.00 |05 [0.44 [004 | 002 |00 | - Joo2 | - - lom
07 (T/B) = 0.5 0.38 0.6 1151 2011 5.8 6.5 95531 NO 4 2390 | 4,34 | 22,78 2.93%|1.49 0.83 0.05 { 0.03 0.01 | 0.02 0.02 - 0.48
@ " " 1150 2017 5.8 " " " 6 20.22 | 3.76 {24.43 | 1.46%]1.03 0.22 0.02 | 0.01 - - - - 0.18
o " 1152 214 5.8 " " " 8 20,38 | 3.59 | 24.84 | 1.01 (0.83 0.08 0.01 - - - - - 0.0%
" " 1145 2005 5B " " " EXT 32,20 | 3.12 (25.12 ] 0.25 10.25 - - - - - - - -
7i-1 ih‘m 0.38 0.6 1050 2010 4.8 7.0 110,000} YES BEAT 27.82 | 3.18 | 27.12 | 0.03 }0.02 - - - - - - - 0.01
B
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TABLE V (Cont'd)

| 2) a ¢ (5)
M | max.seo |8 | @) [ A f GAs DRY GAS COMPOSITION, MOL %
TEST FUEL  [(0,/C) lis/C) p |TEMPERATURE] ™M |S.V. '; PROBE
m rn " T ~° 7 - oo .
T SN S A T T T e — —_-
Max| AT - AT
. " N (T I S INCHES | Ha [€O | €O [HCy | CHy [CoH 1CH, [C3H[CaM| €4 | €5 | €4 [CMs
13 nletradecand 034 | 08 117 | 1664 | 57 | 6,43 | 850 | N 4 12,68 (6,5 (12,5 P3.10% |3, . [6.84 [0.43 [1.45 [0.03 [0.87 [0.37 |0.02 [0.04
"T . v nse | wse | 56 | W 6 31,34 |6.99 [16.40 [5.13* 2.2 (1.4 [0.22 [0.46 |[0.03 [0.19 (0.06 |0.11 [0.06
. » 1% [ 1658 | 57 | " L 8 35,12 |6.18 16,90 |3.45 |1.95 (0,72 |0.21 {0.27 |0.00 |0.13 [0.26 | - |0.01
" “ |nx» w63 | 5.6 | " s | et 3.3 |6.45 18,9 1,71 [1.40 |01 |00 |0.04 (001 004 001 | - |-
215 (/8) =20] 034 | 08 |1048 | 1631 | 59 |65 | 95 | N 4 16,80 |8.25 [14.50 |5.90" 1,06 [2.43 |..23 (0.76 [0.,001 (0.46 |0.16 | 0.10 {0.69
» “ 1065 | 1630 | 59 | " L 6 32.99 (6,01 [21.15 [243* jo.9% [0.73 |0.15 |05 | - 0.9 |0.02 | 0.2 |0.22
. * l1045 [ 617 | b9 | " e B 8 .5 6,10 21,67 |2.27 (103 [oe2 [nas [0.20 | - (007 {0.00 |0.00 [0.47
" “ |iws0 | 1613 | 59 | * o 10 3,70 |5.52 (2245 |1.56 0.91 (0.2 {013 |01 | - (003 |Oo.00 | - |09
. » |08 1607 | 59 [ " L L I 54 37.51 |5.90 (2218 [1.11 |o.&3 (009 {009 [0.06 | - 001 | - - |o.04
i1 Benzene 03 | 08 |1050 |11 | 6.0 [6.0 | W00 4 2.73 |2.80 | 7.58 [7.49 [0.09 [0.24 0.01 |002 |0.06 0.0/ | 0.0t |6.99
" * lis | w7 [ 60 | " e B b 2.3 (662 (220 [1,00 [0.08 1002 [ - |- - {000 [o0.02 | - |0.88
" “ 1043 | 103 | 60 | " ol ] et 30,06 |5.31 [24.40 [0.04 [0.03 | - - |- - |- - - |o.0
(1) - (5) See Table III

* Gaseous hydrocarbons not including n-tetradecane
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TABLE V-a 8';3
B 0
~ rq
COMPARISON OF ATR TEMPERATURES OBTAINED WITH BENZENE/N-TETRADECANE MIXTURES o
AND THEIR PURE HYDROCARBON COMPGNENTS
1) <.V B¥D TEMPERATURE, °F

TEST Zlc)m (SIC)- Tp At (in, from Reactor Imlet)
@ - ¢ | nel | 0.5 3 4 5 6 7 8 9o | 10 | 12 } 32 | 13 | 16 | 15
1% 0.8 | 06 | 1020] 10000 | 1180 ] 1620 | 1600 | 1746 | 1678 | 1608 | 1553 | 1519 1476 | 14B | 1621 | 104 | 30| 136
212 0.3 | 06 | 100 9% | 1145 | 1350 | 1651 | 1690 | 1792 | 1802 | 1750 | 1697 | 1680 | 1682 | 1584 | 15% | 1502} 1467
217 03 | 0.6 | 1150] 953 | 1225 | 1560 | 1635 | 1958 | 2015 | 1949 | 1s68 | 1832 1819 | 1790 | 173 | 1700 | 1676] 1665
n 0. | 0.6 | 1033 ] 11000 | 1200 | 1875 | 1900 | 1986 | 1925 | 1968 | 1825 | 1716 | 1743 | 1719 1718 | 1723 | 1723] 173
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(D) ATR Of Sulfur-Containing Paraffins And Aromatics

In an eftort to delineate the previously observed (6) conversion characteris-
tics and carbon-forming limitations ot No. 2 fuel oil in ATR, experimental work
up to this point has focused on identifying the behavior of individual fuel
compornents in the autothermal reformer. Differences in the ATR reactivity of
sul fur-free paraffins and aromatics have been found, and the effects of the
operating parameters on reaction intermediates, bed temperatures, and carbon

formation have been determined.

An overall picture of the carbon formation lines for the various sulfur-free
hydrocarbons used under similar conditions in the autothermal reformer is shown
in Figure 11. The effects of chemical character, and molecular weight (or
boiling point) on carbon formation in ATR can be seen rom this figure. Exper-
imental data from the ATR of No. 2 fuei o0il (6) are also shown in Figure 11.
This data cannot be used for a quantitative compariscn of the fuel oil and pure
hydrocarbon requirements for carbon-free operation (since a different catalyst
(6) had been used in the low preheat (v1150°F) tests with No. 2 fuel oil).
However, €rom a qualitative compdirison of the shape and location of these
curves, it appears that the chemical characier (e.g., aromatic content) and the
boiling point effects are not enough to explain the extremely pronounced pro-

pensity of fuel oil for carbon formation in ATR.

The No. ¢ fuel oil usea in the earlier JPL work (6) consisted of a mixture of
paraffins (71% vol.), aromatics (22% vol.), and olefins (7% vol.). The suifur

content of that oil was 0.35% wt. As discussed in the previous section,

mixtures of paraffins and aromatics exhibit a synergism with respect to carbon
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formation in ATR. Hence, the steam requirements for carbon-free operation with
No. 2 fuel o0il should be lower than those corresponding to its heaviest aroma-
tic components (at high 05/C ratios) or its heaviest paraffinic components

(at low 0,/C ratios). Obviously, what remains unanswered at this point is

the relative importance of the sulfur content of fuels with respect to carbon
formation in ATR. In the following, results from preliminary tests with
thiophene-contaminated n-tetradecane and benzene are presented. This work was
undertaken in order to study the conversion and degradation effects of fuel

sul fur on the catalyst. It has been found that No. 2 fuel oil can contain up
to 90% thiophenic sulfur compounds {15). Thus, thiophene is a good model

sul fur compound for heavy distillate fuels.

ATR of Thiophene-containing n-Tetradecane

The effect of sulfur in the ATR characteristics of paraffins was examined first
by using n-tetradecane contaminated with thiophene, 2000 ppmw (by weight).

This amount of thiophene is equivalent to 762 ppmw sulfur. Tests with this
mixture were run at similar conditions as earlier ones for n-tetradecane alone.
These tests were performed to determine what effect the conversion of sulfur
compounds would have on the autothermal reformer temperatures, catalyst

activity, intermediate reaction products, and carbon-forming tendency.

Table VI summarizes the experimental data collected from tests with the
n-tetradecane/thiophene mixture at three sets of operating conditions, which
were carbon-free for pure n-tetradecane (11). A fresh catalyst bed was loaded
in the reactor prior to test CP-222, and again prior to test CP-229. As in
tests with neat n-tetradecane, the ICl catalyst used in the second catalyst

zone was of the 46-1 type, which contains potassium oxide as a soot-suppres-
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TABLE VI (Cont'd)
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sant. Data from tests with neat n-tetradecane run earlier (11) at the same
conditions are also shown in Table VI for comparison. The following observa-

tions were made during this series of autothermal reforming tests:

(a) Temperatures with the mixture of n-tetradecane and thiophene were lower
in the upper half of the bed and higher in the lower half of the bed than
respective temperatures with neat n-tetradecane. Tne peak temperature
with the mixture was recorded at least 3 inches below that for n-tetrade-
cane, indicating that the activity of the front-end catalyst was lower in
the presence of sulfur. The value of the maximum temperature was higher
by abcut 200°F in the case of the mixture, probably because fresh cata-
lyst was used in both tests. Figure 12 shows axial bed temperature pro-
files for n-tetradecane, neat and with thiophene at (02/C), = 0.36,
(S/C)pm = 0.60. The profile for the mixture corresponds to test CP-223
in which the maximum temperature was recorded at 9 inches below the reac-
tor inlet. However, the initial location of the temperature peak for
these conditions was at 8 inches from the inlet (test CP-229) indicating
that the catalyst in the oxidation zone was rapidly being poisoned during

exposure to the sulfur-containing fuel.

(b) While no carbon formation was detected with the n-tetradecane/thiophene
mixtures at the conditions of Table VI, the amounts of intermediate reac-
tion products formed via cracking reactions were higher with the mixtures
than with n-tetradecane. This was true throughout the length ot the bed
except at the front 4 to 5 inches from the bed inlet. Figure 13 depicts

axial composition profiles corresponding to the temperature profiles of
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(c)

Fiqure iZ. In both cases, i.e., n-tetradecane and the n-tetradecane/
thiophene mixture, the intermediate hydrocarbons peaked just upstream of
the respective temperature peak. Hewever, the concentrations of ethyl-
ene, methane, benzene etc., were much higher or the mixture. [n addi-
tion, the methane conversion in the steam reforming region of the bed was
limited, and a higher methane leakage was measured at the bed exit when

the mixture was used in ATR.

