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ABSTRACT

An erperimental study was made on the effects of gasoline contamination
of methanol relative to steam reforming of the mixture.

At the conventional steam reforming temperature of 359-400°F soot
was produced with a 90/10 mixture of methauovl aand gasoline (by weight). A
parametric study was conducted to evaluate the effects of higher temperature
and higher steam to carbon ratio with four different catalysts.

Soot-free operation was obtained with Girdler catalyst T-2107 at
an operating temperature of 750°F at a steam to (total) carbon ratio of 3.8.
Essentially all the gasoline is converted into light gaseous hydrocarbons,
primarily methane. A trace of light-yellow o0il droplets could be detected in
the cooled product gas condensate.

A 100 hour test showed no deterioration of the T-2107 catalyst

activity under the atove conditions.
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1.0 PROJECT PIIOGRAM

1.1 Introduction

Methanol is an excellent fuel for fuel cells. It is more convenient
to store than hydrogen. It can be readily steam reformed to hydrogen and CO2
at relatively iow temperaturcs and low steam/carbon ratios. The U.S. Army
Material Development and Readiness Command has developed a methanol steam re-
forming unit to supply hydrogen to a portable fuel cell power plant of 3KW
capacity. During handling and storage of methanol in the field, it could become
contaminated with gasoline or diesel fuel. Tt is difficult to steam reform such
contaminated methanol as steam reforming of the hydrocarbons from gasoline or
diesel fuel requires breaking of carbon-carbon bonds. This normally requires
temperatures of 1200°F or above, while the steam reforming of methanol can take
place at 350-4C0°F.

A contract was granted to JPL to investigate the z2ffect of such hydro-
carbon contamination, and to find a potential solution to this problem. The
overall objective was to screen a number of promising catalysts over a range of
temperatures to find an optimum set of operating conditions for gasification of
gasoline contaminated methanol. If such a condition was found, a long duration
life time test (100 hours) would be carried out to prove the technical feasi-
bility of the concept.

In previous work at IGT the steam reforming of methanol contaminated
with small amounts of ethanol, propanol and butanol was studied. This mixture
simulated impure methanol that could be produced from coal processing, and which
is normally called methyl fuel. This work showed that cairbon deposition would
take place on the catalyst at the normal operating temperature of 350-400°F.

It appeared that gasoline would be a worse contaminant to handle than
C,-C, alcohols. 1t was decided to study gasoline contamination first, and that

2 74

any solution for gasoline contamination should take care of the C?uCQ alconols

also.




‘ » 1.2 Program Goals

L. The objective of this program was to successfully steam reform
2 "f methanol contaminated with gasoline. The following goals were to be obtained:
5& 1.2.1 Determine the minimum reactor bed temp-rature, steam to carbon
ratio, and space velocity for methanol/gasoline mixtures with several promising
catalysts in order to produce a gasified product that can be utilized in a
V% phosphoric acid fuel celi. This implies that the CO conceatration in the preduct
gas should be less than one percent.

1.2.2 Determine the effect of the contaminants on catalyst activity,
,f& specifically any reduction in activity by carbon deposition.
"H: -; 1.2.3 Determine the minimum reactor bed temperature and steam to carbon
. ratio to prevent soot formation.
1.2.4 1If successful, demonstrate process feasibility by a continuous 100

hour test conducted at the optimum operating conditions and with the best catalvst,

2.0 TEST DESCRIPTION
2.1 Technical Background
The basic reactions occurring in steam reforming of methanol are

CH3OH + H20 = CO2 + 3H2

co, + }{2 —= Cco + H20

“

. o.. . :
However, at a temperature of 400 F and at atmospheric pressure, the predicted

thermodynamic equilbria is as follows:

CH}O}I + 1.5 H,0 s .26 CO + 0.97 (1()2 + 0.526 H,0 + 2,97 H

)

This corresponds to a €O concentration of 0.6 volume percent (wet).

The steam reforming reaction of unleaded pasoline (('.Hl q/) mayv be
[ At] :

described as

LH]JM + Hy)<—+ Co +1.97lb




This reaction normally takes place at 1200"F or above over a nickel
catalyst. It is not possibie to steam reform gasoline by itself at lower
temperatures. Thus the big unknown factor at the beginning of this work was
what temperature would be required to steam reform mixtures of methanol and
gasoline.

These reactions are endothermic i.e., external heat must be
supplied through a heat exchanger surface. The carbon moncoxide that is formed

can react with more steam, if available, according to the shift reaction:

CO + H,0 =~ CO, + H

2 2 2

This reaction is the controlling equilibtium reaction for the produc-
tion of carbon monoxide or carbon dioxide. At temperatures of 1200°F and above,
carbon monoxide is the primary product, while at BSOO—AOOOF, carbon dioxide is
the principal product.

