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ABETRACT

The ficrst pert of chis research praject Involved the study of
alkall/Me5, and alkalifCo/Mo5; catalystz so  that the scientific
urderstandlng of the functioning of these cazalysts could be used to
sptimize the production of linear aleshols from lew B, /CO rarie synthesis
Eas. Most of the results of this ressarch were suomarized In the 19BE
ralasace of the ‘Prn:aadings.nf the 7th Indirect Ligwefaction {ontractars’
Review Meeting-Volume I1." Hore recent concluslons concerning the surface
srate of these catalyscs and the surface chamigtry fnvolved in the synthesis
of €1-C, alcohols over these catalysts will be presented in the final repare
for thls research project, which will he submicted in Decerber 198E.  Of
special intersct note Iz the Bechanistie Informetion obrained by 13{] KHE
analyeis ‘2f tha profucts fformed upon p:sningl a 13EH3E-H,-"H2;"I:CI reactant
mixture over The catalysT under nermal alcohol gynthepis conditions, whick
shewed ther ethencl wes formed via classical 0O insertion inmte a methyl
intermediate derived from methansl that was bound te the caralyet =u:lsce.

In studying the selective coxidation of methans ro omygenerars, it wac
vbzerved that the praszsnce of chlorine tended te enhance the yield of
rartial oxidation products. To preba the effect of chlorine on the ncfivi:y
and selectivity obrerved with = 4,B wtV Pd/510;, cstalyst, dichlsromethane
was added to 4 methans/oxygen reactant mixture. The composition ¢f rthe gas
mixtures used were CHp/04/CH,Cl, = 1/2/0.7 and 1/2/0.015, and the volume of
tha gas mizturs injected into & hellum carrier gas as a pulss was 0.975 r-.nai
It.wu cbrerved that the presence of dichloromethans cauted & decrease In
tha amount -nf methans converted to products and an enhancement in the
partial oxidatrion products formad, The products Eormed In the presence of

dichloromarhans wers formaldehyde and chloromethane, in addiclon toe the
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carbon dioxide that was formed in high yields in the absence of the
dichloromethane. Even after the addition of dichloromethane was terminated,l
chloromethane was formed during pulsing of the methane/oxygen mixture,
showing that there was still chlorine on the surface of the catalyst, The
presence of water in the reactant mixture inhibited the conversion of
methane to pro&ucts. Sequential pulsing experiments demonstrated that
optimum surface concentrations of chlorine and oxygen exist for the partial
oxidation of methane over this palladium catalyst, This conclusion for the
oxygen surface coverage was reinforced by an experiment in which methane was
pulsed over an oxygen-saturated surface, where the conversion of methane to
carbon dioxide passed through a maximum that indicated a direct dependence
on the oxygen coverage of the surface.

A newly prepared 1.0 wty Pd/510, catalyst was tésted urlder continuous
flow steady-state conditions for methane conversion to oxygenates from a
CH,/air = 1.0/1.1 reactant feed at ambient pressure in a microreactor.
Methaire activation was observed to occur at temperatures as low as 548K.
Although carbon monoxide and hydrogen were amoung the products formed, the
major oxidation product was carbon dioxide. Addition of a rather large
amount of water to the reactants (0y/Hy0 = 3/1) resulted in enhanced yields
of CO, although appreciably higher temperatures ﬁere required to activation
the methane under these conditions. Addition of dichloromethane, instead of
water, to the CH,/0, reactants (02/0H2012 = 6/1) greatly suppressed the
cxidation of methane, and a temperature of about 773K was required to
observe the initiation of methane oxidation. Under these lgtter conditions,
the predominant reactions were conversions of the injected dichloromethane

to CH3;Cl at low temperatures and to CO, and HCl at high temperatures.
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Dishloromethans bohaved as a2 retardsnt when added In such Iarpge amounts ta
the Cl-lﬁ,"'l:lz Teactant mixture,

The 1.0 %t Pd}siﬂz catalyst {1 g dilutad with Fyrex heads) wis alse
testad in tha high praHu-n: eontinuous flow reacter for mathans comeersion
to oxygenates from a CH /air = 50/50 reactant mixture at sobient pressure
(.1 MPe) and ar 5.0 MPaz (50 atm). AL 523K, 100t of the 0y was converted to
€3y and H,O a8t both pressures, and selective oxidarion products weTe not
detected. The same behavior waz obzerved at higher temperatures up to 723K,