Along with hydrocarbon analysis, gas samples from different levels of the
catalyst bed were analyzed for sulfur compounds by G.C. (FPD). In the
partial oxidation region of the bed, uncoverted thiophene was the only
sulfur-containing species found in the gas phase. However, the amount of
thiophene detected in this region was lower than at the reactor inlet,
indicating that sulfur had reacted with the catalyst/support and formed a
stable compound on the solid surface. Around the location of the temper-
ature peak, and further down the bed (in the steam reforming region), a
higher rate of thiophene conversion was observed, and other sulfur pro-
ducts, namely HpS, COS and traces of CSp, appeared in the gas phase.
Figure 14 shows axial profiles of HyS, COS and thiophene in the bed.
Since all s.1fur species were not quantitatively analyzed, Figure 14 is
intended as a qualitative plot only. Thus, an arbitrary logarithmic
scale is used on the ordinate of Figure 14. The HS profile was found

to be almost flat throughout the G-56B catalyst zone, and about two
orders of magnitude higher than the COS, which peaked at the position of

the temperature peak, gradually decreasing thereafter.
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(d)

Catalyst samples from different bed locations were examined by SEM/EDAX.
No surface carbon was detected in any of these samples. However, sulfur
was found (by EDAX) on the surface of all three types of catalysts
(NC-100, ICI 46-1, G-56B) throughout the bed. Figure 15 shows a SEM
photomicrograph of the surface of ICI 46-1 catalyst taken from a location
upstream of the maximum temperature region of the bed. A large part of
this surface is comprised of a crystalline material, perhaps inorganic
sulfate. Quantitative sulfur analysis was not made here since the total
run times of these catalysts with the sulfur-containing fuel were not

sufficiently long to make such an analysis conclusive at this point.

The above expioratory investigation of the effects of fuel sulfur in the

ATR of paraffins has indicated the following:

(i) At the front end of the bed where partial oxidation of the fuel
takes place, thiophene reacts with the catalyst/support surface
and, presumably, fcrms some stable surface compound. Gases from
this part of the bed contain no C0S, indicating that any COS pro-
duced there is retained by the solid or rapidly reacted. During
this process, catalyst sites active for the oxidation reaction of
the hydrocarbon fuel are being depleted, temperatures are lower,
and the location of the temperature maximum is shifted down the bed,
indicating catalyst deactivation. It is interesting to note that
it took less than 1 hour of run time for temperature profiles such
as in Figure 12 to develop, indicating a more rapid loss in activi-
ty than when no sulfur is present in the fuel. However, tempera-

tures in this part of the bed appear to be high enough for exten-
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Figure 15. SEM photomicrograph of the surface of 1CIl 4b-1
catalvst used in AIR of the n«tecradecaneé
thicphene mixture at P = 1 atm, Tp = 1150 F,

(0,/C) = 0.38, ($/C)_ = 0.6, and 5.V. = 10,000 he




(ii)

(iii)

(ivj

sive steam cracking (in the gas phase) and thermocracking of the
fuel on the catalyst/support surface {or in the gas phase) to take

place, as was observed experimentally.

In the vicinity of the temperature peak, carbonyl sulfide becomes
measurable in the gas phase (see Figure 14), and peaks upstream of
the temperature peak. In the same region, HpS is rapicly
increasing to a peak in parallel with more hydrogen produced from
the main reactions. Further down the bed, a lower amount of COS is
observed in the gas phase, probet!v because it hydrolyzes to HpS

and/or reacts with the catalyst surface.

In the steam reforming region of the bed, in the absence of oxygen,
the predorinant sulfur species is HpS. Temperatures in this
region, though decreasing, are very high (see rigure 12), steam

1 .forming can proceed at a fast rate, and there may be enough
hydrogen available so that any potential surtace sulfide of nickel
becomes unstable (5). The flat H,S profile in this part of the

bed (see Figure 14) is indicative of no or very little H;S/solid
interaction. The sulfur laydown in the lower ena of the catalyst
bed identified by >IM/EDAX may be due to transients in the operat-
ing conditions. To prove this point, however, additional experi-

ments under well controlled conditions are necessary.
While no carbor vornction took place in the autothermal reformer at

the conditions of Table VI, one nay predict (based on the amounts

of intermediate hvc-~ocurbons in the gases) that carbon would be
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formed in the case of the nixture by decreasing slightly the
(S/C)p, ratio at the inlet, while leaving all other parameters the
same (11). The new conditions would still be carbon-free for the
pure hydrocarbon, hence the propensity for carbon formation appears

to be higher for the sulfur-containing hydrocarbon.

ATR of Thiophene-containing Benzene

Following tests with sulfur-containing paraffins, autothermal reforming tesis
were performed with benzene in which 1750 ppmw thiophene (or 667 ppew sulfur)
had been added in order to examine the effect of sulfur on the ATR characteris-

tics of aromatic fuels.

Tests CP-237 through 239 were run at (0,/C); = 0.34, (S/C), = 0.80.

Fresh catalyst was loaded in the reactor prior to test CP-237. In the middie
catalyst zone, the ICI 46-4 catalyst was used as in earlier tests wiih neat
benzene (10). In tests CP-241 rhrough 243, the same operating conditions were
used on a frash batch of the same catalyst types. Table VII summarizes the
data collected from these tests, and also lists data from an earlier test,

CP-203, run with benzene for comparison.

Sulfur conversion (and deposition) in the upper part of the cataiyst bed
affected bed temperatures in a similar way to the case of n-tetradecane/thio-
phene mixture. As shown in Figure 16, the axial temperature profile for ben-
zene/thiophene was displaced by 4 inches down the bed from that corresponding
to neat benzene. A higher peak temperature was observed with the mixture,
probably due to its proximity with the G-56B catalyst which has a higher nickel

loading than the ICI 46-4 catalyst. As with n-tetradecane, the sulfur poison-
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TABLE VII

ATR PERFORMANCE COMPARISON OF THIQPHENE-CONTAINING BENZENE AND
PURE BENZENL

-39-
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ing of the front-end catalyst was rapid, pushing the temperature peak down the

bed in later runs (Table VII).

Analysis of gas samples from various bed locations is given in Table VII, and
axial profiles for CHy, CyHq, C3Hg, and CgHg are shown in Figure 17 for

the conditions of Figure 16. Higher amounts of olefirs and methane were pro-
duced throughout the catalyst bed, and more unconverted benzene was detected in
the exhaust gases with the benzene/thiophene mixture than with benzene alone.
Carbon was formed when the mixture was used at these conditions, which were
carbon-free for neat benzene (test CP-203). Because of the higher amount of
unconverted benzene and higher temperatures around the temperature peak region,
the rate of carbon formation there might have been enhanced, perhaps via dehy-

drogenation of the benzene molecule.

Gas phase sulfur products, HpS and COS, appeared early in the bed during the
ATR of benzene/thiophene. Qualitative plots o* the axial bed profiles of these
two compounds are shown in Figure 18. A flat profile is observed for HS,
while C(S peaks close to the location of the temperature peak (similar to the
plots of Figure 14)., Thiophene could not be detected by the G.C. (FPD) in
these tests because it was masked by benzene which had the same retention time

as thiophene in the Poropak QS column of the G.C.

Another set of conditions with benzene/thiophene were tested in tests CP-240,
242 and 244, with (Up/C)p = 0.29, (S/C)y, = 1.0 (Table VII). By comparing

this data to test CP-61 (neat benzene) similar reactivity can be seen concern-
ing the effect of sulfur on conversion efficiency anu propensity for carbon

formation in the ATR of aromatic hydrocarbons.
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Post-examination of the catalysts used at the conditions of Figures 16-18 was
performed by SEM/EDAX. A1l catalyst samples had changed color from gray to
green during operation. Sulfur was found on the surface of all three catalyst
types, indicating that sulfur had reacted with the catalyst/support throughout
the bed. Presumably a sulfate had been formed on the catalyst surface in the
partial oxidation region. Figure 19 shows a SEM photomicrograph of the top ICI
46-4 catalyst surface on which crystalline material is seen. This "sulfated"

catalyst was less active in ATR than the uncontaminated catalyst.
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Figure 19, SEM photomicrosraph of the surface of the top ICI 46-4
catalvst used in ATR of the benzene/thiophene mixture at
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CONCLUSIONS

In autothermal reforming work at JPL, a comparative study has been undertaken
whereby different types of liquid hydrocarhons, additives, and mixtures thereof
have been examined from the aspect of chemical reactivity and carbon formation
characteristics in ATR. Effects of changing several of the operating parame-
ters on the propensity for carbon formation have been studied with each hydro-

carbon type.

In experiments with sulfur-free hydrocarbon liquids, paraffins and aromatics
have been tested extensively in ATR to identify possiblie reactive differences
or similarities that could explain (at least in part) the behavior of heavy
fuels, e.g., No.2 fuel 0il, which is mainly comprised of paraffins and aroma-
tics. In an earlier experimental study of No.2 fuel oil in ATR (6), this had
been found to form carbon at oxygen/steam ratios much higher than those pre-
dicted by thermodynamic equilibrium. In the work discussed here, the same
catalyst types and configuration have been used as in the fuel oil tests to

facilitate comparisons.

