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ABSTRACT

An experimental 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 350-400 F soot

was produced with a 90/10 mixture of methanol aad 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 750CF 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 oil 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 above conditions.

vii
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1.0 PROJECT PhOCRAM

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 low temperatures 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 Ln the field, it could become

contaminated with gasoline or diesel fuel. It 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 12000F or above, while the steam reforming of methanol can take

place at 350-400°F.

A contract was granted to JPL to investigate the effect of such hydro-

carbon contamination, and to find a potential solution to this problem. The

overall objective was to screen a number of promising cataly3ts 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 caihan deposition would

take place on the catalyst at the normal operating temperature of 350-4000F.

It appeared that gasoline would be a worse contaminant to handle than

C 2-C 4 alcohols. It was decided to study gasoline contamination first, and that

any solution for gasoline contamination should take care of the C-,-C 4 al coiol s

also24



1. 2 Pro' r.m Coals

The object iVe of thils program was to success iu I I y steam reform

methanol contaminated with gasoline. The following goals were to be obtained:

1.2.1 Determine the minimum reactor bed zemprattire, steam to carbon

ratio, and space velocity for methanol/gasoline mixtures with severAl promising

catalysts in order to produce a gasified product that cai be utilized ir, a

phosphoric acid fuel col. This implies that the CO concentration in the product

gas should be less than one percent.

1.2.2 Determine the effect of the contaminants on catalyst activity,

specifically any reduction in activity by carbon deposition.

1.2.3 Determine the minimum reactor bed temperature and steam to carbon

ratio to prevent soot formation.

1.2.4 If successful, demonstrate process feasibility by a continuous 100

hour test conducted at the optimum operating conditions and with the best catalyst.

2.0 TEST DESCRIPTION

2.1 Technical Background

The basic reactions occurring in steam reforming of methanol are

CH3OH + H20 CO2 + 3H 2

CO + 11 CO + H20

However, at a temperature of 4000F and at atmospheric pressure, the predicted

thermodynamic equilbria is as follows:

CH3 Oil + 1.5 110 --.1 26 CO - 0.97 CO 2  + 0 52 11,0 + 2.41 II2

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

fhe stem reforming reaction of tinleaded ga solint, (CH1 .I mav he

described as

CH 1.94 + I!20 ---. CO + 1.97 I1,i

1.94i2
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TIii s reacti on norma I ly takes place at 1200 F or above over a nickel

catalyst. It is not possible 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 monoxide 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 eqflilibrium reaction for the prodtac-

tion of carbon monoxide or carbon dioxide. At temperatures of 1200 F and above,

carbon monoxide is the primary product, while at 350 0 -400 0 F, 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 aLd gasolille 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

ary case the light end of diesel fuel will be similar in composition to gasl ) inc.

It was decided to study a 90/10 methanoi/,asolinc mixture. The re litive lv

high gasoline percentage was chosen so that anv clange s ill prodtitt g. s co mposit ioll

dc to the pres(lce of gasoline could he nacsired with rasoi.iblc :icttiracv. Also,

if anv carbon deposit ion on the eat'I1 'st walrt. to ,ikt plact ,. it shloa ld b not io t aIt'bIht

lquito soon, i.e. within a tew hours.
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2. 2 'T e hs t ipnt ad - 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 fabricated to fit into an electrically heated furnace.

The reaction chamber contains 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 hydrocarbor, gases.

3.0 RAW MATERIAL SPECIFICATIONS

3 .1 Fuel1s

3.1.1 Methanol

Technicil Grade A (procured from Southland Industrial Products o

Los Angeles, CA).

V1.2 Unleaded gasoline, Idolene Clear, Federal test fuel . The chemical

composition as determined by lruesdiil 1Lab in I..A. is as follows:

Ca rbon 8 1. 9l1'

I I,'l>'drt1,t I I I . 60" Wt . Percent ,io

,rtl I in 0'

0It'! , I Il. P(" /

Art 'n t ijs 22 \'VIl. Per,,nt ig-'



3.2 Catalysts

Four catalysts were evaluated over a range of operating conditions.

The physical and chemical characteristics of these catalsyts 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. (irdler G-56B represents

a steam reforming catalyst for hydrocarbons.

Low temperature (48 0-50 0OF) and low steam/carbon monoxide ratios are

primary objectives for tile 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 tinte thus allowing tile copper crystallites to grow also.