The decomposition of methancl, a possible translent product of the
nethane oxidation reaction under these conditions, was studled over a fresh
porvion of the Pd/S10; cetelyst Lln the temperature range of 423-648K et CO.1
Kra and at 5.0 MPa. In chess expariments, 0.0235 to 0,140 ool methansl/hy
was infected into a stream of nitrogen with GHSV = 3,000-12,000 2{5TFP:/ kg
cat/hr (0.122.0.497 wmel ni?rngenfhrj. At 0.1 MPa, the decomposition of
methanol spprosched 100% 2c cempmratures >573K. At the higher pressure of
£.0 HPa, the decarpozition of methanel was suppremssed so that only zbout 504
of the methane]l wax decomposed inco synthesis gas at 573K. The influence of
flow rate on the decomposition of methanc! was also stuedied, and it was
chrarvad that az tha flow rate of both the methansl and the nitrogen carrier
Eas ware ingrsased at S5VEK and 5.0 MPa, the t convarsion decresged bur the
vield of GO Iincreased glightly.

In supmary, it has been shown that the PFd/510; catalyct is an active
caralyer for the oxidarien of mechane wpder mild reaction conditionz, e.g.
cagbient pressurs and <F73K. It mppeats thar the accive caralysr surface
axiars in an incermediate oxidation acate, &.g. not ax expossd Pd(C) surfaca
nor ac uni{form P40, Addirion of gmell amounts of dichloromecthane to the

teactant mixture increzased the selectivicy to parclal oxidation products,
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i.e. oxygenates other than CO, such as HCHO and CO, while decreasing the
meéhane conversion. The presence of water in the reactant mixture induces a
similar behavior. The presence of too much Hy0 or CHzclz in the reactants
greatly suppressed the overall catalytic activity, and higher reaction
temperatures were needed to observe appreciable degrees of conversion of
methane. At the same time, however, at the higher temperatures the
selectivity toward partial oxidation products decreased. These studies
indicate that‘for the selective formation of partial oxidation products from
methane over paliadium catalysts, there are optimum surface concentrations
of chlorine and oxygen. In examining the decomposition of methanol, one of
the desirable partial oxidation products, over Pd/510, catalysts in a large
volume reactor, it was shown that elevated pressure and gas flows decreased
the rate of decomposition of méthanol. Therefore, reaction engineering of
the oxidation of methane over palladium-based cataly#ts should be ;arried
out such that the yields of selective oxidation products can be enhanced by
balancing the reaction temperature with surface reactant and promoter

concentrarions, pressure, and reactant gas flow.

INTRODUCTION

The objective of this research project is to develop the scientific
data for a catalytic process for the direct selective conversion of
hydrocarbon fuel. The desired process will convert light hydrocarbons (Cq-
Ca), in the presence of or absence of carbon-rich synthesis gas, to liguid
alcohol fuels that would be utilized as neat fuels and as high octane
blending agents with hydrocarbon fuels. To establish the foundation for

such a process, this research involves the preparation, catalytic testing,
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ard characterization of alkall/MoZ, catalysts that sometimes contain
additionel prometing or stabllizlong components.

The twe principal gosls Initially addrescad abe!

(i) to understand the Ffunctloning of alkali/MaS; catalysts in alcohel
synthesis (kmowm as the Dow Technology, but parsénts have also heen
filed by Union Carbide} and to oprimlze the accivicy of these
catalysts for high vialds of fuel alcohols from low Hy/CO ratic
synthasis gas, and

{11} to develop & molybdenum oxide-based catalyst or a sllira-hasad
catalyst containing Pd., Bh, or Pt for thes selective oxidation of
methans to methanol or formaldehyde at slevated pressures. Upon
evaluation of the molybdenum oxide catalysts, however, it was
determined that these wers not prospective for selective wmethane

oxidetion at temperatures below 773K and furthar investlgatlons
sentered on supported palladium catalysts.

£ task to be accorplished at a later atege in thls ressarch will utilize and
build upon the data and principles derived Erom the two initial tasks and
will be direrced .