Five important parameters to be considered in steam reforming are the
steam/carbon molar ratio, the reactor bed temperature, the space velocity, preheat
temperature, and catalyst activity and life. Thus the composition of the gases
leaving the reforming reactor is dependent on these factors.

In preliminary experiments it was found that methanol and gasoline mix
over a wide range of composition, while diesel fuel and methanol form two immiscible
layers., Only the lighter fraction of the diesel fuel appears to dissolve in the
methanol. Thus it is difficult to define diesel fuel contamination, as it depends
on the manner of mixing and the duration of contact between the two phases. In
any case the light end of diesel fuel will be similar in composirion to pasoline,

It was decided to study a 90/10 methanol/gasoline mixture.,  The relatively
high gasoline percentage was chosen so that any chanpes in product pas composition
due to the presence of pasoline could be measured with reaseonable accuracy.  Also,
if anv carbon deposition on the catalvst were to take place, it should be noticeable

quite soon, i.e. within a tew hours,
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Test Fquipment and Test Procedure
The test system is shown schematically in Fig. 2-1. An actual
photograph showing the steam reformer is shown in Fig. 2-2. An Inconel
reactor with 2.469 inches inside diameter (2-1/2" nominal pipe, sch 40)
by 24 inches length was {abricated to fit into an electrically heated furnace.
The reaction chamber concains the test catalyst.

The fuel feed tank was filled with premixed methanol/gasoline
mixture, Fuel flow as well as water flow were measured using calibrated
rotameters in series with orifice meters. Separate electrical heaters preheat
and vaporize the reactants. The mixed vaporized fuel and water streams flow
downward through the catalyst bed, through a water cooled heat exchanger, through
a refrigeration unit, through a condensate collector and then to the atmospheric
vent. The reactor has thermocouples to monitor the wall and catalyst temperatures
as well as reactant and product temperatures. A sample line after the gas cooling
apparatus provides a continuous sample to the gas analyzer for the determination
of hydrogen, carbon dioxide, carbon monoxide and volatile hydrocarborn pases.
3.0 RAW MATERTAL SPECIFICATIONS

3.1.1 Methanol

Technical Grade A (procured from Southland Industrial Products of

Los Anveles, CA).

1.1.2  Untleaded gasoline, Indolene Clear, Federal test fuel,  The chemical

composition as determined by Truesdail tab in LA, {8 as follows:

Carbon Bi,.907

Hvdropen 13,607 Wt. Percentaye
Sultuar 0.036 "

Paratt ins 707 )

’);

Oletins Vol., Percent aye

Aromat ies 2.




3]
1

b ast

3.2 Catalysts

Four catalysts were evaluated over a range of operating conditions.

The physical and chemical characteristics of these catalsvts are given in Table
3-1. Three of these catalysts, namely T-2107-RS, G-66 B-RS and ICI 52-1 are
classified as low temperature shift conversion catalysts. Girdler G-56B represents
a steam reforming catalyst for hydrocarbons.

Low temperature (ABO—SOOOF) and low steam/carbon monoxide ratios are
primary objectives for the operating conditions under which these catalysts would
perform best in commercial applications. Copper/zinc oxide combinations have been
found to be the most effective catalysts wherein the carbon monoxide conversion to
carbon dioxide and not to methane or carbon is desired. Within this combination
copper is the active catalyst and zinc oxide is the so-called "spacer'". The role
of zinc oxide is to maintain the copper catalyst as small crystallites and reduce
the crystallite growth (thermal sintering) under operating conditions. Small
crystallites of copper are much more desirable than large ones because of the
higher surface area (hence greater activity) possessed by numerous small catalyst
sites. Alumina is also used as a spacer with zinc oxide. Alumina and zinc oxide
are different in terms of their aging properties, however. Alumina is an inert
oxide which will maintain its oxidation state and structural integrity under these
operating conditions (reducing atmosphere and temperatures <570"F) nearly indefinitely.
Zinc oxide on the other hand will, although much slower than copper, grow slowly
in crystallite size with tine thus allowing the copper crystallites to grow also.
In addition, zinc oxide is slowly reduced to zinc which will then alloy with copper
forming brass. These changes also alter the pore size of the catalyst. Different
catalyst preparation techniques have altered the aging processes of these catalvsts

but prolonged operation of these catalysts at temperatures above theiv limit (hln”r)
P P y !

in the water-gas shift reaction will reduce the lifetime of low temperature operation,
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When these low temperature shift catalysts are applied to the steam
reforming of methanol, the catalysts are operating under different conditions and
catalyzing different reactions. Although some shift reaction probably takes place

(CO + H,0 -~ C02 + H2) the basic reaction CH, OH + H20 > CO2 + 3H2 is similar.