In addition, zittc oxide is slowly reduced to zinc which will then alloy with copper

forming brass. These changes also alter the pore size of the catalyst. Diff ferent

catalyst preparation techniques have altered the aging processes of these ciatalVIts

but prolonged operation of these catalysts at temperatures abo1ve their li mit (hlO"')

in tile water-gas shift rteactioll will r'educe thei llet ime of low temperatue operit ioll.
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Mhen these low temperature shift catalysts are applied to the stcam

reforming of methanol, the catalysts are operating under different conditions and

catalyzing different reactions. Although some shift reaction probably takes place

(CO + H2 0 - (O2 + 112) the basic reaction CH3 OH + H2 0 - CO2 + 3H2 is similar.

When hydrocarbons such as gasoline are mixed with methanol and this

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, ioe., 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 suggested temperatures for these

shift catalysts the low temperature shift activity may be reduced but the effect

on the ,team re forming of methanol/hydrocarbon solotions has no precedent from

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



unchanged act ivity of thle catalyst '[-2107 after 25 hours of steam reforming at

lC)

various temperatures ranging to as high as 1200 F (exit) Indicates that the

activity of this catalyst for steam reforming the methanol solution is not dependent

on all the same parameters that the shift activity is. Because of the lange of

temperatures, the rccumulated 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 system was used to record test data on

magnetic tape cassettes for post-run computer data reduction.

o 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-I, 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 11500 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 that tould have been produced from the input fuel for 100%

conversion of both methanol and gasoiine. This ratio It; expressed as

31CC03+ CCO,)1+ C 4



where the square brackets Indicate dry volume percentages In the prod ic t gas.

It should be noted that 19Z of the total carbon Input comes frem the gasol ine.

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

T-2107, 1(152, (;-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

bed temperature there 15; 3.8% decrease in direct hydrogen yield. It is also

apparent that as the steam to carbon ratio is increased, the hydrogen yield Increase,;.

The decrease in hydrogen yield with increase in temperature or decrease in steam

to input carbon molar ratio is due to the water-gas shift reaction.

In Figure 4-1 tile areas enclosed by AIA2B2BII B B C C and C C I) 1)

show the hydrogen yield with respect to bed exit temperature for steam to carbon

ratios of 1.5, 3.0 and 6.0 respectively. Tie variation in space velocity accounts

for the spread of data for t be same steam to carbon ratio. The same oI)servait ion

holds true for the Figures 4-2 through 4-4.

Figures 4-1 to 4-3 also indicate that the hydrogen yield is higher

with catalyst T-2107--RS than with ICI-52 and (;-66B-RS under identical reactor

bed exit temperatures and sLean to) carbon ratios.

The hyd rogen yield for catalvst (-56B (Figure 4-4) indicates that

this catalyst has very little I activity below 10000'F. This was to be' expected a,

(-5615 is a steam reforming catalyst for hydrocarbons. The hydrogen ViOld increases

rapidly with an increase in temperature above 1000 F.

Figure 4-5 shows the data for all four catalysts on one plot. As Suc'h

it is a generalized plot of iydrogen yield vs. reactor bed exit t empleraturc'

lhis plot shows how the dAta pInts tall be grouped tinder steam tn carbon rat ios o

1.5 (area A V., t, 2 1 ). 1.0 (area B I BC)C1 )a|nd 6.0 (area CIC:).I)1 ). The hvdrogen yield

is st roig I v depentlt nt on S t caim to tcIrbt)n raIt 1o ind on the eat-L' t) bed exit t T)IptC ra-

toure , and itot so mlh ol th, ta t V I y;t
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It should be noted that the plots of

SH23

3k C03+C 2 3+ '-CH 43

do not represent the ultimate yield of hydrogen. The product may be cooled

0down 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 gaseous 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

CH4 above 19.4%, we may assume that some of the methanol is converted to methane.

This explanation also applies to column of CH4/.1914 CO+CO 2+CH4  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

marked with shaded symbols in vigure 4-6.



-to-

The data points in thle zone below thet sol id I Ine are essent ia IIv

*soot f ree for steam carbon rat ios above 6 .0, wh ile most of thle data po ints ill

the zone above thte so I i d Ilie have varyilug dogrees of soot for mat ion for s/

ratios below 3.0. The negative slope oif thle solid 1lino indicates that mo1re

methane Is steam reformed aIt higher temperature. This plot also indicates that

soot format ion is aIccompaniled by higher methanie contents in the product gas

s tr eam.

4. 1 . 3 Carbon Monoxide

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

4steam to carbon rat to onl thle carbon monoxide concent ration. I t alIso ident if ies

thet- da ta po ints with isoot format ion by shaded symbols (as discussed in Sect ion

4-2) . From this p lot it is evi[dent, that carbon Monoxide concent rat ion inlcreases

as the reactor bedl exit tempverat tire Inc reases or as the Steam to carbon rat io

dec(-reases . Thi s is oblv iouslIy inlI lie w it h thle eqili I Obrium of the water gas sim f t

reac t Ion.