{111) to wexplorve and develop noval multl-component melybdanum-based
patalysts for the conversion of light hydroearbans and syntheszls
pas to liguid alcohol fuels.

An auxiliary cask of this research project that will prévidt detailad
scientifiec information cencerning the structure and functiosn of the
heteroganecus cetalysc, as well as the c:ysﬁal ond defece structures that
maintain. the active catalyst and ‘make it selective and durable under
synthasis canditiens, will ba achieved by

{iv} f£ully characterizing the viable caralysis by modern methods of
alactron nicroscopy and optiral and slectTon SRECETOSCORY.
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CHNIC OGRES

thesis of Alcohols from Synthesis Gas ove osz-based Catalysts

During this research project, the two classes of MoS,-based catalysts
that were {nvestigated for alcohol synthesis were (i) the binary
alkali/MoS, catalysts and (ii) the ternary alkali/Co/MoS, catalysts, where
the alkali = K or Cs. The preparation and catalytic testing (using H,/CO =
1 synthesis gas) of these catalysts has been described in detail in the
proceedings of the previous DOE/PETC contractors’ meeting (1) and will not
be repeated here. A brief consideration of the surface state of the
catalyst was also given, and the results obtained by injecting methanol and
13¢.enriched methanol into the synthesls gas over the 20 wts CsOOCH/MoS,
catalyst and the K,C03/(Co/MoS,) = 10/90 wts catalyst were presented. It
was observed that the terminal carbon of ethanol was exclusively enriched
and that the methyl group of metﬁyl acetate was preferentially enrichéd,
where the product analyses were carried out by 13¢ nuclear magnetic
resonance {(NMR). These isotopic studies showed that the formation of
ethanol occurred through CO insertion into a methyl intermediate bound to
the surface to form an acyl precursor that was hydrogenated to produce
ethanol. The methyl intermediate clearly was derived from an oxygenated
species since only the terminal carbon of ethanol was enriched. These
studies also indicate that the methyl ester was formed by CO insertion into
an intermediate, such as a methoxy anion, derived from the injected labeled
methanol, The results of the isotopic study have been presented and
discussed elsewhere (2-3). Of special note 1is the stability of these
catalysts and the lack of deactivation induced by the presence of iron

carbonyl in the reactants (4).
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The studies of thess e¢atalystes that ware carrisd ocut durlng this

project has confirmed that rather large gquanticlies of alkali must be added

te MoS, catalysts In order to shift the selectivity from hydrocarbens to
alerhols. It has alse demonstrared that

(1} the nlk.nlj,.fﬂnsz vatalyscs are blfunctional in nature,

(i1} linear aleotiole are produced hy B ‘classical’ 'mechaniam that
procesds via stepwise inmsertion of CO inte alkyl-metal center
bﬂnds.,

(iii) the presence of cobalt greatly echances the G, + Cp hemologation
step that leads to ethanol as a dominant product,

(1v) methane is formed predominantly as a secondary product over these
promoted catalyets, and

{(v)] the synthesiz patrerns ovar the alkali/(Co)MoS; catelysts that
maximiza sthanol are appeoslte to thoee obgerved with the Cg/fCusInd

catalyst, which minimizes the formarion of ethanol due teo chain

growth by rapid bata addition {(tw the pA-carbon) rathar than CO

aeddition.

Selestlive Oxidation of Methape €g Qxvgensber over PngifJiM

In the pressnc work, Pd/5i0, catalysta were investigated for the
particel oxldetlion ¢f methane, Beactions that wera ochserved included tha
oxidation of methane to formaldehyde [1] and The oxidation to synthesis gas
[2].

