"PART 1

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




INTRODUCTION

Autothermal reforming (ATR} offers an advantageous 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:
Cpfln  *+ n/2 O0g + nC0 + m/2 Hy (1)
Cplip + n Ha0 =+ nCO + (n + m/2) Hy (2)

These reactions are followed by establishment of the equilibria:
Co + H20 e COZ + HZ (3)
CO+ 3Hy I CHg + Hp0 (4)

Other than reactants® preheat, no external heat source is required since the

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

In this work, the autothermal reforming of hydrocarbon ]{quids has been consid-
ered as a viable route for hydrogen generation for fuel cell power plants. The
particular advantage that fhis process offers is to expand the range of appli-
cable fuels to heavier petroleum-based and coal-derived liguids. In compari-
son, 1ight naphtha is the heaviest fuel that can be converted to hydrogen with-

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

the hydrogen yield because of simultaneous steam refoerming.

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

reactions are possible:

2c0 + C+C0p (5)
C0+Hy = C+ H0 . (6)
CHy + C+2H (7)
(-CHo-)p + nC + 1 Hy (8)

Under certain conditions in the mixture of €0, COy, Hy, 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 équi]ibrium, it is possible'to specify
which chemical species will be present in the product gases of the autothermal
reformer at equilibrium. The computer program used here (4) is based 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.,
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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 well insulated experimental reactor, & 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 disti11até fuel 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 suT%ides (as predicted by
thermodynamics (5)). The sulfur content of a fuel may also change the condi-
tions for carbon farmation on a given steam reforming catalyst. Hence, partic-
ular emphasis was necessary in delineating this possible sulfur-carbon forma-

tfon relation by well planned ekperiments.

In a recent JPL report to EPRI (6) on autothermal reforming of No.2 fuel oil,
the conditions under which carbon formation started were shown to be much
milder than those predicted by the equilibrium theory. Experimental results by
other workers (7-9) 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 Mo.2 fuel oil. During this work, tasks have been directed toward

delineating the conversion characteristics of individual fuel components



(paraffins, aromatics, olefins, and sulfur compounds) in the autothermal
reformer. Since heavy distillate fuels are comprised of a mixture of different
hydrocarbons covering a range of boiling points from about 350 to 650°K, the
autothermal réforming of both 1ight and heavy compounds was studied. The same
catalyst types and configuration as in earlier tests with No.2 fuel oil were
used in these tests, Experimental results have been 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 tendency in ATR are related to the type
of fuel hydrocarbon used. Locations and 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 pérameters on
reaction temperature and products, and carbon-forming tendency have been

established,

In this report, the previously obtained information on carbon formation from
individual paraffins and aromatics is summarized 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 olefin (propylene) on the ATR
characteristics (conversion, carbon formation) of benzene was studied by

injecting propylene at different catalyst bed locations.
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{b} 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.

{c} ATR of Sulfur-containing Paraffins and Aromatics.

Thiophene, a good model sulfur compound for heauy distitlate 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-
iyst. Reaction temperatures and products from the ATR of thiophene-con-
taminated n-tetradecane, and benzene are compared to those pertaining to
each pure hydrocarbon. Possibie relation between the sulfur content of a
fuel and propensity fTor carbon formation is discussed in view of the

experimental data.



EXPERIMENTAL

Apparatus

The design of the autothermal reforming system used in this work has been
developed from previous tests with No.Z2 fuel oil (6) and pure hydrocarbons (10,
11). Figure 1 shows a schematic of the autothermal reformer. During 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 carbbn-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 areas 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. I.D.}, made from Inconel, was filled to the top flange
with catalyst pellets. The catalyst bed configuration is depicted in Figure 1.
Uff—center, axial bed temperatures were recorded by a chromel!-alumel thermo-
couple probe which traversed inside an Inconel thermowell. A traversing
Inconel gas probé was used to sample gaseous reaction products throughout the
catalyst hed 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 Hy, CO, and COs, and with two gas
chromatographs, one with a Flame Ionization 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,

gauges, and manometers.
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Materials

(a)

(b)

Fuels. Technical grade n-tetradecane, and pure grade benzene Tiquids
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 vol.% benzene, and
0.4% other aromatics. The propylene gas {99% +) used as a fuel additive
was purchased from Matheson Co. High purity (99% +)} liquid thiophene was

purchased from Eastman Kodak Co.