4. 1 .4 liquid Hydrocarbons in Condensate

Some of, thle condensate from the product gas had an o lv film or

oily drop lets float ing onl top of the water level while other samples were essen-

tal11y o il f ree . Perhaps a better desc r ipt ion of2 the, o il mi ght be a yel. iq (

hydrocarbon. This oill format ion was rated onl a scale of 0 to 10,* zero being oill

free and 10 represent ing an apprecilable amuount of oil. Thbis qualitatilye ratinug

Is tabulated in Tables 4-1 to /4-4 for cacti test run. A ratn l tgto five might re-

present onl thet order of a percent of" the gaso iInc, thbroughiput.

Figure 4-8, a phot ograph of four condensate samples4 taken from test

rttn w ith ex -it temllpera%]tuIIres of 600 , (150 ,/00 ;11d LI W0 F With Iiatalyst T-2107-RS

indicate-; very c le:1rl v th.1t IL; thet rea-ct or bed exit t emptrtutre hheae h

yel lowish tcolor-at itin causewd 11 thet presen'lce oif till d11-01 et s e es' i iI vs is-



of this yellow liquid hydrocarbon showed that it is similar to the heavy end

of the gasoline. It proved to be very difficult to obtain 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 into 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

650-750 F, at steam to carbon molar ratios of approximately 5, and

-1
at input space velocities of 1600 hour (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. It 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 T.ES',r

5.1 Test Procedure

The process feasibility was demonstrated bv operating the steam reforming
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S SSt em con t ilnuously for one hundred hours without any major problems and by

shlt t ing the system down voluntarily.

The process schematic and tile test equipment for this test were the

sane as those reported in Sect ion 2.0 except thermocouple 68 was relocated to

the top of ilt' bed ill tile gaseous phase region. The reactor was filled with a

new batch of catalyst T-2107-RS up to a bed height of 10". Tile catalyst pel lets

were of 3/16" x 1/16" size and the weight of the catalyst was 2 lbs (896 gins).

The test was started on 5/9/77 (Monday) at noon. '[he reactor bed exit temperature

was measured by 1(- 5 at one inch from the hottom of the catalyst bed. 'Ihis

thermocouple was located inside tile thermowel 1 in the center of tile reactor.

For the first seventeen hours tho reactor bed exit temperature was

con troll Ied at 630LIF (tie maximum temperature recommended by the catalyst manufacturer

for low temperature shift conversion) and at a steam to carbon molar ratio of 3.8.

However, at these operating conditions liquid hydrocarbons were found ill tile

condensate stream indicating a portion of the gasol ine in tile feed was t1,ither

steam reformed nor converted to gaseous hydrocarbons. To reduce these I i(4ud

hydrocarbons the stearl to carbon m11olir ratlo was increased and d c reeased to 5.2

and 2.5 respectively, but the effect was nil so after 27 hours of operat ion the

reactor bed exit temperature was raiised to approximately 690 F,' . At this tmper--

a trt I ic ollllnt If I iquid hivd l'OCd rblhs in1 thetC Cold elns;Ite had de r, rse , bitt Was

still appre, ciable,. So lt te r sY hours reac t or bed t,xit tempt, ra turt, wais ra isted to

770 F and the stearn to carbon molar ratio was varied from 1.8 to 5. 1 . Finallv

atf t e 65 hour-s ot operat it'l the coact or bed ex it t elperit tire wajs riised to 820"1"

and thit' steam to carbon molir rat io was increlased from 1.8 to !.i/. Al t iist,

operatin cond it ionis tht I i Ii lid hvdrocarb 'us ill ttit' covidensat v st vc.ti woro ,m1'ttplet cI v

el imi nat ed. I' be tcst ws I ermit ilte d volint iri Iv aif toer 1.'1 hou1rs 0I tout iuitt'u'v

o ptr.it ion1 Fiur I / t s )ws tilt' variit ion ini t tcupe rut krc wi t l t; 1 t1,t b,. di ,ii ,'

m orc Iitt, r .
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Figures 5--1 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 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 - . Unless noted otherwise, this is 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
-i

as hours . 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 ratio, residual 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 tle