CH, + 0y — GCHyC + H,0 (1]

2¢H, + 0y - 200 + A&Hy, ' [2}
Among the undesirable side reastions is the full oxidaction of the methane

[3}, and the aselectivity iz usually peasured in terms of the yialds produced

212



CH, + 205 =~ COp + 2H,0 [3]
by reaction [l} or reaction [2] relative to [1] + [2] + [3]. No methanol
formation was observed over the present catalysts under the reaction
conditions that were employed,

In studying the reactivity and selectivity of various metal oxide
catalysts for the oxidative coupling of methane to G,y hydrocarbons, it was
observed by others (5) that addition of chlorides to the catalysts or
addition of small amounts of HCl to the methane reactant mixture made the
catalysts more selective. 1In very early studies of methane oxidation, it
was noticed that the addition of HCl to the reactant gas mixture increased
the selectivity toward formaldehyde over iron, tin, and aluminum phosphate
catalysts (6) and over lead oxide catalysts (7). Later, Cullis et al. (8)
and Mann and Dosi (9) found that the presence of halogenides of methane in
CH,/0, mixtures enhanced the selectivity of Pd catalysts to formaldehyde.
It had been postulated éarlier that dichloromethane disscciated on the
surfac~ of palladium catalysts (10), and it has now been clearly shown that

dichloromethane dissociates on the Pd(100) surface (11-13).

Pulced Reactor Studies with a 4.8 wts gdgsioz Catalyst. To explore the
role of chlorine and chlorine-containing compounds on the activity and
selectivity of converting methane to formaldehyde over the 4.8 wts Pd/510,
catalyst that was used during the previous year of research (1,14,15), a
number of runs were carried out in which dichloromethane was added to a
CHA/OZ = 1/2 treactant feed carried_in a helium carrier gas. The stainless
steel 0.64 cm o.d. reactor employed was 23 cm in length and was encased in a
bronze block that provided for isothermal operation of the reactor. The

catalyst was placed approximately 3 ¢m above the reactor outlet, and an
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axlally positioned tharmocouple wes centared In the bed.

For these studies, the gas handling system was oodified so that a
CHy /05/Na mixture could be fed intoe the reacter in 0.975 cm3 pulses rather
than in =zequential neat 0,1 =n3 pulses of GH, and O,, as nsad previcusly
¢1,14,153. & schematic of the redstor/chrometographic system 1= shewn in
Figure 1. Valve I was controlled by a Valeo Instruments Co, digital valve
sequence programmer that provided for injeczion of a Teactant pulse Into the

Ha carrier gas every 20 min. In addicion, Valve A and & liquid bubbler were

placed in the methane gas line so that CH,Cl, could be added in measureable .

guantities. The quantity of dichloromathane added to the wmethane straam was
controlled by the tamperature of the bubbler and the methans pasz passing
through it. The temperaturss used in this studiss were 273K and 23%K (-
&a®cy. The flﬁu rats of the Ny component was sdjusted to match that of the
CHyC1, additive that was added when the methane convercion was at steady
srata. Upon addition of the CH,Cl,, the Ny flow was tarmineced =mo cthat the
overall flow rate of the resctant gas stream sntering tha reactor was not
altures.

tfter loading the catalyst into the reactor, a flov of Hp was
establizhed (52 nmafnin} at x pressure of 545 kPa. The :a;aly:t was then
pretreatad at 813K with 150 consecutive pulses of methane. Tha X-ray
diffraction powder partern, shown in Figure 2, of a catalyst traated in tha
same woy demonstrated that P4(0) was the crystalline phase present. Afcer
cooling the catalyec to 648K in a flow of He and readucing tha presaurs to
750 kPa. pulses of CH, + 0y + Ny (1/2/0.2) were passed over the catalyst
uneil = ¢an¥tnnt 1level of methane convermlon WAS nbtniﬁtd.

5ix consacutrivae pulses of COH, + 0y +- CHgCly {1/2/0.2) were then

introduced over the catalyst. A large drop in methane conversisn occurred,
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and, as indicated in Figure 3, a decrease in selectivity to €0, also was
observed, With the addition of dichloromethane to the reactant pulses,
formaldehyde and chloromethane were formed over the catalyst. When the
dichloromethane was replaced by nitrogen, the formation of formaldehyde
ceased.

After this experiment, the catalyst was cleaned at 813K via extensive
pulsing of CH, + 05 (1/2) and then cooled t; 761K for additional pulsing
experiments. This “"cleaned” catalyst was still releasing a small quantity
of chloromethare and the CH, conversion was appreciably less than tha‘t
observed with the freshly treated catalyst. The following pulsing sequence

was carried out over the "cleaned” catalyst:

Pulseg Reactant

Four CH, + 0y + CH2C12 (1/2/0.015)
Cne CH, + Oq {1/2)

Two CH,

Five : CHA + 02 (1/2)

Two CH, + N, (1/2).