Reactive differences between paraffins and aromatics have been found in ATR.
These were indicated by very different bed temperature profiles obtained from
each fuel type under similar operating conditions. Also, very different exper-
imental carbon formation lines (in the (0/C)n-(S/C)y, plane) were deter-

mined for each hydrocarbon. Thus, at low (S/C)m ratios, paraffins were more
prone to form carbon if the (0,/C), ratios were low, while high (0,/C),

ratios were unfavorable (carbon-forming) for the aromatics at the same operat-

ing conditions.
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Gaseous reaction products obtained from different locations throughout the
length of the catalyst bed have been analyzed and compared for n-tetradecane (a
paraffin) and benzene (an aromatic). intermediate species (hydrocarbons) iden-
tified from each fuel type were different in avounts, not in types. However,
the conversion profiles of these intermediates along the bed and the respective
bed temperatures profiles are indicative of different carbon formation mechani-
sms operative for each hydrocarbon type in ATR. In the case of n-tetradecane,
considerable cracking to mainly olefinic compounds takes place at the inlet and
throughout the partial oxidation region of the bed. These olefins can easily
degraae to carbon either in the gas phase {at the higher temperatures, >1500°F,
close to the temperature peak lgcation), or on the catalyst/support surfaces at
high and intermediate temperatures. In the case of benzene, however, no inlet
cracking, and very low amcunts of olefinic intermediates are produced in the
front end of the bed; the predominant species is unconverted benzene throughout
the bed. Benzene can degrade to carbon by dehydrogenation in the gas phase at
the higher temperatures prevailing in the vicinity of the temperature peak,
which is 200°F higher than for n-tetradecane due to the absence of cracking.
Benzene-nickel interaction resulting in surface-bound carbon is also possible

throughout the steam reforming region of the reactor.

carbon types and locations of carbon formation were identified for each sulfur-
free fuel used in ATR. In all cases, carbon was a mixture of seemingly gas
phase generated as well &s surface-bound forms. Tre former was powder-like,
filling catalyst voids and not adhering to the surface. The latter was fila-
mentous carbon (whiskers growths) of the kind that has been observed in the
steam reforming, CO disproportionation, and methanation literature. As was

found by XRD analyses, both types of carbon were (at least in part) graphitic.
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With aromatics, gas phase carbon appeared to be the predominant type of carbon
in the ICI catalyst zone, which exhibited limited erosion. With paraffins,
however, considerable catalyst erosion was typically observed in the ICI zone.
Carbon from this part of the bed ciearly consisted of a mixture of fines and
surface grown whiskers. On the last catalyst zone, G-56B, surface grown carbon
was detected regardless of the hydrocarbon type, but considerable catalyst dis-

integration (fines) was also observed in this zone.

The described characteristics of n-tetradecane and benzene in ATR were the same
for their homologs, n-hexane and naphthalene, respectively. The main conclu-
sion here is that the higher the molecular weight, the higher the propensity
for carbon formation in ATR. The use of benzene/naphthalene mixtures caused a
more pronounced departure from the equilibrium carbon line even at low (<0.36)
(0,/C)y ratios, indicative ot a higher carbon-forming tendency of the poly-

nuclear aromatic molecule (naphthalene}.

Intermediate species from either aromatics or paraffins in ATR have been found
to vary in amounts only, not in type, when comparing carbon-forming to carbon-
free conditiors. This probably indicates that a “critical" amount of each car-
bon precursor (olefinic, aromatic) must be reached in the bed before the iocal
(S/C)p ratios become too low for carbon-free operation. It was previously

(11) shown that the propensity for carbon formation in the stee«m reforming
region of the bed was more sensitive to changes in the local (S/C), ratios

than to temperature for the same other operating parameters.

Effects of olefin (propylene) addition on the ATR performance of benzene have

been described in this report. The “tolerance" of the system (i.e., ~esistance
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to carbon formation) to propyiene addition at the inlet is higher than to
injections at locations within the steam reforming region of the bed. Propy-
lene addition inhibits the conversion of benzene é;d enhances methane produc-
tion in the lower part of the bed. After a "critical" amount of propylene is
injected in this region, a reduction in the overall {S/C), ratio is effected
such that the carbon formation rate becomes faster than that of carbon removal.
From these tests, however, it cannot be deduced that propylene itself is the
carbon precursor. Higher amounts of unconverted benzene are now present in the
bed which may degrade to carbon. To elucidate the mechanism of carbon
formation in this case would require well controlled, small scale experiments

(e.g., labeling experiments using carbon isotopes).

When mixtures of paraffins and aromatics (n-tetradecane and benzene) were
tested in the autothermal reformer under similar conditions as for the pure
hydrocarbon components, synergistic effects were identified. Thus, bed temper-
atures; extent of cracking rections, and propensity for carbon formation for
the mixtures were intermediate between those of the component fuels, n-tetrade-

cane and benzene.

Comparisons of the whole body of experimental ATR results of sulfur-free pure
hydrocarbons with No.2 fuel oil (Figure 11) indicate that the deviation of the
carbon formation line of the latter from those of the pure hydrocarbon iquids
cannot be explained by molecular weight and chemical character (e.qg.,
aromaticity) effects alone. It appears that the sulfur content of No.2 fuel
oil (3000-5000 ppmw) may be the limiting factor for an efficient (low 0p/C

and preheat temperature) ATR operation. Exploratory tests were thus undert-.en

in which the effect of sulfur on the conversion characteristics of paraffins
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and aromatics in ATR was examined by using mixtu:e, of n-tetradecane and thio-
phene (2000 ppmw), and benzene and thiophene (1,50 ppmw), respectively. Thio-
phene was chosen as the sulfur additive in these tests, ' -cause most of the

fuel-bound sulfur in No.2 fuel oil is thiophenic.

Data from the thiophene-containing hydrocarbons were similar for both hydro-
carbon types (paraffins, aromatics). Thus, the front part of the bed rapidly
became poisoned, and temperature profile peaks were shifted down the bed,

while reaction raies were inhibited, as indicated by lower bed temperatures.
Upon post-examination of catalyst surfaces from this part of the bed, crystal-
l1ine material, possibly inoraanic sulfates, was detected by SEM, and sulfur was
identified by EDAX. The steam reforming region of . 'e bed operated under high-
er temperature, (since the temper.ture peak was snifted down the bed). Gas
analysis throughout the bed length showed enhanced cracking rates of n-tetrade-
cane, and limited conversion of benzene in the presence of thiophene. These
results indicate that carbon formation would take place easier for the sulfur-
contaminated than for the sulfur-free fuels, as was actually the case in one
set of operating conditions with the benzene/thioph mixture. Catalyst from
the steam reforming region of the bed also contained sulfur, but it was not
possible to quantitatively determine if the sulfur-catalyst interaction was

lower there than in the partial oxiaation region uf the bed.

Sulfur species identified by G.C. (FPD) in the gas phase include HpS (pre-
dominantly) and COS apart from unconverted thiophene. However, thiophene was
the only sulfur species in the gas phase down to the vicinity »f the maximum

temperature, where HyS and COS were first detected. It appears ihat stable
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surface compound(s) formed from the thicphene-ca'.lyst interaction in the upper
part of the bed where oxygen is present, since thiophene was being depleted

and no other sulfur compound could be detected in the gas phase. On the other
hand, the HpS - nickel interaction in the lower part of the bed appears to be
limited, since the HZS profile is flat through this part. The reason for

this may be that higher bed temperatures and sufficient hydrogen pressure there
do not favor stable nickel sulfide(s). The sulfur detected (by EDAX) on cata-
lyst samples taken from the lower part of the bed may be due to transients in

operation.

These preliminary experimental results from the ATR of sulfur-containing paraf-
fins and aromatics cppear to indicate the necessity for higher preheat tempera-
tures in order to ¢'ter the thermodynamic eq:ilibrium of the reactions in the
front part of the bed and avoid deactivation. This, howevei, may require
increased amoun’s of steam at the inlet to control pctential carbon Tormation,
which can occur from precombustion (in the gas phase) of the fuel at very high
‘nlet temperatures (v~1400°F). Future experiments should focus on examining the
effects of these parameters (preheat, steam) on the ATR of sulfur-containing
hydrocarbons with respect to conversican efficiency und propensity for carbon
formetion. Based on the outcome of this research, a realistic wodel can be
constructed for the autothermal reform:ng of Tuels of any composition.
Murecver, by carefully monitoring all reaction speciec and apparent catalyst
ac-ivi-ies in complementary catalyst screening experime.ts, it will be possible
to determine the optimal catalyst types ard configurations needed for carbon-

free ATR operation under high thermal ard coaversion efficiencies.
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PART 11

STEAM REFORMING OF n-HEXARE ON PELLEY
AND MONOLITHIC CATALYST BEDS

A Comparative Study on Improvements due to Heat Transfer



INTRODUCT ION

Steam reforming of desulfurized heavy hydrocarbon fuels for fuel cell applica-
tions of interest to electric utilities requires high catalyst temperatures
(1500-1700°F) and high steam-to-carbon rati Since steam reforming is endo-
thermic, the heat must be transferred throuch the reactor walls and throughout
the catalyst bed. The temperatu-e required on the outside walls of the reac-
tor, therefsie, 1s in excess of the temperature within tke catalyst bed. Pre-
heat of the fuel é&nd steam prior to entry into the catalyst bed can provide a
certain amount of the energy required, but is limited to the point at which
steam-cracking of the fuel (which can produce soot) occurs. Most of the reac-
tion energy required, therefore, is supplied through the reactor walls. Steam
reforming of heavier fuels, which normally contain as much as 0.3-0.5 wt.%
sulfur, without removing the sulfu~, would require even higher wall tempera-
tures thar for clean fuels to inhibit the poisoning of base metal catalysts.
However, as higher temperatures are reached, the reactor materials become more
expensive and less durable. In addition, the high temperatur2 operation is
less efficient because of the higher heat l1oss in the exhaust gas. Thermal
gragients through the catalyst bed from wall to centerline contri:ite to
sintering or poisoning of the catalyst, particularly during a load-%5ilowing

transient that might be anticipated in actual fuel cell use in utilities.
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Honeycomb monolithic supports for steam reforming catalysts appear promising in
that they have the potential of improving radial heat transfer necessary to
reduce thermal gradients in the catalyst bed. The connecting walls of the
monolith provide a continuum for superior heat transfer relative to “he poor
heat transfer through edge and point contact present in a pell2t bed. with the
more uniform bed temperature of a monolith, the possibility of hot spots and
areas of nonreactive ho'2s due to poor packing can be eliminated. The more
uniform temperature also results inr a more uniform reaction zone that is easier
to control. This is of particular importance in avoiding soot formation in the
catalyst bed. Another important factor is that because of better heat transfer
properties, monoliths are expected to "respond” faster during transients in
fuel cell load following. As a result of better heat transfer through the
catalyst bed, less expensive wall material with longer lifetime can be irple-
mented. Successful application of monolithic catalysts to steam reformers
could thus offer substantial energy savings in both steady state and transient

operation.