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



F! gure 5-3 ind icates soot format ion in the reactor as the denoml nator te rm in the

def inition of the hydrogen yield assumes no soot format lon, This soot formation

weas confirmed by the ratio of "carbon out °" to "carbon in" given in Table 6-1

The comparison of Figures 4-1 and 5-3 [ndicate;S that under s[il Iar operatIng con-

dit ions na Ivly reactor bed exit temperature, steam to carbon mo lar raio and spIce

velocity, a higher hydrogen yield was obtained in the 100 hour test run than in the

short duration tests. The catalyst in the short duration tests was sub jec ted to

verv high temperatures (1200"F), which in turn might have decreased the activity

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

5.2.2 Gaseous Hydrocarbons

The gaseous hydrocarbon fraction, primarily CH4 is defined in Section

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

reactor bed exit temperature. From this figure it is apparent that the amount of

,gaseous hydrocarbons decreases as the reactor bed exit temperature intcreases . 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

and 4-6 indicates that tinder similar operating conditions the gaseous hydrocarbons

formation was considerably less in the 100 hour test run than the short duration

tests. As for hydrogen, the explanation probably lies in lower activity of the

catalyst in tile short duration tests due to high temperature exposure

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 9-S

th,i the ivdrogen v!CIld reliained at apprximately the same level throughout the

1t00 hours ofl test opt'rationl. Thi: illdi Cates no reduct ion in activlt v of the cta Il\st

!'-.iW7 even at temptrantures of 82&1"-' aind after long dirat Ion test lng. It is ,,lkso

'Vidt'c hat llt o n cnllt ratiol of Ct).,, CII and CO ill 1te pl'odUCt gls aio t ; i d

';;'~ fat Iv r t anl ; itl



5.2. 1.2 Comparison of Experimental Results with Equ libri uM Prediction

The theoretical equilibrium gas compositions for methanol-

gasoline mixtures was calculated with the CEC 71 JANNAF Thermodynamic Equllibrium

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 (12 , CO2 , CO, CH4 ), as measured at a reactor bed temperature of 8000F

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 is steam

reformed to hydrogen, instead of hydrogenated to methane. This conclusion may be

drawn from the low CH4 concentration (0.8%) that was measured relative to the high

CH4 concentration predicted at equilibrium (8.5%).

CH4 + 2H2 0 -> CO2 + 4H2

For each mole of methane that is steam reformed there will

be produced four moles of hydrogen and one mole of carbon dioxide, while two moles

of water are consumed. If we subtract the experimental CH4 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 % H2 . In the same

way, the water content would decrease to 43.0%, which compares well with an experl-

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 measured by TC-55

at 1" above the bottom of the ied, as well as the gas preheat temperature measured

by TC-68. The reactor bed exit temperature was raised from 6OO |F to 8200 F In

several steps as discussed in section 5.1. As the reactor bed exit temperature

was raised bv an external heat source, it also raised the preheat temipe rature of



tile mixture of steam and fuel1 vapors. Thi s wits part ly due to thle reactor I ube

being only ha If' f ul.l. , and tile top hla I f thus act Ing its a prechiamber. The gas

preheat temperature was approximately 180 to 210 0F higher than the reactor bed

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

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

be notedl that thle preheat temperature should be above the minimum soot temperature,

i.e, the temperature below which soot will deposit onl the catalyst. Even so, the

preheat temperature was higher than needed.

The thermocouples TC-52 and TC-53 measure tile wall temperature of the

reactor at the 10" and 5" levels from the bottom of the reactor bed respectively.

Thermocouple TC-55 measures the teilpcrature of the catalyst bed in the center of

Stile reactor at .10" and 5" level from the bottom ot the reaictco . Figu~re 5-8 0,'ows

thle temperature gradient from thle reactor wallI to thu center of the reactor at the

saeheight of the reactor bed. It indicates that there Is about 100 - 200'F and 20"

40 0 F temperature drop from the wall to thle center of thle bed at the top and the

mIddle oif the reactor bed respective ly. This small A T indicates a low heat

transfer rate, which is, consistent with the high preheat temperature discussed

earlier.

5.2. 5 Liquid Hydrocarbons in Condensate

As, discussed in Sect ion 5.1, :some of the condea-sate samp les had a

yello)wishI looking oily film or ol Iv droplets fI0;!illg On top) of thle water level

at lower bed temperatures. Hiowever, thisl wals ssenltfial IV Lliminatedl as the

t emperatutre of thle reactor bed wats increased to 82o')F. I'M. oil reprent-sS t'e

he avv end of tile Indo 1eno as anl anal vs si dI-'te tilhat L)'' of the sanip 1 had .i

hoi ling point near tile top end of the. h.p. of luldolene'. It was' also I ound tht

the olA inic and aromatic ioiatent of *he \vollowlsh1 Oil Wj! wasjj'j iigheha f ~r ldl
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6.0 CONCLUSIONS

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 is required. At these temperatures

essentially all of the gasoline is converted into gaseous hydrocarbons,

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

reduced to a minor trace, which at 8200F had totally disappeared. It

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

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

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

fuel cell are needed to confirm this.