Catalysts. The autothermal reactor was packed with three layers of 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-56B
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, commercially used in steam reformers, are given in

Table 1.

The catalyst types and configuration used here were those found to be
most effective in previous ATR tests with No. 2 fuel oit {6). The choice
of catalyst was dictated by the requirements for enhancing ATR operation,
and commercial availability. Thus, in the first zone a Tow 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 fo mediate the initial
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oxidation reaction and help to inhibit precombustion as well as to acf as
a reactant distributor. These highly porous spheres fi11 the conical
inlet portion of the bed to the top flange as shown in Figure 1, elimi-
nating voids that enhance the probabitity of precombustion. 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 Timited
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 and temper-
ature rise take place. In experiments with aromatics, the middle zone
was filled with ICI 46-4 Raschig rings that have geametry identical te
46-1 but Tower 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 reforming catalyst to convert the residual hydrocarbons and
methane. 1Im 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 1oading.
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RESULTS AND DISCUSSION

A1l autothermal reforming tests were run at atmospheric pressure and at moder-
ately high reactant preheat temperature, Tp, within the range of 1000-1150°F
(B00-900°K). This is the temperature recorded by thermocouple No.13 of
Figure 1, At each condition, the gas hourly space velocity {&.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-to-carbon, (S/C);. and oxygen-to-carben,* (02/C)ys molar ratios

at constant pressure and preheat temperature, and over a narrow range of space
velocities. The (0p/C)y, (S/C)y ratios are defined here as ratios of

moles of o%ygen and steam respectively to atoms of carbon in fuel based on
hourly flow rates. At each (03/C)y ratic, 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, "carbon
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 fuel cell work, the
oxygen-to-carbon ratio is used here instead of the previously used
atr-to-carben, (A/C)p, molar ratio. To convert from (0,/C), to
(A/C)ym multiply the former by 4.773.
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(A) Summary Of Previous ATR Work With Pure Paraffimic

And Aromatic Hydrocarbons

Carbon Formation in AIR

Experimental results from autothermal reforming tests with saveral paraffinic
and aromatic hydrocarbon liguids 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 Tines were determined experimentally for each fuel at similar
operating conditions. These lines separate the carbon-free from the carbon-
forming region in the (0p/C)y - (S/C)g Plane, i.e., they are the loci of

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

the other operating parameters. In each casé, the experimental carbaon 1ine 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 1ight and heavy hydrocarbons of the same type.
However, the heavy homologs of each series formed carbon in ATR at milder con-

ditions than the 1ight 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 (Uz/C)m ratios, but diverges from it for
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(02/C),, values Tower than about 0.33. On the other hand, the carbon forma-
tion Tines for benzene, and benzene solutions of naphthalene, Figure 3, diverge
from equilibrium at high (szc)m ratios, and are aimost parallel to the
theoretical Tines at Tow (0p/C), ratios, thus exhibiting a minimum. This
minimum (SIC)m value occurs at (0o/C)y of about 0.36, and is a unique

characteristic of the behavior of aromatics in ATR.

The effect of different reactant preheat temperatures on carbon formation is
depicted in Figure 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 T, = 1000°F (811°K) and 1150°F (894°K), respectively.

The carbon forming tendency was higher at Tower reactant preheat temperatures.
The effect of different catalyst types in the middle reactor zone is shown for
n-tetradecane by the hatchéd and dashed curves of Figure 2. For the same pre-
heat temperature of 1150°F (894°K), the experimental carbon 1ine corresponding
to ICI 46-1 catalyst is Tocated 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 examined. 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 results plotted in Figures 4 and &

" indicate the follawing:
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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 siope. A compiete 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 such 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 iower tempera-
tures in thé Tower 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 commensurate with temperature changes in this catalyst
zone. Thus, the slope of the unconverted benzene profiie is decreasing
through the length of the bed 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 other hand, cracking products
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(b)

disappéar 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 neg]igib1e 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. Fufther down the bed, at lower temperature,
surface-bound carbon may be produced from benzene-nickel interaction.
The fact that the methane concentration did not decrease through the
lower part df the bed seemed to be unrelated to carbon formation, since

it was also observed under carbon-free conditions.