We have recently repcrted (11) on steam reforming tests of n-hexane on mono-
lTithic catalyst beds. A 20-inch long bed was loaded first with a corwmercial
pellet steam reforming catalyst {6-90C), and then with two different honeycomb
monoliths., In one case, the total length of the bed was made up of ceramic
monoliths (Cordierite) supporting nickel catalyst, while in a second case, a
hybrid configuration was used having 8 inches of a metal monolith sugport
(kanthal), also impregnated with nickel, followed by 12 inches of the same
ceramic monolith catalyst as in the first case. A washcoat of y-alumina was
used on both types of monoliths to provide a high surtace area for the nickel

catalyst.
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Comparative tests between the pellet and monolithic beds were run at similar
operating conditions (steam-to-carbon ratios, external heat flux, inlet temper-
atures and space velocities). Results from tests with the ceramic monolith
have shown that the Cordierite support with its y-alumina washcoat was not
stable when used throughout the length of the bed; a rapid disintegration of
the solid was observed at conditions common to steam reformers. This instabil-
ity was probably due to breaking of the washcoat (through phase changes and
carbon formation), and subsequent extraction of the support silica by steam at

the high temperatures of operation.

In following tests, the combination of a metal honeycomb monolith (at the top
of the bed) ana a ceramic monolith (at the bottom) was tested in the steam
reformer. With this confiorration, the shortcomings of using the Cordierite
monolith exclusively throughout the total length of the bed were expected to be
alleviated because the metal monolith at the top would have better heat trans-
fer che-acteristics and, thus, be less prone te carbon formation. The
Cordierite monoliin at the end of the bed would complete the steam reforming
rea.ticr with iower probability of hydrothermal disintegration due to lower
amounts of steam p-esent there. This "hybrid" monolith was found to have
better radial heat transfer properties than the pellets, and a similar conver-
sion efficiency to that of the pellets, initially. In later tests, however,
which followed carbon formation in the bed (and irreversible plugging of many
monolith cells), the conversion characteristics of the hybrid morolith were
changed. Intermediate hydrocarbons (ethylene, propylene) were produced in
higher amounts, and tenperatures dropped because of higher effective flowrates
through unpluggec¢ cells. Carbon formation in the Cordierite monolith followed

by long desocting periods caused the complete physical breakdown of portions of
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this monolith. The metal monolith pieces, however, were retrieved in good

condition, even though many of their cells had been plugged with carbon.

In the work reported here, we have used orly metal monolithic supports, which
appear to have better radial heat transfer characteristics in the steam
reformer than conventional pellet beds, and which i2re also found to be stable
in our previous tests. Reaction temperatures ond products, and the propensity
for carbon formation have been compared between a commercial catalyst pellet
(G-90C) bed and two different metal monolithic catalysts under similar

operating conditions.
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EXPERIMENTAL

AEBG ratus

The steam reforming system used in this work is simply a tubular packed bed
reactor positioned inside a three-zoned furnace. Figure 20 shows a schematic
of this steam reforming system. Fuel is vaporized in an electrical heater and
mixed with steam that is also vaporized and preheated by electric heaters. The

hot mixture is then fed down through the catalyst bed.

A 2.5 inch 1.D. by 31.5 inch long Inconel reactor was used in all tests. Both
end pieces are constructed with two multiport accesses for thermocouple inlets
to the catalyst bed. The reactor is mounted vertically inside a hinged type
35 kW Mellen furnace. Three-zone heating is provided by three individually
controlled zones in the furnace. The furnace is 29.5 inches long but the
design of the furnace is such that the top 2 inches and the bottom 2.5 inches
are unheated and contain insulating material. Thus, approximately the top 4
inches of the reactor are at lower temperature than the main body of the
furnace. For this reason, this area is not filled with catalyst. In this
phase of the work, the inlet to the reactor was made of refractory material
with a conical shape to avoid stagnation areas and to provide uniform inlet
conditions. Pieces of multi-channel alumina sponge were used to fill the
reactor inlet. All feed lines, heaters, etc., were insulated to minimize heat

losses.

Bed temperatures were monitored by Inconel sheathed chromel-alumel thermo-
couples. In the tests described here the cataly * bed was 8 inches long, so
only sixteen thermocouple ports in the top flange were used., Figure 21 shows a

schematic of te catalyst bed and the position of the imbedded thermocouples.
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Additional thermocouples were used externally to monitor the reactor wall
temperatures. Three gas probes (1/8 inch 1.D.) were also installed through the
top flange to sample gases from different bed locations. Gas samples were
continuously analyzed for hydrogen, carbon monoxide, carbon dioxide and total
hydrocarbons with analyzers specific for each gas. A HP-5830 gas chromatograph

(FID) was also used for individual hydrocarbons identification and analyses.

Materials
(a) Fuel

n-Hexane was the choice of hydrocarbon for steam reforming, in part
because whatever is unconverted can be measured by the gas chromatograph.
Technical grade was used for economy reasons. The chemical composition

of the technical grade n-hexane purchased from Phillips Petroleum is as

follows:

Normal Hexane: 97.7% (Min = 95.0%)
Methylcyclopentane: 2.1%
3-methylpentane: 0.2%
2-methylpentane: trace

(b) Catalysts

Steam reforming tests in this phase of the work were performed on cata-
lysts supported by metal monolith and ceramic pellets. The monolithic
bed used was comprised of four, 2-inch long pieces, as showr in Figure
21, These had a roneycomb geometry (hexagonal -hannels) with a cell

density of 250 cells/inz. The monolithic catalyst substrate was made
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from Kanthal (Fe-Cr-Al alloy) which was washcoated with y-alumina, then
impregnated with nickel. The first metal monolith (I) used was the same
as the one used in earlier tests (11) in series with the ceramic

(Cordierite) monolith. The composition of the four monolithic pieces as

received is shown in Table VIII.

Following the series of tests on metal monolith I, new steam reforming tests
were run using a conventional pellet catalyst. The commercial Girdler G-90C
catalyst was used in the form of cylindrical tablets (1/4 in x 1/4 in). This
is composed of nickel impregnated on a ceramic support (calcium aluminate).
The physical and chemical characteristics of this catalyst are given in Table

Vill.,

Upon completion of the tests with the pellet catalyst bed, a new metal sup-
ported monolithic catalyst (II) was tested in the steam reformer. The same
substrate was used as before (Kanthal), washcoated with y-alumina, but its
impregnation with nickel catalyst was done in-house. After the four monolithic
segments had been cut to fit tightly inside the reactor tube, they were impreg-
nated with nickel. The final composition of each segment of the metal monclith

Il is shown in Table VIII.
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TABLE VIII
PHYSIL.L ) CHEMICAL CHARACTERISTICS OF STEAM REFORMING TEST CATALYSTS

A. METAL MONOLITH I (4 pieces, 2 inches long each), as purchased:

250 cells/in2 Kanthal support/v-Alzﬂg washcoat/NiQ catalyst
Weight, g (before cutting) _#l #2 #3 #4
Bare Metal (Kanthal) 177.4 171.8 171.9 172.4
‘7-A1203 washcoat 9.76 10.31 9.63 10.50
NiO 6.21 5.33 5.33 5.69
‘Y-A1203 /Kanthal, % 5.50 6.00 5.60 6.09
NiO/AL, 05 , % 63.63 51.70 55.35 54.19

_ﬁ

B. GIRDLER G-90C (1/4" x 1/4" cylindrical tables), 8-inch long bed

Chemical Analysis, Wt. %

NiO 19.2
Y- A1203 78.6
Ca0 2.0
SiO2 0.2

C. METAL MONOLITH II (4 pieces, 2 inches long each) impregnated in-house

250 cells/in Kanthal support/y-Al_0_, washcoat/NiO catalyst

273
Weight, g (after cutting) #1 #2 #3 #4
Bare metal (Kanthal) 123.08 131.95 137.47 129.33
7-Al,0; washcoat 8.24 7.92 7.83 8.53
NiQ 7.08 6.38 6.20 5.97
Y- Al,03/Kanthal, % 6.69 6.04 5.70 6.60
NiO/AY O , % £5.92 80.56 79.18 69.99 }




Procedure

For start-up of the steam reforming system, each zone of the Mellen furnace was
hcated to a specified temperature so that a uniform temparature would be reach-
ed along the outside reactor wall. Hydrogen was introduced into the reactor
and the nitrogen flow, used as inert protection, was shut off. The hydrogen
flow was maincained during this heating period to reduce the nickel catalyst.
The steam heaters were turned on, and a specified water flow was heated and
dumped before entering the reactor as shown in Figure 20. When the temperature
of the steam coming out of the last steam heater was 1200°F, the steam was
diverted into the heated reactor. After the reactor inlet temperature reached
1000°F, the trace heat:r at the reactor inlet, and the fuel heater were turned
on. Heated fuel was gradually added to the steam, until the specified flow was
reached. The fuel temperature was maintained between 400°F and 550°F. The

steam heaters were adjusted t¢ maiatain the reactsr inlet at 1000°F.

During each *test, reactant flowrates, product compositions, catalyst bed tem-
peratures, and bed pressure drop were monitored. In all tests, after steady
state was established, temperatures were recorded and gas samples from the
reactor exit as well as from each of the bed locatvions shown in Figure 21 were
analyzed. Dry volume percentages of H,, CO, CO, arnd total hydrocar.. .

were calculated from gas analyzer data. The detailed volume percentages and

analyses of hydrocarbons were calculated from 5.C. (FID) data.
A pressure rise during a run was an indication that sviid carbon was forming.

In a*1ition, carbon fines were sometimes detected in the probe condenser or 1in

the exhaust filter. To desoot the bed, the reactor inlet itemperature was
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raised to 1200°F, and the steam flowrate was increased while the fuel was turn-
ed down to around 0.5 1b/hr, resulting in a (S/C), ratio of about 5. The
system was left at these conditions until the CO, and Hy levels in the ex-
haust were stabilized, and the pressure drop through the bed was less than 5
psig for approximately 1 hour. Following desooting, new test parameters were
set for continued operation. At the end of operation, the system was shut down

under nitrogen with steam shut-off being preceded by the fuel.

RESULTS AND DISCUSSION

(A) Tests With The Metal Monolith I

Initially, steam reforming tests were performed on the metal monolith catalyst I
that had been used in the hybrid monolith experiments (in series with the cera-
mic monolith segments). The composition of the monoliths used are shown in

Table VIII.