3

When hydrocarbons such as gasoline are mixed with metharol and this

2

solution is steam reformed conditions different than those used in simple steam
reforming of methanol are required. The steam reforming of hydrocarbons requires
carbon-carbon bond breakage as well as carbon~oxygen bond formation and therefore
follows a different mechanism than the methanol reaction. Different catalysts
promote these types of reactions‘compared to the catalysts effective on the simpler
methanol reaction. Further, gasoline is composed of a mixture of hydrocarbons and
different carbon~carbon bond strengths, i.e., paraffinic, olefinic and aromatic
(including some polynuclear aromatics) with single, double and conjugated bonds
respectively. The breakage of these carbon bonds becomes progressively more diffi-
cult with the polynuclear aromatics being the most inert. In the attempt to steam
reform a methanol-gasoline solution (90/10 wt) at temperatures well below those used
in steam reforming of hydrocarbons, the use of low temperature shift catalysts,
with slight modifications, was explored. Since the major difficulty in the initial
reaction of gasoline is the breaking of carbon-carbon bonds without forming soot the
combination of more alumina and higher steam to carbon ratio seemed necessary. In
addition to being more stable at higher temperatures, alumina is more acidic than
zinc oxide thereby aiding in the initiation of carbon-carbon bond breakage., The
series of catalysts which would help bear out the alumina effect was G66B (no
alumina), G66C (Al/Cu = 1/1.9), T-2107 (Al/Cu = 1/1), and 52-1 (Al/Cu = 1/1.6).

At operating conditions above the manufacturer's sugpested temperatures for these
shift catalysts the low temperature shift activity mav be reduced but the effect
on the steam reforming of methanol/hydrocarbon solutions has no precedent from

which the manufacturers are able to predict activity or durability. The relatively




unchanged activity of the catalyst T-2107 after 25 hours of steam reforming at
various temperatures ranging to as high asl2OOOF(exit) indicates that the

activity of this catalyst for steam reforming the metharol solution is not dependent
on all the same parameters that the shift activity 1s. Because of the range of
temperatures, the sccumulated time of operation and the apparent retention of
activity compared to the other catalysts, catalyst T-2107 seems to be the best
choice for duration testing. The ability for it to maintain activity is presumed

to be a combination of high alumina content and low zinc content but other catalysts

should be tested before the mechanism can be clearly understood.
4,0 PROCESS PARAMETRIC STUDY

4.1 Results and Discussion

The test data was recorded by two methods:

o A digital data acquisition systoem was used to record test data on

magnetic tape cassettes for post~run computer data reduction.

0 Manual entries into log sheets were made for operator and

engineering observations.

Tables 4-1, 4-2, 4-3 and 4-4 show the measured and reduced data for the
steam reforming of a mixture of methanol and gasoline (90/10% by weight) using
catalysts T-2107-RS, ICI-52-1, G-66B~RS and G-56B. The steam reformer system was
operated over a range of molar ratio of steam to carbon of 1.5 to 15.0 and over a
reactor bed exit temperature range of 450 to 1150°F. The correlations and inter-
actions between hydrogen yield, reactor bed exit temperature, steam to carbon
ratio, residual gaseous hydrocarbons, carbon monoxide, and soot formation for each
catalyst tested are discussed below under respective sub-sections,

4.1.1 Hydrogen Yield
The hydrogen yield in these test runs is defined as the ratio of the
actual amounts of hydrogen produced under the test conditions to the maximum
amount of hydrogen thiat c¢ould have been produced from the input fuel for 100%

conversion of both methanol and gasoiine. This ratio {5 expressed as

)

3{{cod+ [co, 1+ (o1}




where the square brackets indicate dry volume percentages in the product pas.

[t should be noted that 197 of the total carbon input comes from the gasoline.

¥ Figures 4-1, 4-2, 4-3, 4-4 and 4-5 show the correlation between hydrogen yield,

reactor bed exit temperature and steam to input carbon molar ratio for catalysts

gt

T-2107, 1C152, G-66B-RS, G-56B and all these four catalysts together respectively,