In the case of paraffins, the same two reaction zones were jdentified as
for the aromatics, i.e., partial o;idation 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 1is porirayed
by the temperature and reaction profiles of Figures 4 and h. These
intermediate cracking products were already detectable at the bed inlet
(up to 26 vol.% of the incoming n-tetradecane cracks at the inlet (10)),
and peaked just upstream of the temperature peak locafion. In addition,
a small amount of benzene was produced in the upper part of the bed
indicative of cyclization reactions. The benzene profile also peaked
just prior to the temperature peak.' gecause 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 siope 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 région of the bed since the benzene intermediate is present in neg-
1igible 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 Tow 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

enough steam available.

It should be noted that the same reaction intermediates have been
detected in ATR either undér 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)m ratie, more so than by temperature changes. In

the following section, the Tocations for carbon formation in ATR are

wz -



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 catalyst sampies by Scanning Electron Microscopy

(SEM), Thermal Gravimetric Analysis (TGA) and X-ray Diffraction {XRD).

For both paraffinic and aromatic hydrocarbons, catalyst from the front end of
the bed alwayé 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 lower 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
ptace. This physical breakdown of the catalyst material can be attributed to
carbon formation inside the pores followed by carbon removal (13) during the
desgoting process. Figures 6a and b show SEM photomicrographs of the upper and
lower half, respectively, of ICI 46-1 catalyst used in the ATR of n-tetrade-
cane. Needle-Tike 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 far 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 Tower end of ICI 46-1 catalyst bed used in ATR of n-tetra@ecane 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 siudies 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 (carboen fines) collected from the intersti-
cies between catalyst particles throughoﬁt the Tower two thirds of the catalyst
bed. Heavy depesits of this type of carbon were found 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 1o¢ation 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 hetween the types of carbon produced during the ATR of paraffinic
and aromatic hydrocarbons have not been guantified. However, from several
examinations of the catalyst bed after operation at carbon-forming conditions,
gas phase carbon formation in the middle cata1yst zone appeared to be more

extensive for aromatics than for paraffins. Limited surface-bound carbon was



detected in the middie catalyst zome in the case of aromatics. Further down-
stream, in the Tower catalyst zone, surface grown carbon was detected with

either hydrocarbon type.

These results indicate possible differences in the mechanisms of carbon forma-
tion between paraffins and aromatics. As discussed in the previous section, at
the high temperatures prevailing in the middie catalyst zone, immediately past
the Tocation of complete oxygen consumption (temperature peak}, paréffins crack
to olefins. These can then degrade to carbon either in the gas phase or on the
catalyst/support surface ét 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-H 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 ameunts of
intermediqtes from cracking of paraffins and (b) the characteristic "minimum"
in the experimental carbon formation line for argmatics, whereby an increase in
the (02/C)m ratio (i.e., a temperature increase) has an adverse effect on
carbon formation, poésib]y 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 autothermal reforming paraffins and aromatics is

given in Table II1. The main characte}istics 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

PARAFFINS

AROMATICS

Inlet Reactions

Exit Reactions

Bed Temperature
Profiles

Peak Temperatures

Intermediate
Hydrocarbon Species

Carbon Formation
Conditions

Carbon Types

Location of Carbon
Deposits

Catalyst Erosion

Extensive cracking

Steam reforming

Eroad-peaked; stow rise
and fall

Low

Predominantly olefinic;
Tow aromatic

Low 05/C, Tow S/C;

‘High molecular weight

Surface carbon growths
{whiskers)

Gas phase carbon
(fines in voids)

carbon steam reforming

Surface } Throughout
zone

carbon temperature

Gas phase} Vicinity of
peak?