Tests SR-208 through 226 were run with n-hexane using this 8-inch long metal
monolith bed at P = 1 atm, Tju1et = 1000°F, and for (S/C), ratios of 2.5,

3.0 and 3.5. External reactor wall temperatures of 1500°F and 1700°F were usea
with nominal reactants' space velocities equal to 2000 and 4000 hr=1, The

nominal space velocity is defined here by:

- [vol. Flowrate of Reactants, ft3/hr] 60°F, 14.7 psia

S.V.
Reactor Volume, ft3

6. ( -C



The reactor volume rather than the monolithic catalyst volume is used in
this expression. In all tests, the bed temperatures, product yields, and
carbon-forming tendency were examined and compared with data from pre-
vious tests in which the 20-inch long hybrid monolith or pellet bed were
used. The data from these tests are summarized in Table IX. In order to
keep nominal space velocities the same as with the longer beds used in
earlier tests (2.5 times longer), the flowrates (and, nence, the flow

velocities) used in the present study were 2.5 times lcwer.

In Figures 22 and 23, the dry gas vulume percentages of the various
gaseous species are plotted as a function of the catalyst bed length for
the short metal monolith, and the longer hybrid monolith and pellet bed.
Higher amounts of total hydrocarbons and lower amounts of hydrogen and
carbon monoxide were found at the level of probe 3 when the short metal
monol ith was used than for the other two catalyst beds. The amount of
unconverted hexane at this level was lower with the metal monolith, while
higher amounts of intermediates (ethylene, propylene, etc.) and methane
were produced in this case. This finding indicates that cracking reac-
tions in the gas phase rather than steam reforming on the catalyst sur-
face were taking place throughout the length of the monolith cells under
these conditions. Since the conversion of the fuel at the exit of the 8-
inch long monolith is lower than that at the corresponding point of the
longer monolith or the bellet bed (location of gas probe 3), this means
that external mass transter limitation exists (diffusion of the reacting
species from the gas phase to the catalyst surface). All operating con-

ditions examined here were found to be mass transfer limited.
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STEAM REFORMING OF N-HEXANE ON THE

TABLE IX

METAL MONOLITH 1

C
onlm| . 2 o |5 @
m, | m | 3PACE T GAS DRY GAS COMPOSITION, MOL %
A w VELOCITY| WALL) R | pROBE
TEST J(5/C)yp 8
-1 AT
R o
LB/HR[LE/HR| R F| O incres | Mo [€0 | CO[Her|cH (M ICoH, [Co (o Co | €5 [gHy)
28 | 30| 20| as3] amw [0 | 0| eur |er7| 6] 1260 92| 360 3.27( 0.77] 0. | 00| 0.19] 0.05 o.ssr
20 | 30| 20| 083f a0 (10| 0| 418 |90 1567(11.62] 13.0) 2.3 18| 047) 03| - | 00 08| 7.2
" v " ¢ " " 8-1/4 64.44| 14.87| 14.45| 6,35 2.13 1.88] 0.42| 0.51 - 0.16| 0.06| 1.20
- - . . “| et Je2se| 1444|1344 | 11.] 448 43| 105|101 | 001 [ 0.23] 0.04] 0358
a0 [ 25| 20) 064| a0 |50 | M| et |6017| 1262) 1944 | 16.06| 5.9 5.77| 1.36] 1.8 | 0.01| 0.44] 0.08| 1.%
Al | 2| 20l osl A0 (1| M| L8 AT DA 1253 1060 250 204) 0831 081 - | 0l 008 273
=l | . - “| &l |ar| 12| 5.70] 670l 208 1.9 04z( 00| - [ o21] 0.06] 1.42
“ “ * " “ " exIT 59.44 | 12.20| 14.65| 11.77] 4.3 4.17) 0.9 1.09 | 0.01 ]| 0.28] 0.06) 0.81
212 2.5 2.0 | 0.64 2000 1700 N 4-1/8 56,63 | 11.61| 15.11 | 10.38] 2.20 2.01] 0.35| 0.40 - 0.20( 0.06| 5.16
o " - “| &4 |6z | 9s8|1964| 45| 2.0 189 031) 0.3 | 0.01| 007 0.2| 0.7
o L - - “| eur |enos| 1088 V.44 721 562 - | 0.9 021 | 0.02] 008 0.02| 0.31
214 2,5 2.0 | 0.64 2000 1700 NO 4-1/8 58.69 | 11.58| 16,13
S B - - "l 814 |e.90] 1053 18,9 499 211 19| 0.33] 6.7 | 0.01| 0.07] 0.05] 0.16
as | 30| 20| 083 a0 Jwwo | w| a8 |5ses| 1171|1487 | 1088 2.2 23| 034|065 - | 032| 0.09| 4.4
" " * " " " B-1/4 64.14) 10,98) 18,24 ) 4,98/ 2.164 2.03} 031 0,251 001} 0.07] 0.01] 0.14
N - - | et [ezsi| 1.6 1667 | 76| 4.d6| 37| 067 | 0.8 | 0.01] 0f | 001| 0.2
26 | 25| 20] o64] 20 |y ] M) 418 ) 57.97) 1.40f 15,05 | 11.07) 231 2.28f 037 083 ( - | 0.z 0| sa&
1 |- " " “| eua |em| 1047|168 | sm| 208 1.9 03] 0.7 | 00| 007 001 0.15
B B - - “| et |eas| 123 1.37| an| 4zd 3520 00| 013 ] 001 004 0.01| 0.0
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TABLE IX (Cont'd)

mi{iol 2 S| @
m, | me | SPACE Iy GAS DRY GAS COMPOSITION, MOL %
test |s/c) | VELOCITY | WALL : PROBE
m
=) o AT v
LB/HRILB/HR)  HR F| O] inches | 2 [€0; [ coTrerTen, [, Jeame]Cars[Cata] Ca | €5 [Cstid
28 | 3.5 1 2.0 [0.86] A0 [BO | 0| &1/8 [55.00 | 15.43]|10.42 | 10.85 | 2.23| 1.79| 0.44 [0.37 | - | 0.13] 0,05 | 5.84
. =1 » . | 814 |63.28 |15.71 (1213 | 6.23| 2.22| 1.99{ 0,40 {083 | - | 0.6 0,05 | 0.88
" S " " EXIT  |61.68 | 15.50|11.94 | 9.92| 4.24]| 3.49)| 0.85 [074 | - | 0.14] 0.03 | 0.43
29y | 35 ] 20 o] 2 170 418 |63.47 [ 15.91 12,20 | 5.5 | 1.58) 0.74 | 0.3 |0.30 | - | 0.4 006 | 262
" S " " | ei/a |66.04 | 1525|1481 | 262} 1.60] 069 a6 Jo07 | - oo - | 0.08
. S " » “ | extT |66.3% | 17.16 {11.98 | 3.31 | 2.57| 0.39) 0.23 |0.00 | - - | o0 | 010
@ | 35| a0 |o®| 4w [1700 [ W] 418 |48.74 [10.94 |12.00 | .88 5.00( 5.6 ( 7.32 {113 | 0.24 | 050 013 | 9.70
“ N . " “ | 814 |s8.87 |12.03 {15.23 |12.30| 4.17| 4.9 0.58 }1.06 | 0,02 | 0.38 | 0.08 | 1.12
" L . " | et |54.90 | 11,47 {13.46 | 20.46 | 7.17] 4.90 | 0.58 [1.05 | 0,02 | 0.38 | 0.08 [ 1.12
2 | 3.0 )] 40 ]206] 400 J100 | 0] exir |s2.84 | 1084 [13.42 | 20,68 | 7.62| 8.9 | 1,17 |1.44 | 0.04 | 0.49 ] 0.09 | 0.88
223 | 3.0 40 1.0s] 40 Jwoo | vo] 418 }43.06 | 12.108]12.00 [ 19.75| 3.67| 4.10| 0.63 |0.81 | 0.02 | 0.31] 0.08 | 9.2
. L . " “ | &1/4a |50.6 [12.14 [15.19 | 1043 | 3.53] 3.78 | 0.5 |0.90 | 0,02 | 0,33 | 0.07 | 1.64
" S “ " “ | et |42.67 | 12.13]12.80 [ 18.83 | 7.11| 7.63) 1.16 | 1.37 | 0,03 | 0.46 | 0,08 | 1.00
24 | 26 | 20 ]oes| aw |10 | 0| 418 |56.38 |11.41 {14.73 [13.43 | 3.03| 2.89 | 0.47 |0.63 | 0.01 | 0.29] 0.09 | 6.02
. U " " » | g1e  |62.73 |10.89]18.73 | 7.6 | 3.18| 2.0 | 0.48 {0.37 | 0.00 | 0.10] 0,02 | 0.30
- L . . “ | eat  |s8.96 | 10.54 [16.43 |12.22 | s5.68| 5.15 | 0.9 [0.22 | 0,01 | 0.08( 0.02 | 0.10
25 | 25| 20 | o06s| a0 J100 | M| a8 |sea2 | 11.02{14.9 [13.82] 3.5 3.19] 050 [0.78 | 0.00 | 0.35| 0,09 | 5.7
" S " " “| g1 l62.93 | 10.75 {18.87 | 6.9 2.77] 2.42 | 0.42 |0.2 | 0.01 | 0.73 | 0.01 | 0.24
- S " " » | et |e0.02 | 10,66 |26.90 | 12.30] 5.57| 4.52| 0.91 | 0,15 | 0.00 | 0.06] 0,01 | 0.07
2 | 25| 20 {o6a] a00 f1s00 | | 418 |5.27 1258 |11.9 |19.92 | 3.76] 3.48| 0.76 [0.95 | 0,00 | 0.3 | 0,09 |10.52
. B " " “ | e |s57.93 |12.3 |14.91 [13.22] 4.18] 4.35| 0.8 [1.22 | 0.00 | 0.41] 0,09 | 2.12
. o " » » | exit {5463 | 12,69 (12,60 | 20.8 | 7.76| 8.07 | 1.66 |1.79 ] 0.02 | 0.28 | 0.9 | 1.16
(1) Mass flowrates of water, fuel
(2) Space velocity based on reactants' flowrates (NTP)
(3) Nominal external wall temperature based on steam + C0, (no reaction) data.
(4) Gas sample probe location with reference to the top o; catalyst bed (Fig. 21)
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Figure 22. Steam Reforming of n-Hexane. Axial bed temperature and composition profiles
for the metal monolith I, the hybrid monolith (20 in. long, ref. 11) and the
G~90C pellet bed (20 in. long, ref. 11) at T, = 1500°F.
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Figure 23. Steam Reforming of n-Hexane.
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Additional gas phase cracking took place downstream of the monolith
catalyst in all test runs. This can be seen in Table IX from the differ-
ent gas composition between gas probe 3 and product samples. This gas
phase cracking is caused by the high temperatures prevailing in the lower
end of the reformer, which is also inside the clam-shell furnace. Since
cracking products (low molecular weight olefins) are soot precursors,
carbon was expected to form and deposit on the screen and the inner tube
walls close to the exit of the reactor. Indeed, upon post-inspection of
the mono’ith and the reactor tube at the end of these tests, a large
amount of flaky carbon was found at the exit of the reactor. Since the
monolith cells were not plugged with carbon, these soot deposits must

have been produced in the gas phase downstream of the monolith.