3. A steam to carbon ratio of 3.8 was required to prevent soot formation

and at the same time minimize the yellow oil in the condensate. A minimum

temperature of 6500F was required to prevent soot formation. This implies

that the minimun preheat temperature must be above 650 0 F. It appears that

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

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.

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

was I.S - 2.07. This is somewhat above the 1% maximum level that is

normally specifled for a phosphoric acid cell. Operation at this higher

Co ltvel will result In somewhat lower performance. A definite way of
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loweri tit the CO content is, to C ool the product gas to 400 0Fand to pass it

ove r a small. bed of low temperature. shi f t Ct ;lst (e. g, T- 10 7)

6. vihe sulfur in the gasol[ine (0.03 weight porcent) wi 11 poison the

T-2107 catalyvst in time. The copper and z inc are, converted into sul fides

which are not catalytical ly active. To prevent this at bed of zinic oxide canl

he p laced between the fule /steamkii preheater arid the s;team reformer. Pe riodi c

rep lacement of the z inc oxi de bed w ill insure that the bed does nlot become

saturated.

The zinc oxide will not remove all sulfur compouinds, so that pro lonlged

operation on gasoline conitaminated methanol will slowly poison the cataly s t

with sul fur. A possible remedy would be to use high temperature shift con-

verter catalyst (Fe) , ats FeS has cata lyt ic activity. To confirm this further

experimental work is required.

7. The following hardware changes to the ccnvenlti onal stecam reformer should

be made to enable operation1 Onl methantol that is contaminated with gasol ine or

' 4 ;]fur

ai. Increase preheater s ize (to reach 6 50'F prehecat)

b.* add zinc ox ide bed between prehieater and steam reformer to remiove

SL I fr L'OnIpO kill dS

V. Increase the heat transfer rate to the steam reformner tubes to

accomodate highier st cam to carbon ratio (3.8) and at hligher bed

temperature (650-.750 (1F)

d . poss ibly provide product cooling to ;400') 11 and at secondatry l ow

t'mper itt tkro sh 1 f t ,on ver oer to0 re duitCOe te, cr bon mion ox Ide0V1 c onent

belIow olie pie 1rcvnt
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Table 3-1

Physical and Chemical Characteristics of Test Catalysts

Trade Name Girdler* Girdler* Girdler ICI*
T-2107-RS G-66B-RS G-56B 52-1

Particle Size, Inches 1/8" x 1/8" 1/4" x 1/8" 1/8" x 1/8" 1/8" x 3/16"

Bulk Density, lbs/cu.ft. N/A 80 53 + 4 165

Chemical Analysis

% Al 10.7 <0.06 74.0 5.29

% Cu 33.1 25.5 0.0 20.1

% Zn 16.3 51.9 0.0 35.2

% Ni 0.0 0.0 25.0 0.0

By Pomeroy, Johnston and Bailey Lab.

...!....I
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STEAM REFORMING OF
8 METHANOL/GASOLINE

(90/10 BY WEIGHT)
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Figure 4-6 Effect of Reactor Bed
Temperature on Gaseous
Hydrocarbons
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STEAM REFORMING OF METHANOL, GASOLINE (90 10 BY WT.)
100 HOURS TEST
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THEORETICAL EQUILIBRUM CURVES
FOR METHANOL/GASOLINE MIX. (90/10 BY WT.)
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Figure 5-9. Product Distribution
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APPENDIX

EQUILIBRIUM PRODUCT COMPOSITION OF METHYL FUEL

The equilibrium product compositions of 90/10 methanol/gasoline mixtures

(by weight) have been calculated with the CEC 71 Computer program. This program

is based on the minimization of Gibb's Free 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 (0F) 400, 600, 800,

1000, 1200, 1400, 1600

Steam to Carbon Molar Ratio: 0-!5

The main products at various steam to carbon ratios are given in Figures 1 to 21 in mole

fractions aid In Tlable s I to 21. In thoe figures, the unconvertedwater in 'reases as the

steam to carbon ratio increases. Methane decreases as the stecam to varbon ratio and

temperature increase. Pressure has only a Small effect. The hydroge,,n yield at

400 F is very low. It increases very fast as the temperature is increased. At

low temperatures thc yield is not sensitivv to steam to carbon -. ttio. As the

A-i
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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 4Z as a function of temperature and pressure. The tables are tabulated in

both weight and molar steam to 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

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,

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

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

of waste heat.

In other cases a fraction of the total fuel input 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 beyond the scope of this survey.

A- 4
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