Considerable

No cracking

Steam reforming slower
than paraffins; '
methanation

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

Higher than paraffins
Predominantly unconverted
aromatic; low olefins,
acetylene

High 02/C, low $/C;
polynuclear aromatics
Limited surface carbon
growths

Extensive gas phase
carbon formation

Surface Throughout
carbon steam
reforming zone

carbon temperature

Gas phasé] 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 autotherma]
reformer in which the effects of olefin addition on reaction products and
carbon formation were studied. Propylene, one of the main reaction internme-
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 reformer 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 Tower zone catalysts, NC-100 and
G~56B, respectively, while' in the middle zone the ICI 46-4 catalyst was used.
The Eeactants' preheat temperature, Tp, was kept at 1050°F, and the

(02/C)y and (S/C)y, 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 Ties close to the
experimentally determined carbon formation 1ine for benzene, so that with
rather small perturbations on the operating conditions, carbon depositien may
take place. Propylene gas was added at various bed locations at flowrates of
0.02, 0.045, 0.20 and 0.40 1b/hr. Because of the Tow Tlowrates of propylene
added the space velocity in all runs remained approximately the same at 9500

hr- 1.
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Table 111 summarizes the data collected from these runs, and Table IIl-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 CHg and 200 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 D.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
CHy and 300 ppm benzene. In all cases, no unconverted propyliene was detected
in the product gases, and the operation remained carbon-free. As can be seen
from Table Iil-a, bed temperatures were lower when propylene was injected at
the iniet of the catalyst bed, mainly because the propylene was added at room
temperature, but in part because of changes in the {0p/C)y and (S/C)p

ratios effected by the propylene addition. Thus, (02/C)y and (S/Clp

ratios of 0.33 and 0.80 respectively for 6 1b/hr flow of benzene, became 0.31

and 0,76 respectively upon addition of 0.4 1b/hr propylene,

Following these tests, propylene was jnjected 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 ekhaust gases, but the
reactor could still be operated in the carbon-free region. However, when the
fiowrate 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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case were higher than those corresponding to injection at the inlet (see Table

[1I-a). However, this did not prevent carbon formation.

These results indicate that olefin (in this case, propylene) addition to the
reacting gas mixture in ATR can cause carbon formation, only after a "eritical”
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 vtolerated" at the reactor
inlet. This means that the relative competition of benzene and propylene for
ihe 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 to
the bed temperature peak region. The extent of propylene/benzene-oxXygen reac-
tion in this region is sufficient to convert an adequate amount of propylene
and generate enough 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 by 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 ib/hr
propylene injected at the inlet and the 8 inch jevel of the bed, respectively.
The propylene content of the mixtures at the 8 inch level was calculated by

solving the mass balance equations, which were also used to calculate the
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Figure 8. Addition of Propylene to Benzene. Effect of injection
location on axial bed hydrocarbon profiles.
ATR of CgHg neat, test CP-183.
~— « — ATR of CgHg w/031:16 {inlet injection), test CP-189-1,
— — — ATR of CgHg w/C3Hg (8" level injection), test CP-1§8-3.
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(5/C)y,q ratios (where i = Benzene (B), Propylene (P), Methane (M), or

Total Hydrocarbons (T) at this level}. The ordinate in Figure 8 gives moies 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 effect 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)p 7 ratie 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
{s 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 lower 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 Tevel., The.overaEI (5/C)m,T

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 tesis
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 Tb/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 maethane . formation increases,
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while propylene itself disappears very slowly. The overall ($/Clm, T

ratio at the 8 inch level was calculated to be 2.7, as ;hown in the bottom of
Figure 9. This (S/C)m’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}p ratio at the ATR inlet, created here
by olefin addition, has less effect on carbon formation than a simi}ar (S/C)m
reduction in the steam reforming part of the bed. Scanning electron 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 catalyst 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 Mixtures 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 hydrocarboh data.

Mixtures of benzene and n-tetradecane were used because of the previous tests
on them, individually, and the ease of following the hydrocarbon intermediaies.
Two mixtures were prepared in which the molar ratio of n-tetradecane to
benzene, (T/B)y, 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)y = 2.0 mixture, while in tests CP-217 through 221, the (T/B)p = 0.5
mixture was used. Table IV shows the operating conditions and summarizes the
results from these tests. Corresponding axial bed temperatures are shown in

Table 1V-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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Figure 10. Autothermal Reforming of n~Tetradecane/Benzene Mixtures.
Carbon Formation Lines.
O ®: n-Tetradecane (CjszH3g), neat
¥V ¥: Benzene solution (C14H30/CgHg = 2, molar basis)
O ®: Benzene solution (Cj4H3p/CeHg = 0.5, molar basis)
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Closed Symbols: Carbon Formation
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fuels with the exception of neat benzene, which had been tested with ICI 46-4

catalyst in the middie ATR zone.