From Figure 4-1 through 4-3 it is evident that for every 100°F increase in reactor

i e g
B i o o i

bed temperature there is 3.8% decrease in direct hydrogen yield. It is also

f ’J apparent that as the steam to carbon ratio is increased, the hydrogen yield Increases.
i; % The decrease in hydrogen yield with increase in temperature or decrease in steam
S. ; to input carbon molar ratio is due to the water-gas shift reaction.
?N’ Ei In Figure 4-1 the areas enclosed by A]AZBZBI, BIB2CZCI and CICRDZDI
‘é show the hydrogen yield with respect to bed exit temperature for steam to carbon
9 ratios of 1.5, 3.0 and 6.0 respectively. The variation in space velocity accounts
- for the spread of data for the same steam to carbon ratie. The same observation
3 holds true for the Figures 4-2 through 4-4.
; ' f% Figures 4-1 to 4-3 also indicate that the hvdrogen vield is higher
i ? with catalyst T=-2107-RS than with 1CI-52 and G-66B-RS under identical reactor
ij i bed exit temperatures and steam to carbon ratios.
1 % The hydrogen vield for catalyst G-56B (Figure 4-4) indicates that
;% this catalyst has very little activity below 1000°F. This was to be expected as
i G=-56B is a steam reforming catalyst for hydrocarbons. The hydrogen vield increases

rapidly with an increase in temperature above 1000°F.

;‘: : Figure 4-5 shows the data for all four catalysts on one plot.  As such
it is a generalized plot of hydrogen vield vs. reactor bed exit temperature,

This plot shows how the data points can be grouped under steam to carbon ratios ot
1.5 (area A]AQBBBl), 1.0 (area B

153(22(31);1n\i 6.0 (area C (721)2])1), The hvdrogen vield

| 1

is stronply dependent on steam to carbon ratio and on the reactor bed exit tempera-

ture, and not so much on the catalyst.,
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It should be noted that the plots of

L4, ]

31 {col+1co,1+cH, 3 §

do not represent the ultimate yield of hydrogen. The product may be cooled
down to 400°F and passed over a low temperature shift catalyst bed to convert
most of the CO to more hydrogen,

4.1.2 Gaseous Hydrocarbons

The gaseous hydrocarbon fraction is defined as the ratio of the
moles of hydrocarbons in the product gas stream to moles of output carbon, where
the latter are the total moles of carbon monoxide, carbon dioxide and hydrocarbons
in the product gas stream. The gaseous hydrocarbon fraction is essentially all
methane. Figure 4-6 indicates the correlation between the gasecus hydrocarbons,
the reactor bed exit temperature and soot formation. Data points with soot
formation are shown by shaded symbols.

If all the gasoline present is converted to methane, and none of
this methane is steam reformed to hydrogen, then the maximum methane will be
19.4% for a 90/10% by wt. methanol/gasoline mixture. This is shown by the
dotted line in Figure 4-6. So for values of methane below 19.4%, we may assume
that some of this methane has been steam reformed into hydrogen. For values of
CHA above 19.47%, we may assume that some of the methanol is converted to methane.
This explanation also applies to column of CHA/.1914 C0+002+CHA in Tables 4-1
to 4-4.

The occurance of soot formation was determined from the amount of
soot particles collected in the condensate from the product gas. This soot
formation was rated on the scale of 0 to 10, zero being soot free and 10 represent-
ing an appreciable amount of soot. This qualitative rating is tabulated in

Tables 4-1 to 4-4 for each test run. The data points with soot formation are

mirked with shaded symbols in ¥igure 4-6.
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The data points in the zone below the solid line are essentially

soot free for steam carbon ratios above 6.0, while most of the data points in
the zone above the solid line have varyiny degrees of soot formation for s/¢

ratios below 3.0, The negative slope of the solid line indicates that more

R e s ol b e S

methane is steam reformed at higher temperature.  This plot alse indicates that
soot formation is accompanied by higher methane contents in the product pas
stream.

4.1.3 Carbon Monoxide

Figure 4-7 shows the effect of reactor bed exit temperature and

steam to carbon ratio on the carbon monoxide concentration., Tt also identifies
the data points with soot formation by shaded symbols (as discussed in Section
4-2). From this plot it is evident that carbon monoxide concentration increases
as the reactor bed exit temperature increases or as the steam to carbon ratio
decreases. This is obviously in ltine with the equilibrium of the water gas shift
reaction.

4.1.4 Liquid Hydrocarbons in Condensate

E Some of the condensiate from the product gas had an oily {ilm or

f oily droplets floating on top of the water level while other samples were essen-
4 E tially oil free. Perhaps a better desceription of the oil might be a vellow liquid
f - hydrocarbon., This ol formation was rated on a scale of 0 to 10, zero being oil

free and 10 representing an appreciable amount of ofl. This qualitative rating

is tabulated (n Tables 4-1 to 4-4 for each test rvrun., A rating of five mipht ve-

present on the orvder of a percent of the gasoline throughput,

Fipure 4-8, a photopraph of four condensate samples taken from test
runs with exit temperatures of 600, 650, 700 and 7500F with catalvst T-2107-RS
indicates verv clearly that as the reactor bed exit temperature incveases, the

yvellowish coloration caused by the presence of ofl droplets decreases. An oanalvsis




A

e kY

podtuhus M T

g
b

i i - " " ool y _ " " L

of this yellow liquid hydrocarbon showed that it is similar to the heavy end
of the gasoline. It proved to be very diffivult to cbtain representative
condensate samples in short duration runs. The samples in Figure 4-8 were
in fact from the 100 hour test of catalyst screening.