As can be seen from the temperature plots of Figures 22 and 23, improved
radial heat transfer (from reactor wall to centerline) was observed with
the 8-inch long metal monclith. For the same length of catalyst bed and
same space velocities, the temperature differential from wall to
centerline is minimal for the short metal monolith throughout the length
of the bed. The observed temperature differences between pellet and
metal monolith catalyst are easily understood. However, the difference
between the metal and the hybrid monolith with identical front sections
must be attributed to the lower gas flow velocity in the former rather

than in the latter monolith.

Operating at higher space velocities (e.y¢., tests SR-219 vs. SR-220) with

the short metal monolith severely limited fuel conversion to hydrogen.

Higher amounts of olefinic and paraffinic intermediates were produced,
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indicating that gas phase cracking reactions rather than steam reforming
on the catalyst surface were more predominant in this case than at low
space velocities. However, at higher space velocity, the mass diffusion
limitation should be reduced, thereby enhancing surface reaction and,
hence, steam reforming. If, on the other hand, the surface catalyst is
not active enough, then the acidic alumina washcoat would iritiate crack-

ing, particularly when good heat transfer is possible.

In tests SR-224 (or 225) and 226, which were run at identical operating
conditions as the earlier tests SR-216 and 211 respectively, a lower
cataiyst activity was observed by lower conversion to hydrogen and carbon
monoxide. This may be due to gradual losses of washcoat (and nickel)
from the monolith surface. The reactor was then opened for inspection of
the catalyst. The multi-channel alumina in the conical reactor inlet was
found intact, and the majority of cells in each of the four monolith seg-
ments appeared clean (open to free reactant flow). Small pieces from the
center of each monolithic segment were cut for SEM examination. Cracks
were found on the surface of these pieces and in several locations the
washcoat was observed as islands on the bare support (Kanthal) surface.
In these cases it was possible to detect the bare support by a strong
signal of iron obtained by the EDAX (Energy Dispersive Analysis of
X-rays) accessory of the electron microscope. Thus, the low activity
observed when high space velocity operations were conducted was due to

Toss in catalyst activity, not reduced heat transfer,
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(B) Tests With The 6-90C Pellet Catalyst

Following tests with the used metal monolith, a fresh pellet catalyst bed
was loaded and tested in the steam reformer. This was comprised of an
8-inch long bed of Girdler G-90C pellets (1/4 in x 1/4 in cylinders), the
same catalyst as described in Table VIII. Tests were run at identical
conditions as for the 8-inch long metal monolith I, keeping the inlet
configuration and the thermocouple and gas probe locations the same as
before (see Figure 21). Table X summarizes the data collected from tests
on the pellet bed. From these and the corresponding data of Table IX for
the metal monolith I, comparisons of bed temperatures and gas composition
and product yields can be made between the pellet and monolithic cata-

lysts.

Figures 24-26 show axial bed temperature profiles [centerline, middle
line (haif-way between centerline and the wall) and external wall temper-
atures] for the two catalysts under the same operating conditions. In
all cases, the temperature differential between wall and either center-
line or middle line was lower for the monolith in the first half of the
bed. This indicates a potential improvement of the reformer performance
with a monolith catalyst at the inlet where temperatures of the steam
reforming catalyst are the lowest due to the endothermicity of the reac-

tion.

The left hand side of Figures 24-26 shows dry gas analyses (as obtained
by gas chromatography) for mid-bed and exit (product) gas samples. The

operating conditions listed in these figures apply to both plots. Higher
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TABLE X

STEAM REFORMING OF N-HEXANE ON G-90C PELLETS

mlon] @ @ |S] @
m, | o SPACE Twaul 2 GAS DRY GAS COMPOSITION, MOL %
TEST ¥(5/C),, VELOCITY 8 PROBE
-1 ° fo) AT
LB/HRILB/HR)  HR Pl a ] inches | M2 €O | CO | HOy | CH €M 1M [C3H[Cas] €4 [ C5 [CaMia
2 320 2.0] 053] 20 o | N | 418 |es.8a| lo.2af 1115 ] 1.87] 1.84) c.01| - - - - - | o.03
. " . “ » »1 g1/4a |67.38| 9.11]16.63] 005y 0.8 - - - - - - -
- . " . " “ £ 67.48{ as4| 17,08 011 om1f - - - - - - -
28 | 25| 20| 06| 2000 170 | N[ 418 [65.76 | 11.63(13.59 | 2.81| 2.21] - - - - - - | 030
- " " " . | g4 |e6.%| 6.67]19.50| 0.22] 007 - - - - - - 0.15
. . " " " . EXIT }67.27] 817]17.73| 0.06]| 008 - - - - - - | 001
289 | 20| 20| o0 2000 170 { N 418 |63.59] 11.78] 13.08]| s5.06] 299 0.04] 0.00 002 - | 001] - 1.99
. " . . " . 814 |67.0]| 6.33|20.23| 0.73] 0.70] - - - - - - | 003
. " . " " | exr  |ernie| sso|anor| nai| 117 - - - - - - | 0.04
20 | 30| 20| 053] 2000 1500 | o] 418 6558 17.47] 10,37 | 5.8
. " - " " . gl/a |67.48| 9.77{15.40! 0.2| 012 - - - - - - | ow
. " . . " . EXIT  {67.16 | 8.91]1663 | 0.0 0.09f - - - - - - | 0m
23 30| 20 053] 200 1500 w| 418 |ed62] 1858 866 6.02] .53 - - - - - - | 04
. . . . . “| 814 |61.70] 11.86[14.00) 088 0.7 - - - - a0t | 011
- " - " " " EXIT [ 6802 11.42) 14.42 [ 0.80 o.oa( - - - - - - | 012
| 25| 20| 06| 2000 | 1500 818 |62.65 | 1832 9.32| 7.8| 7.02| 01| - - - - - | 09
- - " " . g-1/4 |66.40| 9.93|15.76 | 2.501 1.96| - - - - - - | 054
- " " . . EXIT  [66.84 | 9.16{ 16,38 | 0.02] - - - - - - - | 0.2
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TABLE X (Cont'd)

M @) T @
D L0 space S ] a
m, | m Tl 2 | L85 DRY GAS COMPOSITION, MOL %
16sT |5/€),, VELOCITY R | _prose
-1 AT
LB/HR]LB/HR| MR *¢ | ©
/HRILB/H O | incres | M2 [ €Oz | €O [ HCr | CHy (CoHy Mg CaHo|CaHg| €4 | €5 [CeHia
m | 20| 20 {os]| 20 |10 |no| &8 |et0s| 1521|062 ) 9.75| 7.13) 0.03| 0.00 [0.02 | - | Qo[ - | 255
3 " - *| &4 |68 |10.17]15.8 | 81| 63| 001} - | - | - | - |o01| 003
I L - »1 par Jede2| 9.18|%.11 | 66| e.09] 0.02{ 001001 [ - | - [ - | 0.03
o | 35| 20oew| 20 |10 o] +18 ferz|wa3| 02| 1nl 1m:] - - - | o2
N N - - "l e lenss|waa|22r| o3| o2 - | - |- -l - - | o=
LI L B . . *| ear |enm]|B.7|23 | 02y 02 - [ - |- | - 0.01 | 0,17
25 | 35| 20 f{os| 20 |mo | o 418 6802|0122 0®| 024 - [ - |- [ - | -} - | o005
L R - " | 814 |es.o2]109 || 002 001 - - |- | - | - |- |00
A I . »| ear [ea.3s} 10.40{®B.34 | 0.02 0.01 - -l -1 - 0.0
26 | 30| 20 o08] 20 |mo || 418 |61.05f1207|13.15] 18] 1.04) - - -1 - ]o0mu
» " . " . » 81/4 67.48 | 8.12] %6.86 | 0.04| 0.03|] - - - - 0.01

(1) - (4)

See Table IX
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Figure 24, Steam Reforming of n-Hexane. Axial bed temperature and composition profiles
for the metal monolith I and the 8-in. long G-90C pellet bed.
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Figure 25. Steam Reforming of n-Hexane. Operating conditions are the same as in
Fig. 24, except that (S/C)m = 2.5,

ALITY0D ¥00d 30
& 39Yd TWNRIO



-66-

DRY GAS VOL, %

lw I H2 ‘—__:-:-'—-—-'-_—-[ _‘r.—’
50~ - Ha .
Cco
10 =~ —C0, .
C.H \ co
5t 614 \ s -
HC}
1.0 =
0.5 - _—
0.1+ ~
0.05F .
0,01 L ] 1 \
0 4-1/8 8-1/4 12-3/8

PROBE POSITION IN BED, in.

PELLET BED

~— === METAL MONOLITH I
(s/C), = 2.5
S.V. = 2000 hr'l
Ti = 1000°F
T, = 1700°F
1800 r !
1700
gh 1600 ™
w1500
S 1400}
= 1300
w
§ 1200 -
a 1100}
a
1000
900 |- B
800 ! 1 ,

| 1
1/21-1/2 3-1/4 5-1/4 1-1/2
TC POSITION IN BED, in.

Figure 26. Steam Reforming of n-Hexane. Operating conditions are the same as in

Fig. 25, except that T, = 1700°F.
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hydrogen yields were obtained and the amounts of hydrocarbon intermedi-

ates and methane at the exit of the pellet bed were extremely low.

In comparison, these results indicate that the metal monolith ! Lad a
lower overall conversion efficiency than the pellet bed of equal size.
However, a one-._.-one comparison between tie two catalysts cannot be
made, because of their non-compatible nickel loadinyg, dispersion, aad
surface areas and the fiuid dynamics involved. In order for identical
comparisons of catalysts with respect to heat transfer, catalyst loading,
surface area, gas flows and related conditions, a more detailed charac-

terization of monolithic catalysts is necessary.