The plots in Figure 10 clearly demonstrate that a synergistic effect exists in
mixtures of benzene/n-tetradecane, whereby the carbon-formation Tine of the
mixture lies between those of the component hydrocarbons. 1In the case of the
mixture (T/B), = 2.0, the paraffinic character is prevailing; the carbon Tine
diverges from equilibrium at Tow (05/C), raties, but not as much as the

line for pure n-tetradecane. The reverse is true for the (T/B), = 0.5
mixture, which has more of the aromatic character. This 1ine diverges from
equilibrium at high (0,/C)y ratios, but not as pronouncedly as the pure

benzene Tine.

To further understand the causes of the obsérved synergism in benzene/n-tetra-
decane mixtures, reaction bed products and temperatures during ATk of mixtures
were compared to these for the pure hydrecarbon components. Tables V and V-a
show dry gas analyses 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
1imit the amount of intermediate hydrocarbons {primarily Tow 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 (0o/C)p 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 (00/C)y
ratios, where the deviation of the experimental from the theoretical
carbon formation line was the largest for pure benzene (see %1gure 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 &
carbon removal rate that i$ faster than in the case of the pure aromatic

fuel at high (0o/C}, ratios.
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(D) ATR Of Sulfur-Containing Paraffins And Aromatics

In an effort to delineate the previously observed (6) conversion characteris-
tics and carbon-forming limitations of No. 2 fuel oil in ATR, experimental work
up to this point has focused.on identifying the behavior of individual fuel
components in the autothermal refonmér. 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 molécular weight (or
bailing point) on carbon formation in ATR can be seen from this figure. Exper-
imental data from the ATR of No. 2 fuel oil (6} are also shown in Figure 11.
This data cannot be used for a quantitative comparison 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. Z fuel ail).
However, from a qualitative comparison of the shape and location of these
curves, it appears that the chemical character (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. 2 fuel oil used in the earlier JPL work (6) consisted of a mixture of
paraffins (71% vol.), aromatics {22% vol.), and olefins (7% vol.). The sulfur
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

8-
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Figure 11. ATR of Various Hydrocarbon Liquids.

Experimental Carbon Formation Lines.

OMm: No., 2 Fuel 0il, Catalyst Configuration A (Ref. 6).
v ¥ : Benzene (CoHg)

0 B: Benzene/Naphthalene, (B/N)gym = 3.75
coms: n-Hexane (CpH1Z)

A At n-Tetradecane {(Ci4H30)
Open Symbols: Carbon-Free
Closed Symbols: Carbon Formation

Catalyst
Configuration B (Fig. 1)
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formation in ATR. Hence, the steam requirements for carbon-free operation with
No. 2 fuel oil should be lower than those corresponding to its heaviest aroma-
tic components (at high 0p/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
sulfur 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

sulfur 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 ICI catalyst used in the second catalyst

zone was of the 46-1 type, which contains potassium oxide as a soot-suppres-

-50-
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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. The peak temperature
with the mixtufé was recorded at Teast 3 inches below that for n-tetrade-
cane, indicating that the activity of the front-end catalyst was Tower in
the presence of suifur. The value of the maximum temperature was higher
by about 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 (05/C)y = 0.36,
(S/C)p = 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 detecﬁed 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 of the bed
except at the front 4 to 5 inches from the bed inlet. Figure 13 depicts

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

Figure 12. In both cases, i.e., n-tetradecane and the n-tetradecane/
thiophene mixture, the intermediate hydrocarbons peaked just upstream of
the respective temperature peak. However, the concentrations of ethyl-
ene, methane, benzene etc., were much higher for the mixture. In addi-

tion, the methane conversion in the steam reforming region of the bed was

Jimited, and a higher methane lTeakage 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. (FPB}. 1In 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 Hp$, COS and traces of CSp, appeared in the gas phase.
Figure 14 shows axial profiles of HoS, CO0S and thiophene in the bed.
Since all sulfur species were not guantitatively analyzed, Figure 14 is
iﬁtended as a qualitative plot only. Thus, an arbitrary logarithmic
scale is used on the ordinate of Figure 14. The HoS profile was found
to be almost flat throughout the &-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 cétalyst 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 exploratory investigation of the effects of fuel sulfur in the