4.2 Conclusions

The experiments described above lead to the following conclusions:

1. It appears to be possible to gasify the gasoline in the methanol
during steam reforming of the mixture. The gasoline is almost
totally converted intc methane. Trace amounts of the gasoline are
converted into a yellow liquid hydrocarbon that is probably gaseous
at 300°F (to be confirmed) and condenses out at room temperature. The
presence of these trace amounts of hydrocarbons should not affect fuel
cell operation at 300°F or above.

2. The above results can be obtained at temperatures in the range of
650-7500F, at steam to carbon molar ratios of approximately 5, and
at input space velocities of 1600 hour-l (STP), utilizing catalyst
T-2107-RS.

3. Soot formation takes place at temperatures below 650-750°F and/or
at steam to carbon ratios below 5.

4, Tt is difficult to get good data on soot and residual liquid hydro-
carbon formation in short duration tests of a few hours. To test
the validity of the above results, and also obtain an indication of
the stability of the catalyst, a long duration test is essential.

It was decided to utilize catalyst T-2107-RS for the 100 hour test
because of its good performance over a wide temperature range, and
because of its apparent high temperature stability.

5.0 100 HOUR TEST
5.1 Test Procedure

The process feasibility was demonstrated bv operating the steam reforming
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system cont inuously for one hundred hours without any major problems and by
shntting the system down voluntarily.

The process schematic and the test equipment for this test were the
same as those reported in Section 2.0 except thermocouple 68 was relocated to
the tep of the bed in the gascous phase region. The reactor was filled with a
new batch of catalyst T-2107-RS up to a bed height of 10". The catalyst pellets
were of 3/16" x 3/16" size and the weight of the catalyst was 2 1bs (896 pgms).
The test was started on 5/9/77 (Monday) at noon. The reactor bed exit temperature
wias measured by TC-55 at one inch from the bottom of the catalyst bed. This
thermocouple was located inside the thermowell in the center of the reactor.

For the first seventeen hours the reactor bed exit temperature was
controlled at 630F (the maximum temperature recommended by the catalyst manufacturer

for low temperature shift conversion) and at a steam to carbon molar ratio of 1.8,

However, at these operating conditions liquid hydrocarbons were found in the

‘!. % condensate stream indicating a portion of the gasoline in the feed was neither

1 steam reformed nor converted to gaseous hydrocarbons.  To reduce these liquid

. ]

) t hvdrocarbons the steam to carbon molar ratio was increased and decreased to 5.2
‘ and 2.5 respectively, but the effect was nil so after 27 hours of operation the
)

reactor bed exit temperature was raised to approximately 690K, At this tempoer--
ature the amount ot ligquid hvdrocarbons in the condensate had decreased, but was
still appreciable.  So atter 39 hours reactor bed exit temperature was raised to
770°F and the steam to carbon molar ratio was varied from 3.8 to 5.1. Finally

after 65 hours of operation the reactor bed exit temperature was raised to R20VF,

and the steam to carbon molar ratio was increased from 3.8 to 4.7, Al these
operating conditions the ligquid hvdrocarboons in the condensate stream were completely
eliminated.,  the test was terminated voluntarily atfter 100 hours of cont inuous

operation.  Fipuve 57 shows the variation in temperature with time (to be discussed

more later).

e s b S
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Figures 51 and 5-2 show the variation in space velocity and
steam to carbon molar ratio for 100 hours of test operation. The average space

velocity was 1050 hr-1 and the steam to carbon molar ratio was varied from

3.8 to 5.2,

Space velocity is defined as the volumetric rate of flow of the input
gases, measured at standard temperature and pressure, divided by the volume of
the catalyst bed, expressed as hours-l. Unless noted otherwise, this 1is the

space velocity used in this report, Another definition of space velocity is in

use based upon the output of hydrogen. This "hydrogen space velocity' may be

defined as the volumetric flow rate of hydrogen product gas, measured at standard
temperature and pressure, divided by the volume of the catalyst bed, expressed
as hours-l. Both space velocities are shown in Tables 4~1 through 4-4.

5.2 Results and Discussion, The test data was recorded by two methods:

A digital data acquisition system was used to record test data on magnetic tape

cassettes for post-run computer data reduction. Manual entries into log sheets
were made for operator and engineering observations.