(C) Tests With The Me:al Monolith II

Following the pellet tests, reactive characteristics were determined for
the metal monclith 11, which had been impregnated with nickel in-house
to a loading higher than that of metal monolith I (Table VIII). Tests
SR-280 through 294 were run with n-hexan2 on this new metal wmonolith at
P =1 atm, Tjh1a¢ = 1000°F, and for (S/C), raties of 3.5, 3.0, 2.5,

2.0, and 1.5. Reactor wall temperatures T, of 1500°F and 1700°F, and
nominal space velocities of 2000 and 4000 hr-1 were used. The data

from tests with the metal monolith Il ar: summarized in Table XI.
Initial tests were run at 1, = 1700°F. [Improved heet transter between

reactor wali and catalyst bed was observed with the metal monolith as

comparea to the pellets, particularly at the top of the bed. 1i.1s is
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TABLE XI

STEAM REFORMING OF N-HEXANE ON THE METAL MONOLITH 11

-101-

) (2) Cl @
Ml - ® | A
m, | m | SPA Twarl ® GAS DRY GAS COMPOSITION, MOL %
rEst Jis/c),, VELOCITY R PROBE
LB/HRLB/HR ) | ¢k | Oof AT H. Tco. ] co Tre. Tch. T JCH. TC.H JC.H.T Ca | €. c.h
SR - n | tNCHES | T2 2 T 4 (€242 6 | “3 6| “3"8| “4 5 [-6 4
280 3.0 2.0 0.53 2000 1700 NO &-1/8 66.92 | 13.63 | 12.82 0.80 0,46 - 0.05 - - - - 0.9
" " " " " " 8-1/4 67.31 9,04 |16.49 0.0l 0,01 - - - - - - -
281 2.% 2.0 0.64 2000 1700 NO &1/8 66,93 9.9 |15.84 0.80 0.60]| 0.02| 0,01 |0.01 - - - 0.17
" " " " " " 8-1/4 67.46 6.29 |19.67 0.05 0,03 - - - - - - 0.02
1] 2.0 2.0 0.80 2000 1700 NO &-1/8 6.3 9.43 | 14.88 3.4l 1.07( 0.14{ 0.03 {0.08 - 0.04 { 0,01 2.04
" " " " " " s-1/6 |67.22 | 4.67 |22.48 | 052 0.2 - - - - - - -
283 1.5 2.0 1.06 2000 1700 ? 4)/8 57.28 7.9) 114.71 11,60 1.60] 0.60] 0.14 | 0.29 - 1.2’ | 0.04 7.65
" " " " " " 8-l/4 66,20 3.26 [ 24,97 1.70 1.9%9| 0,03 0.02 10,01 - - - 0.0%
284 3.0 .0 0.53 2000 1500 NO 4-1/8 65.54 | 16,30 | 10.1) 2.93 0.87| 0,02 ] 0.01 |o0.01 - 0.91 - 2.01
" " " A " " 8-1/4 67.5% | 10,42 | 15.62 0.19 0.19 - - - - - - -
285 2.5 2.0 Q.64 2000 1500 NO -1/ 6l.3% | 15,021 9.5 6.%8 1.14| 0.101 0.04 | 0,05 - c.021 0.01 5.22
" wopoe " " vl oeum 1.1 | 9.9 1560 | 102 ] 0.92| 0.02] 002 | - - - | - ] ouie
80 2.0 2.0 0.%) 2000 1500 NO ~1/8 $3.88 | 11.51 | 10.81 13.03 1.841 0.83] 0.3 | 0.27 0,08 | 0.02 9.65
1" " " " " " 8-1/4 62,65 9.95 |15.85 3.4 1.85| 0.40| 0.16 | 0.15 - 0.064 | 0,01 0.8%
287 1.% 2.0 1.06 2000 1500 NO 41/8 62.48 6.75 | 10.86 15,71 3.%| 0.77] 0.31 | 0.25 - 0.07] 0,01 | 11.02
" " " " " " 8-1/4 50,79 6.44 |17.09 542 3.16| 0.80]| 0.31 | 0,27 - 0.07 | 0.02 0.79
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TABLE XI (Cont'd)

@) C @)
mlm I
- g SPACE Twa] GAS DRY GAS COMPOSITION, MOL %
w
rest fis/c), VELOCITY R PROBE
-1 ° AT H
58 - LO/HRILA/HR) - HR F 1 R ncres | M2 [€9; | €0 [nepTen Tem T, Je o T € T ¢y o,
288 3.5 2.0 0.46 2000 1500 NO 4-i/8 65.58 | 18.5¢| 8,20 2,98 0.82( 0.0l o0.61 | 0.0l - - 2.14
" " " " " " 8=1/4 67.5% | 17.52|10.73 0.2 0.33 - - - - - 0.38
289 3.0 4.0 1.06 4000 1500 NO «1/8 $2.53 | 15.96) 7.35 | 14,63 L.79) 1.30] 0.35 | 0.33 0.09 1 0.01 | 10.76
" 1 " " " " 8~1/4 60.96 | 15.% |10.48 6,02 1.67{ 1.22] 0.31 |0.33 0.8 0,02 2.19
290 3.5 4.0 0.7? 4000 1500 NO &1/8 98,42 | 15.98| 8.72 "3 0.83] 0.46] 0.14 | 0.12 - 0.04]1 0.0} 6. %
" " " " " " 8-1/4 65.21 | 14,97 |12.82 1.97 0.72] 0.35] 0.10 | 0.09 0.05]| 0.00 0.67
291 3.5 4.0 0.92 4000 1700 NO &\/8 39.37 | 15,07 ] 9.50 7.06 0.65| 0,221 0.05 | 0.07 0.04 | 0.01 6.02
» » " " " " 8-1/4 66,07 | 11,66 {14.24 1.10 0.541 0,)¢) 0,06 |0.03 0.01 - 0.32
292 3.0 4.0 1.06 4000 1700 NO &1/8 57.91 14.06 | 9.02 | 14.0) 1.03] 0.13 - 0.16 0.08 | 0.03 | 12.60
" " " " " " 8-1/4 65.32 | 1142|1417 1.83 0.85| 0.3 [ 6.9 | 0.05 0.02 | 0.0l 0.48
293 3.0 2.0 0.53 2000 1700 NO &1/8 6,95 { 13,33 | 12,4) 2.24 0.%71 0.08) 0.02 | 0.04 - 0.02] 0.0 1.11
" e " " " " 8-1/4 6.8 9.60 [16.11 0.32 0.3 - - - - - - 0.0!
29, 2.5 2.0 0.64 2000 1700 NO &1/8 63,76 | 11,68 |12.88 3.79 0.86] 0.23] 0.04 | G.11 0.06 | 0.02 2.47
" " " " " " 8-1/4 66.90 6.9) 119,71 0,46 0,43} 0,0} ] 0.0} - - - 0.01

(1) - (4)

See Table IX
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shown by the axial bed tomperature profiles plotted in Figures 27 and 28
for the metal monolith Il and pellets at T, = 1700°F, S.V. = 2000

hr-1, and (S/C)g = 2.5 and 2.0, respectively. Axial bed composi-

tion profiles for the same operating conditions are also shown in Figures
27 and 28. Higher conversion of hexane to hydrogen and carbon monoxide
was attained with the monolith, and the amounts of methane and uncon-
verted hexane were lower than for the pellets throughout the bed and at
the exit. Thus, this monolith bed appears to have a higher steam reform-
ing activity than the pellets, even though the actual space velocity is
approximately twice as high for the monolith (void fraction~ 70%) as for
the pcllets (void fraction~30%). This activity difference could also be
due in part to the higher nickel loading and perhaps the nickel disper-
sion, because of the high surface alumina washcoat of the metal mono-

lith.

In test SR-283 with (S/C), = 1.5, carbon might have been formed in the
upper h.lf of the monolith, This was indicated by a gradual decline in
activity observed n following tests, but could not be confirmed at that
point because there was no rise in the pressure drop through the bed, and
no carbon fines were found in the gas samples. Figure 29 shows axial
temperature and composition profiles for T, = 1500°F, (S/C), = 3.0,

and S.V. = 2000 hr-1 (test SR-284). The monolith still has a better
conversion efficiency than the pellets, but, as can be seen from the
hexane profile, the unconverted hexane coming out of the upper two
monolith segments is higher than that corresponding to the same location

in the pellet bed.
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Figure 27. Steam Reforming of n-Hexane. Axial bed temperature and compusition profiles for
the metal monolith 11 and G~90C pellets at ’I‘w = 1700°F, S.V. = 2000 hr‘], and
(S/C)m = 2.5.
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Figure 28. Steam Reforming of n-Hexane. Operating conditions
are the same as in Fig. 27, except that (S/C)m = 2,0,
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Figure 29. Steam Reforming of n-Hexane. Axial bed temperature and composition profiles for
the metal monolith Il and G-90C pellets after carbor tormation had taken place

in the monolith (test SR-284).
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Starting with test SR-285, the decline in monolith steam refor-.ing acti-
vity became evident. Figure 30 depicts this for the conditions of test
SR-286. Higher amounts of unconverted hexane throughout the bed are now
observed for the monolith, and olefins (ethylene, propylene) appear in
the bed, indicating high gas phase cracking rates. The amount of
methane, however, is much lower for the monolith ‘han for the pellets, so
that the percentage of total hydrocarbons at the monolith exit is lower.
Radial heat transfer rates for the mon.'ith have remained higher at these

conditions, and continued to do so in all subsequent tests.

The effects of (S/C), ratios and space velocity changes on the monolith
performance were similar to those for the 6-90C pellet bed. Thus, at
higher (S/C), ratios, the hexane conversion was higher, and lower
methane was produced throughout the bed. Higher space velocities,
resulted in lower catalyst temperatures and lower conversion efficiency
as can be seen from the data of Table XI. Figure 31 compares the per-
formance of metal monolith II to the pellet bed for a space velocity of
4000 hr'l. The comparative heat transfer chara-teristics and steam
reforming activity of each of these two catalysts follows the same trend

as in the case of lower space velocities.