ATR of paraffins has indicated the following:

(1) At the front end of the bed where partial oxidation of the fuel
takes place, thiophene reacts with the catalyst/support surface
énd, presumably, forms some stable surface compound. Gases from
this part of the bed contain no COS, indicating that any COS pro-
duced there is retained by the solid or rap{dly 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, 1nd1ca£ing a more rapid loss in activi-
ty than when no sulfur is present in the fuel. However, ilempera-

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 ICY 46-1
catalyst used in ATR of the n—tetradecmeé
thiophene mixture at P = 1 atm, TP = 1150°F,

(02/C)m = (.38, (S/C)m = 0,6, and S.V. = 10,000 hr L
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(11)

(111)

(1v)

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, carbony] sulfide becomes
measurable in the gas phase (see Figure 14}, and peaks upsiream of
the temperature peak. In the same region, HyS is rapidly
increasing to a peak in paraliel with more hydrogen produced from
the main reactions. Further down the bed, a lower amount of COS is
observed in the gas phase, probably because it ﬁydro1yzes to Hpd

and/or reacts with the catalyst surface.

In the steam reforming region of the bed, in the absence of oxygen,
the predominant sulfur species is HpS. Temperatures in this
region, though decreasing, are very high (see Figure 12), steam
reforming can proceed at a fast rate, ahd there may be enough
hydrogen available so that any potential surface sulfide of nickel
becomes unstable {5). The flat HpS profile in this part of the
bed (see Figure 14} is indicative of no or very little HpS/so0lid
interactionﬁ The sulfur laydown in the lower end of the catalyst
bed identified by SEM/EDAX may be due to transients in the operat-
ing conditions. To prove this peint, however, additional experi-

ments under well controlied conditions are necessary.
While no carbon formation took place in the autothermal reformer at

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

of intermediate hydrocarbons in the gases) that carbon would be
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formed in the case of the mixture by decreasing slightly the

(S/C)p ratio at the inlet, while leaving alil 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 fests
were performed with benzene in which 1750 ppmw thiophene {or 667 ppmw sulfur})
had been added 1in 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 with neat
benzene (10). 1In tests CP-241 through 243, the same operating conditions were
used on a fresh batch of the same catalyst types. Table VII summarizes the
data collected from these tests, and also 1ists data from an earlier test,

CP~203, run with benzene for comparison.

Sulfur conversion {and deposition) in the upper part of the catalyst bed

affected bed temperatures in a similar way to the case of n-tetradecane/thio-
phene mixture. As shown in Figure 18, 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-

-B1-



I11 atgeL a9s {s5) - {L)