Table 5-1 shows the measured and reduced data for the hundred hour

test run. The steam reformer system was operated over a range of molar steam to

carbon ratios of 3.5 to 5.2 and over a reactor bed exit temperature range of

600 to 820°F. The correlations and interactions between hydrogen yield, reactor

bed exit temperature, steam to carbon molar ratic, rcesidual gaseous hydrocarbons,

carbon monoxide, hydrogen, carbon dioxide and space velocity are discussed below

under respective sub-sections.

5.2.1 Hydrogen Yield. Figure 5-3 shows the correlation between hydrogen
yield as defined in section 4.1 and the reactor bed exit temperature for

catalyst T-2107-RS during 100 hours of test operation. From this figure it is

evident that as the reactor bed temperature increases there is a decrease in the

hydrogen yield due to the water-gas shift reaction. This confirms the earlier

observation made in section 4.1.1. The hydrogen yield above 100% reported in
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Figure 5«73 indicates soot formation in the reactor as the denominator term in the
definition of the hydrogen yleld assumes no soot formation, This soot formation
)VL' . was confirmed by the ratio of "carbon out" to "carbon in" given in Table 6-1

The comparison of Figures 4=1 and 5-3 (ndicates that under similar operating con-
& ditions namely reactor bed exlt temperature, steam to carbon molar ratio and space
 4‘~f velocity, a higher hvdrogen yleld was obtained in the 100 hour test run than in the
k] short duration tests. The catalyst in the short duration tests was subjected to
very high temperatures (lBOO“F), which in turn might have decreascd the activity

of the catalyst. This ls probably the reason for the different results.

5.2.2 Gaseous Hydrocarbons

g ‘fj The gaseous hydrocarbon fraction, primarily CH4 is defined in Section

4,2. Figure 5-4 shows the correlation between the gaseous hydrocarbons and the

= -4 reactor bed exit temperature, From this figure it is apparent that the amount of
gaseous hydrocarbons decreases as the reactor bed exit temperature increases, More
. methane is steam reformed into hydrogen at higher temperatures, This agrees with

the observation made in Section 4.1.2. However, the comparison of Figures 5-4

f ] and 4~6 indicates that under similar operating conditions the gaseous hydrocarbons
E formation was considerably less in the 100 hour test run than the short duration
% L tests, As for hydrogen, the explanation probably lies in lower activity of the

catalyst In the short duration tests due to high temperature coxposure
5.2.3 Product Distribution
5.2.3.1 Experimental Measurements
Figures 5-5 and 5-6 show the composition of hydrogen, carbon
dloxide, carbon monoxide and methane on a dry basis. It is evident from Figure 5-5
that the hvdrogen vield remained at approximately the same level throughout the
100 hours of test operation.  This indicates no reduction in activity of the catalvst

.

v .
=207 cven at temperatures of 820°F and after long duration testing, It {s olso

evident that the concentration of GO, CH/ and CO in the product pas also staved
4

cessent ially constant .
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5.2.3.2 Comparison of Experimental Results with Equilibrium Prediction
The theoretical equilibrium gas compositions for methanol-

rasoline mixtures was calculated with the CEC 71 JANNAF Thermodynamic Equilibrium
program and are plotted vs, steam to carbon molar ratio in Figure 5-9 for the reactor
bed temperature of 800°F at a pressure of 1 atm. The experimental values of product
composition (Hz, C02, co, CHA)’ as measured at a reactor bed temperature of 800°F
and a steam to carbon molar ratio of 3.8 and 4.8, are also shown in Figure 5-9,
This figure indicates that essentially all of the gasoline in the fuel 1s steam
reformed to hydrogen, instead of hydrogenated to methane. This conélusion may be
drawn from the low CHA concentration (0.8%) that was measured relative to the high
CH, concentration predicted at equilibrium (8.5%).

4

2 .
CH4 + “HZO > CO2

+ AHZ
For each mole of methane that is steam reformed there will
be produced four moles of hydrogen and one mole of carbon dicxide, while two moles
of water are consumed. If we subtract the experimental CHA concentration from the
equilibrium value, and convert the difference into hydrogen by steam reforming, we
obtain additional hydrogen, namely 26.1 volume percent. If we now add this extra
hydrogen to the equilibrium hydrogen, it adds up to a value of 41.9 volume percent.
This is in good agreement with the experimental value of 41.1 % H?' In the same
way, the water content would decrease to 43,0%, which compares well with an experi-
mental value (derived) of 44.0%. In other words, the higher than equilibrium
hydrogen can be explained in a satisfactory manner this way,
5.2.4 Reactor Temperature Profile