Tests SR-293 and 294 were run at identical conditions as the first tests
of the series, SR-280 and 281, respectively, to determine the effect of
the presumed carbon deposits in the bed on the monolith activity. Figure
32 shows axial bed temperature and composition profiles for the condi-
tions of tests SR-281 and 294, run with the metal monolith before and

(presumably) after carbon formation had taken place., Lower bed tempera-
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Figure 30. Steam Reforming of n-Hexane. The metal monolith II data (test SR-286), indicate
a further decline in monolith activity due to carbon plugging of monolith cells.
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Figure 31. Steam Reforming of n-Hexane. Axial hed temperature and composition profiles for
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=0Tt~

100 T 1 T — - SR-281
(SIC)y = 2.5
€0 ———===C0 S.V. = 2000 hr )
10| co. i - T, - 1000°F
Z\COZ B T . lm.F
® 5| 4 w
6: 1801
> 17001
<
g 1+ - " 1600[
S 1500
S osp i & 140
= o
= 1300
0.1+ —~ %‘ 1200}
0,05} 4 1100 -
1000 -
900 - -
0.014 1 | L 1 ] |
-1/4 4-1/8 8-1/4 12-3/8 800 1/21-1/12 3-1/4 5-1/14 17-1/2
PROBE POSITION IN BED, in. TC POSITION IN BED, in.

Figure 32. Steam Reforming of n-Hexane. Performance comparison of the metal monolith Il
before (test SR-281) and after (test SR-294) carbon formation in the bed.
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tures were observed for the SR-294 test, which may be attributed to par-
tial carbon plugging of monolithic cells. This would force all yas flow
through fewer cells, i.e., a lower volume of the catalyst would be used
for reaction, space velocity would be higher, and temperatures lower.
For the same reason, more gas phase reactions (cracking) would take
place, and the monolith would have a lower conversion efficiency. This
is shown in the composition profiles of Figure 32. Ethylene is observed
only for tast SR-294, in which the methane content is also higher, while
lower amounts of hydrogen and carbon monoxide are produced. Unconverted
hexane coming out of the second moi. ith segment is much higher than
before, but this rapidly decreases in the lower part of the bed, where

initial activity appears to be retained.

Post-inspection of the monolith after test SR-294 verified the existence
of carbon deposits in the upper half of the bed only, in agreement with
indications from the experimental data discussed above. Figure 33 shows
pictures (front and bottom view) of the four monolithic segments after
they were taken out of the reactor. The third and fourth monoliths were
clean throughout, except that black chunks of carbon were deposited on
the top of the third monolith., This carbon had presumably been formed in
the gas phase in this region (void) where the thin Inconel spacer allows
for gas mixing. The bottom of the fourth segment was clean, but as tne
pieces were being pushed upwards to take them out of ine reactor tube,
some soft carbon was filtered to the bottom, leaving ({he imprint shown in

Figure 33.
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Figure 33. Pictures of the four metal monolith segments as retrieved
after rest SR-294 showing carbon deposition patterns.
{a) Front view, (5]} Botrom view,




The bottom of the cells just sbove the spacer between the second and
third monoliths was filled with soft grey carbon fines to 1/4 in., while
the top of the second monolith was partially plugged with hard black car-
bon. This carbon had a chunky appearance and was found to extenc down
inside the cells to 1/8 in. Catalyst sampies from the top of tne second
monolith were examined by SEM. As shown in the photomicrograph of Figure
34, some of the observed carbon wes surface grown {whisker growths on the
surface}. This presents evidence of gas/surface interaction, i.e., car-
bon was not formed in the ¢ phase [homogeneous) only., The top area of
the first monolith segment was nearly ail plugged with very hard black
carbon. {Most of the cells that were open were found around the ocuter
edges of the monplith.) This carbon must have originated from gas phase
reactions upstrean of the monolith, because carbon chunks mixed with the
multi~channe. aiumina were also fourc in the conically shaped inlet,
Since the inlet temperature [1000°F) is not high enou.n for extensive
nexare thermocracking to take place, it appears that non-uniform flow and
mixing conditions might have existed in the iniet region which enhanced
the coking rate of hexane. 7o prevent this, the inlet desigr of the
reformer mav be modified to decrease the woid and improve the mixing and

flow gistribuiion of the reactants.
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SUMMARY

Steam reforming of hydrocarbons is an endothermic reaction whose thermal and
conversion efficiencies are limited by heat transfer from the reactor wall into
and throughout the catalyst bed. The heat transfer limitation is believed to
be due, in part, to conduction which is affected by edge and point contact of
the catalyst in a typical packed bed and also by the insulating property of the
catalyst support material. Catalyst geometry is normally that of pellets or
Raschig rings with dimensions compatible with a given reactor size (diameter,
length) to provide optimal void-to-catalyst surface ratio. Optimization of
this ratio, for the flows used, leads to control of gas phase and surface reac-
tions and heat transter via convection and conduction during tortuous path flow

through the packed bed.

Heat conductivity improvements by ceramic monolithic supported catalysts in
combustior and methanation reactions have been demonstrated. In these exother-
mic reactions, heat is conducted out more efficiently by monoliths than by
packed beds. Application of these types of catalysts to steam reforming,
therefore, appeared to be advantageous for transferring heat in the opposite
direction, i.e., into the catalyst bed. The initial purpose for the experi-
mental steam reforming work conducted in this contract was to examine the

effect of this novel approach to transferring heat into the catalyst bed.

With catalyst supports that have a honeycomt structure, heat transfer by con-
duction directly from the walls through the bed is possible. The restriction
due to edge and pcint <ontact is remuved. Monolith support material may e

ceramic, which is relatively inexpensive yet insulating in nature, as compared
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to a metal support. The contact between a monolithic support and the reactor
wall can not be direct when the monolith material is ceramic but can be direct
when the material is metal. In both cases, however, unifuormity throughout the

catalyst bed is maintained via the integral support configuration.

A further consideration in comparing a honeycomb structure monolith to pellets
is in regard to the flow pattern. Passage of gases through the pellets results
in a tortuous multi-directional flow, with 2 typical 30% void fraction within a
given reactor bed volume. Flow througa a honeycomb monolith catalyst, on the
cther hand, is a stream line flow, each channel serving as a "mini-reactor
tube". The availability of catalyst surface is, therefore, different in these

two catalyst bed geometries.

The catalyst support used in the initial tests was ceramic (Cordierite)
possessing a coating of y-alumina. This “"washcoat” provided a surface with
uniform porosity and high area onto which the catalyst was supperted. Nickel
catalyst on this support was found not to be an acceptable catalyst system
because of high carben production and subsequent erosion of ceramic support,
particularly at the inlet section. The silica content of the Cordierite may
a1s0 have contributed to the structural deterioration by hydrothermal leaching.
When heat transfer through the bed is high and the activity or availapility of
the cataiyst is low, gas phase as well as surface carbon formation could
readily take place when the void-to-surface ratio is high. The specific cause

of carbon formation was not ascertained in the ceramic tests.

The key experiments during this work were airected toward determining the

relationships between (1) location of carbon formation within the catalyst bed
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and ceramic support deterioration, (2) metal monolith and pellet performance,

and (3) catalyst loadings on metal monoliths.

In order to define whether the inlet area of the catalyst bed was responsible
for the previously observed destruction of the Cordierite-supported nickel
catalyst, the inlet section was replaced with metal-supported nickel catalyst.
The nickel loading and void fraction (v70%) were nearly the same. Results in-
dicated that Cordierite honeycomb monoliths were not suitable for steam reform-
ing under the conditions tested, as evidenced by their observed deterioration
when located in the bottom half of the reactor. Changes in nickel loading
(activity), cel: density (void fraction), and washcoat acidity may have altered

this condition, but these parameters were not investigated.

Performances of metal monoliths with two different loadings of nickel were
compared to pellets. Temperature and product profiles of metal monoliths with
two different catalyst ioadings were necessary to determine whether catalyst
loading (surface reaction) or void fraction (gas phase reaction) was responsi-

ble for conversion.

The conclusions based on comparing data, Table XII, from the two metal monolith
catalysts are (1) higher catalyst loading increases conversion, (2) lower cata-
lyst loading increases methane production, and (3) changes in temperature and
(S/C),, ratio are reflected in conversion more apparently in the higher loaded
catalyst. Since no carbon formed at (5/C)g,> 2.0, even when high temperatures
were maintained due to high heat transfer (and low conversion in the case of
the low activity catalyst), it appears that gas phase carbon formation is not

the major contributor to carbon formation in the Cordierite and hybrid bed
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TABLE XII

GAS COMPOSITION COMPARISONS FROM STEAM REFORMING
OF N-HEXANE ON PELLETS AND TWO METAL MONOLITHS

(S/C)p = 2.5, S.V. = 2000 hr=1 T = 1000°F

Gas Gas
Species Probe Pellets Metal Monolith I | Metal Monolith II
Tw=1500°F 1700°F 1500°F 1700°F 1500°F 1700°F
CHy #2 7.02 2.21 2.50 2.20 1.14 0.60
#3 2.78 0.07 2.05 2.03 0.92 0.03
CeH1a #2 0.95 0.30 7.73 5.16 5.22 0.17
#3 6.42 0.15 1.42 0.17 0.16 0.2
(S/C)y = 3.0, S.V. = 2000 hr-1 T4 = 1000°F
Gas Gas
Species Probe Pellets Metal Monolith I | Metal Monolith II
Tw=1500°F 1700°F 1500°F 1700°F 1500°F 1700°F
CHyq #2 5.53 1.84 2.34 2.29 0.87 0.46
#3 0.72 0.05 2.12 2.16 0.19 0.01
CeHig #2 0.49 0.03 7.82 4.44 2.01 0.29
#3 0.11 - 1.20 0.14 - -
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under similar conditions.

The heat transfer improvement in metal monoliths over pellets can specifically
be attributed to the metal monolith support when the relative conversions, at
constant wall temperatures, of metal monolith II and pellets are compared,
Table XIl. Under the same S/C, S.V. and T; conditions, the higher catalyst
loaded monolith can be seen to provide higher conversion than pellets. The
comparison of their respective product and thermal profiles, Figures 27 and 29,
illustrates that bed temperatures remain higher in the early section of the
metal monolith bed while also maintaining higher activity than the pelleted
catalyst. Thus, enhancement of heat transfer with tie metal monolithic support
has been demonstrated. However, information regarding the role of fluid dyna-
mics, availability of catalyst to reactants, and void fraction is still inac.
quate and must be obtained to completely define the range of advantages offered

by metal monolithic supported catalysts to steam reforming.
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