00 = - - - - - - p2'a | £2°D| GLté2) E0tL| SLMGE 11¥d O § 02010 | 00°L 8’5 00LT § 8S0T | DT 620 ARzUY 19
i - - - - - - {wo| fc0f 11| €6'€2} 2£'L| £2°1E 113 o] w D2 | 2OT) OGR | ESOU| o " auaydopiL A 2he
Fi: i - - - - | 100 | To'0 | EC'O| £8°£| ST} 03°( - g o8 | D2OTT | T0°L 86 02 1 1T 01 (41} ARy [1):74
070 = - = - - - - Q' [ K0 ovtd| TEG| SO°CE i3ec] " 1 n " £181 £H0T w B "
a8"0 = 2007 T0"0 - - - 2000 eor0| TOT ] #6228 2979 SE°92 9 u o “ " Ha1 | ekt " n u
66'¢| 1070 | £f0"0} 90°0 | 20°0 | TOO - ve' | BQ'0 | 6b7L | 957 pa*2) L2 fr M |0ass | 009 09 1181 | 0507 | 80 0 ANk 02
auaydoLyL A
59°0 - - .= - - = 00 %0 080 | 82°92} 91°%| HT°0C 1 S| ovps | 109 g'é 02 | Hot | 90 ¥ ARTURY 2 74
i2*0 . DI'0 | ZE7D | 09°G2| GE'G| 89°0E I3ec " " " " T | 690 " " m:ﬂ_%_.g
68'9| f0'0] 00| OT'0| 10°G | €0'0 = (| 200 €E°TT{ 0S°TT} 90'E| S0°0 b S| oS | 1079 '8 6002 | 90T | 80 0 a7 2
gl 10°D - = - - - 10%0 T1°0 | 95%°0 9g*Ggl £9°G| 9E'CE 13 " H '] " G502 £801 N ] w
i, - - - = = - 200 0| 91 t9'62) LE'S) 9b'eE # 1t " T} It 92 ciot 1 " [l
Ha" 1T - - = - = - 20°0 q1p | f£i°2 952 926 | L' el n " ] " £02 ot " u »
ot*e = - 100 - 00 | 2070 | B0'0 | W0} TR'Z ; IybE 616 &£ ol " " " " 202 | et " n “ 682
62 - POt0p 0% - 0L | 800 | 8D} ZVE | B2 €S| 0P .8 " u W " ap0e | <80l " 0 ”
{95 - Dy 210 - P00 [ TOCOD | 230 | 6bD} 60%L | E'TE &;'e| 00T 9 T u “ 26 62 § 90 " " audotyr /» ate
19*L} T0'0 - - - - - - = |8t | g0 £0°0 - 1IN S| ovte | 10°9 06 ti02 § 60T | 80 | ¥E°C Alzzod &2
) N . da -
IQU oU mU .vU m_._nU OImu QINU vINU va ._.U_._ 0> NOU N_._ mm—..‘_.w_,: o TmI a/an ._,Z“. x¢_2._. do d)
] w, o, fw
. 3908 |y |*Acs| fu [F0LvE3dWIL) d, 690 eYade) MRELY 1531
% TOW ‘NOILISOIWOD SYD ANd SV v ® 3 Qa8 ‘XvW
_ © 4 ® @ ()]

ANAZNIE Fdnd |
NV INIZNIE ONINIVLNDI-INIHAOIHL 40 NOSIHVAWOD JONVHY0L¥3d LY

LIA 318Yl

-H2-




F

[

BED TEMPERATURE, -

2200

2000

1800

1600

1400

1200

1000

Fig

BENZENE
/WITHIOPHENE
(1750 ppmw)

/\

i /
| BENZENE
NEAT
P=1atm
T, = 1050°F
(0,/C)_ = 0.34
(s/c) = 0.8
I [ | | I [
2 4 6 8 10 12 -4 EXIT
NC-100~+}= ICI 46-4 = G-56B —

CATALYST BED LENGTH, In.

ure 16. Autothermal Reforming of Benzene, neat and with 1750 ppmw
Thiophene.
Axial Bed Temperature Preofiles.

-63~




‘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 1s given in Tab]e VII, and
axial profiles for CHg, CpHg. C3Hg, and CgHg are shown in Figure 17 for

the conditions of Figure 16. Higher amounts of olefins and methane were pro-
duced throughout the catalyst bed, and more unconverted benzene was detected in
the exhaust gases with the benzene/thiophena 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 of the axial bed profiles of thase
two compounds are shown in Figure 18. A flat profile is observed for HsS,
while COS peaks close to the location of the iemperature 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 C(P-240,
242 and 244, with (09/C)y = 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 and 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. All 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. Presumab]y 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.

67~



Figure 19.

SEM photomicrograph of the surface of the top ICI 46-4
catalyst used in ATR of the benzene/thiophene mixture at

P =1 atm, Tp,= 1030°F, (0,/0)_ = 0.34, (8/C)_ = 0.8, and

S.V. = 9440 hx T 2000 X.
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CONCLUSIONS

In autothermal reforming work at JPL, a comparative study has been undertaken
whereby different types of liquid. hydrocarbons, 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 possible reactive differences
or similarities that could explain (at least in part) the behavior of heavy
fuels, e.d., No.2 fuel 0il, which is mainly comprised of paraffins and aroma-
tics. In an earlier experimental study of No.Z2 fuel oil in ATR {6}, this héd
been found to form carbon at oxygen/steam ratios much higher than those pre-
dicted by thermodynamic equilibrium. In the wqu 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 profijes obtained from
each fuel type under similar operating conditions. Also, very different exper-
imental carbon formation lines (in the (OZIC)m—(S[C)m plane) were deter-