Figure 5-7 shows the reactor bed exit temperature measuved by TC-55
at 1" above the bottom of the bed, as well as the ypas preheat temperature measured
by TC-68. The reactor bed exit temperature was raised from 600"F to 820°F in

several steps as discussed in section 5,1, As the reactor bed exit temperature

was raised by an external heat source, it also raised the preheat temperature of
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the mixture of steam and fuel vapors, This was partly due to the reactor tube
being only half full, and the top half thus acting as a prechamber. The gas
preheat temperature was approximately 180 to 210°F higher than the reactor bed

exlit temperature. This temperature drop from the preheat zone to the bed exit

thus provided part of the required heat of the endothermic reaction. It should

be noted that the preheat temperature should be above the minimum soot temperature,
i.e, the temperature below which soot will deposit on the catalyst, Even so, the
preheat temperature was higher than needed.

The thermocouples TC-52 and TC~53 measure the wall temperatuve of the
reactor at the 10" and 5" levels from the bottom of the reactor bed respectively,
Thermocouple TC-55 measures the temparature of the catalyst bed in the center of
the reactor at 10" and 5" level from the bottom ot the reactor. Figure 5-8 sbows
the temperature gradient from the reactor wall to the center of the reactor at the
same heipght of the reactor bed. It indicates that there is about 10O - 20F and 20°
50°F temperature drop from the wall to the center of the bed at the top and the
middle of the reactor bed respectivelv, This small A T indicates a low heat
transfer rate, which is consistent with the high preheat temperature discussed
earlier.

5.2.5 Liquid Hyvdrocarbons in Condensate
As discussed in Section 5.1, some of the condeasate samples had a
yellowish looking oily film or oilv droplets floating on top of the water level
at lower bed temperatures. However, this was essentially eliminated as the
temperature of the reactor bed was increased to 8200F. This oil represuvnts the
heavy end of the Indolene as an analvsis indicated that 907 of the sample had a
boiling point near the top end of the b.p, of Indolene, 1t was also tound that

the olefinic and aromatic content of the vellowish oil was higher than for Indolone
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CONCLUSTIONS

1. Methanol contaminated with gasoline can be gasified in a conventional

= methanol steam reformer to produce a hydrogen-rich gas suitable for utiliza-
tion in a phosphoric acid fuel cell. However, more severe operating conditions
must be used and a slightly lower quality product gas is produced.

2. It has been found for a 90/10 methanol/gasoline (by weight) mixture that

an operating temperature of 650-750°F 1is required. At these temperatures

essentially all of the gasoline is converted into gaseous hydrocarbons,

T

primarily methane. At 650°F traces of a light yellow hydrocarbon liquid are

present in the product gas (after cooling). At 750°F this yellow oil is

e i A R i« L

;i reduced to a minor trace, which at 820°F had totally disappeared. It

appears that the yellow o0ll represents the heavy end of the gasoline. As

such it should be a vapor at the fuel cell stack temperature, and should not

? i intcrtere with the stack operation., However, experiments with an actual

fuel cell are needed to confirm this,

9 k. 3. A steam to carbon ratio of 3.8 was required to prevent soot formation
) and at the same time minimize the yellow o011 in the condensate. A minimum

E temperature of 650°F was required to prevent soot formation, This implies

that the minimum preheat temperature must be above 650°F. It appears that

a lower gasoline content mixture can be processed with a lower steam to

3 ‘55 carbon ratio.

4, The T-2107 catalyst has shown good activity over a wide range of

operating conditions, specifically temperature., It has retained its

activity over the 100 hour test and shows good prospects for long life.

5. The carbon monoxide content of the product gas in the 100 hour test

wias 1.5 = 2,0%, This is somewhat above the 1% maximum level that is

normally specified for a phosphoric acid cell., Operation at this higher

CO level will result in somewhat lower performance. A definite way of
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lowering the CO content is to cool the product gas to 400°F and to pass it
over a small bed of low temperature shift catelvse (e.g. T-2107).

6. The sulfur in the gasoline (0.03 weight percent) will poison the
T=2107 catalyst in time. The copper and zinc are converted into sulfides
which are not catalvtically active., To prevent this a bed of zince oxide can
be placed between the fuel/steam preheater and the steam reformer, Periodic
replacement of the zinc oxide bed will insure that the bed does not become
saturated.

The zine oxide will not remove all sulfur compounds, so that prolonged
aperation on gasoline contaminated methanol will slowlv poison the catalvst
with sulfur. A possible remedy would be to use high temperature shift con-
verter catalyst (Fe), as Fe$S has catalvtic activity, To confirm this further
experimental work is required,

7. The following hardware changes to the cenventional steam reformer should
be made to enable operation on methanol that {s contaminated with gasoline or
divse] furl:

4. dncrease preheater size (to reach bSOOF preheat)

b, add zinc oxide bed between preheater and steam reformer to remove

sulfur compounds

¢. increase the heat transfer rate to the steam reformer tubes to

accomodate highey steam to carbon ratio (3.8) and a higher bed
A
temperature (650-750 F)

d. possibly provide product cooling to 400"F and a secondary low

temperature shift converter to reduce the carvbon monoxide content

below one percent,
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i% Trade Name Girdler¥*
{ T-2107-RS
-} Particle Size, Inches 1/8" x 1/8"
f Bulk Density, 1lbs/cu.ft. N/A
; Chemical Analysis
? % Al 10.7
1 ; % Cu 33.1
3 % Zn 16.3
i % Nt 0.0

* By Pomeroy, Johnston and Bailev Lab.

Table 3-1

Physical and Chemical Characteristics of Test Catalysts

Girdler>*
G-66B-RS

1/4" x 1/8"

80

<0.06
25.5
51.9

0.0

Girdler
G-568B

1/8" x 1/8"
53 + 4
74.0
0.0
0.0

25.0

ICcI*
52-1

1/8" x 3/16"

165

5.29
20.1
35.2

0.0
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STEAM REFORMING OF
METHANOL/GASOLINE
(90/10 BY WEIGHT)
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Temperature on Gaseous
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1.0 i | ! i
THEORETICAL EQUILIBRUM CURVES
FOR METHANOL/GASOLINE MIX, (90/10 BY WT.)
P=1ATM, TEMP. =800 F
EXPERIMENTAL DATA FOR
CATALYST T-2107 - RS (SCAN 60 & 7¢6)
P=1ATM., TEMP, =802 F
0.8 H,O

STEAM/CARBON MOLAR RATIO

Figure 5-9, Product Distribution
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APPENDIX

EQUILIBRIUM PRODUCT COMPOSITION OF METHYI. FUEL

The equilibrium product compositions of 90/10 methanol/gasoline mixtures
(by weight) have been calculated with the CEC 71 Computer program. This precgram
is based on the minimization of Gibb's Frec Energy of the System. A subprogram
has been added to the main program to enable plotting of the equilibrium composi-
tion versus the input conditions such as steam to carbon ratio. The results of
the program can be used further to calculate the yield in terms of product to fuel
carbon molar ratio. The moles of hydrogen plus carbon monoxide produced per mole
of fuel carbon input were also calculated. Such normalized data represents a good
means for comparing yields.
The ranges of this survey are listed in Table A where the ranges of temperature,

pressure, and steam to carbon ratio of the reactants are given.

TABLE A

RANGE OF OPERATING CONDITIONS OF STEAM
REFORMING SURVEY

Pressure (atm): 1, 3, 5
Temperature (OF) 400, 600, 800,
1000, 1200, 1400, 1600

Steam to Carbon Molar Katio: 0-1%
The main products at various steam to carbon ratios are given in Figures 1 to 21 in mole
fractions and in Tables 1 to 21, 1In those figures, the unconverted water increases as the
steam to carbon ratio increases. Methane decreases as the steam to carbon ratio and
temperature increase, Pressure has only a small effect,  7The hydrogen vield at
400"F is very low. 1t increases very fast as the temperature is increased. At

low temperatures the yield is not sensitive to steam to carbon vatio.  As the
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temperature increases further, the hydrogen yield reaches a maximum and then
gradually decreases. Carbon monoxide decreases with an increase of steam to

carbon, because carbon monoxide shifts to hydrogen.

The products can be normalized by expressing them as moles of product

| per mole of fuel carbon. The results of this calculation are given in Tables 22

| to 42 as a function of temperature and pressure. The tables are tabulated in

both weight and molar steam tc carbon ratios. Those results are also plotted
| in Figures 22 to 42. The plots show that the normalized hydrogen plus carbon

monoxide yield, reaches a plateau around a steam to carbon ratio of 2. This means

i

that the maximum hydrogen yield can not be increased beyond a steam to carbon

ratio of 2. The physical explanation of this fact that after the steam to carbon

molar ratio reaches 2, the increase in hydrogen is only at the expense of a decrease
in carbon monoxide. This gives an important reason for not using too much steam,

l}' j: as it requires energy to generate the steam, One must also consider the heat of

. reaction in this reactor, and express the amount of energy required in terms of

3 mass of fuel that is needed. Sometimes, this energy can be supplied by a source

E 1 of waste heat.

ﬁi In other cases a fraction of the total fuel irput must be used to produce

a heat source. However, the efficiency of utilization of this heat depends on

the size of the heat exchangers used etc. This is bevond the scope of this survey.
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