mined for each hydrocarbon. Thus, at low (S/C), ratios, paraffins were more
prone to form carbon if the {0/C), ratios were low, while high (05/C)y,

ratios were unfavorable (carbon-ferming) 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 sach fuel type were different 1n amounts, 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 fof each hydrocarbon type in ATR. In the case of n-tetradecane,
considerable cracking to mainly olefinic compounds takes pTace at the iniet and
throughout the partial oxidation region of the bed. These olefins can easily
degrade to carbon either in the gas phase (at the higher temperatures, >1500°F,
close to the temperature peak Tocation), or on the catalyst/support surfaces at
high anq intermediate temperatures. In the case of benzene, however, no inlet
cracking, and very low amounts of olefinic intermediates are produced in the
front end of the béd; the predominant species i$ 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 as surface-bound forms. The former was powder-1ike,
fi11ing catalyst voids and not adhering to the surface. The latter was fila-
mentous carbon (whiskers growihs) 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 clearly 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 charactefistics 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 1line even at Tow (<0.36)
(0/C)yy ratios, indicative.of a higher carbon-forming tendency of the poty-

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 conditions. This probably indicates that a “critical" amount of each car-
bon precursor (olefinic, aromatic) must be reached in the bed before the local
(§/C)y ratios become too low for carbon-free operation. It was praviously

(11) shown that the propensity for carbon formation in the steam reforming
region of the bed was more sensitive to changes in the local (S/C)y 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., resistance
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to carbon formation) to propylene addition at the inlet is higher than to
injections at locations within the steam reforiming region of the bed. Propy-
lene addition inhibits the conversion of benzene and 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 (8/C)y, 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 nmechanism 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'fhe pure
hydrocarbon components, synergistic effects were identified, Thus, bed temper-
atures, extent of cracking rections, and propensity for carbon formation for
the mixtuyes 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 liquids
cannot be explained by molecular weight and chemical char‘actér‘ (e.q.,
aromaticity) effects alone. It appears that the sulfur content of No.2 fuel
oil (3000-5000 ppmw) may be the Timiting factor for an efficient (low 02/C

and preheat temperature} ATR operation. Exploratory tests were thus undertaken

in which the effect of sulfur on the conversion characteristics of paraffins
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and aromatics in ATR was examined by using mixtures of n-tetradecane and thio-
phene (2000 ppmw), and benzene and thiophene (1750 ppmw), respectively. Thio-
phene was chosen as the sulfur additive in these tests, because 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 rates were inhibited, as indicated by lower bed temperatures.
Upon post-examination of catalyst surfaces from this part of the bed, crystai-
line material, possibly inorganic suifates, was detected by SEM, and sulfur was
identified by EDAX. The steam reforming region of the bed operated under high-
er temperatures {since the temperature peak was shifted 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 sulfupr-
contaminated than for thé sulfur-free fuels, as was actually the case in one
set of operating conditions with the benzene/thiophene mixture. Catalyst from
the steam reforming region of the bed also contained sulfur, but it was not
possible to guantitatively determine if the sulfur-catalyst interaction was

Tower there than in the partial oxidation region of 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 of the maximum

temperature, where HoS and COS were Tirst detected. It appears that stable
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surface compound(s) formed from the thicphene-catalyst 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 HoS - nickel interaction in the lower part of the bed appears to be
Timited, since the HpS 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-
1yst 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 appear to indicate the necessity for higher preheat tempera-
tures in order to alter the thermodynamic equilibrium of the reactions in the
front part of the bed and avoid deactivation. This, however, may require
increased amounts of steam at the inlet to control potential carbon formation,
which can occur from precombustion {in the gas phase) of the fuel at very high
inlet temperatures (v1400°F). Future experiments should focus on examining the
effects of these parameters (preheat, steam) on the ATR of sulfur~containing
hydrocarbons with respect to conversion efficiency and prapensity for carbon
formation. Based on the outcome of this research, a realistic model can be
constructed for the autothermal reforming of fuels of any composition.
Moreover, by carefully monitoring all reaction species and apparent catalyst
activities in complementary catalyst screening experiments, it will be possible
to determine the optimal catalyst types and configurations needed for carbon-

free ATR operation under high thermal and conversion efficiencies.
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