The results are shown in Figure 4, where it is seen that the initial trends
for chloromethane and formaldehyde follow those observed in Figure 3,
However, the response to the dichloromethane pulses is much more rapid
(sharper maxima in the yield curves) in this case even though the amount of
dichloromethane to which the catalyst was exposed in each pulse was much
less. It is clear that the two pulses of wmethane resulted in enhanced
removal of chlorine and oxygen from the catalyst surface, while subsequent
pulsing of methane and oxygen tended toward a steady state reactivity.
However, subjecting the catalyst to pulses of methane and nitrogen
suppressed the formation of chloromethane while increasing the production of
CO;. These results indicate that oxygen in the CH, + 0, pulses was steadily

replacing chlorine in or on the catalyst, while this could not occur with
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the CH; + Ny pulses. D;.tring the lattar pulses, however, reactlve surface
oxygen was reacting with the methans to form cacben dioxide.

The experimant was continued by lowering the reaction teeperature to
648K and pulsing CH, -+ .n:,_ {1/2) over tha cactalyst umtil a constant
conversion of methane was achieved. The merhana Yeactant wis then passed
through a water-filled bubtler sc that = CH, + G + HyO (1/2/0.024) gas
aixture was produced. Four pulses of this Yesctant mixture were passad ocver
the catalyst, and Figure 5 shows that ths preisnce of water inhibited the
formation of both carben dicxlde and chloromathane. Presum;hly. wiater wes
compacitively sdsorbing on the catalyst and was klecking the adserption and
gctivatien of methane since both products wers lohibited.

These experiments show that thers are eptimum surface concentrations of
chloTine and of oxygen, as well as methane, fot the oxidatiom of mwethane at
temperatures less than 773K. For the selective oxidation of methane ta
formaldshyde, Figuras 3 snd & show rthat onee an epiizum €} surface coverage
iz establishad, nﬁly a =mall amount of chlorine in tha pas phass vould be
sufficient to maintain the desirsble surface coverage. In the courrent
gxperiments, excess chlorine via dichloromethane was Preasent 50 that the
oxidation activicy of the catulysc was suppreazzed, but both carbon dipxide
and formaidshye wers present in the exist gas. However, ;rhen the
dichloromsthane injsction was terminated but the GH, + Ug Elow was
paintained, only carbon dioxide ({no Eormaldetiyde) wea datected ag an
oxidation producc. In the experiment described by Figure &, the surface of
the catalyst during pulses 8-12 must have had a high coverage of chlarine
and oxygen, and the gas vhaze oxygen in the methane/oxygen pulses oust have
adsorbad compatitively with the methane since the reactivicy cof the methana

was puch higher when gas phase cwygan waa mot present (pulsar 13 and 14},
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An additional experiment demonstrated this more clearly. Another
portion of the PJ4/Si0, catalyst was loaded into the reactor and, after
reduction by many puises of methane, was treated with pulses of oxygen
introduced into the N, carrier gas (flow rate = 52 cm3/m1n) at 544K. Nine
pulses of methane were then passed over the catalyst, and the observed
methane conversion to carbon dioxide is shown in Figure 6. It it evident
that little of the methane was oxidized over the oxygen-covered Pd catalyst,
but as the oxygen was gradually depleted from the surface the amount of
methane that was activated and oxidized increaséd, passed through a maximum,
and then decreased. This result supports the hypothesis that there is an
optimum surface coverage of oxygen that provides for the adsorpticen,

activation, and subsequent reaction of methane with the surface oxygen.

Continuous Flow Reactor Studies with g 1.0 wts gggSioz Catalvst. The

catalyst that was tested during this phase of the research was a 1.0 wty
Pd/Si0, catalyst that was prepared by impregnation of Davisil silica (Grade
636, reported to have a surface area of 480 mz/g) with palladium acetate.
The palladium acetate (0.1055 g) was dissolved in 0.4 2 of acetone, which
was then mixed with 5.0 g of the silica. The resultant slurry was allowed
to equilibrate for 16 hr in a fume hood, and it was then heated quickly
under flowing nitrogen to boiling and quickly removed from the heat source.
Complete drying occurred in 2.5-3.0 min, and the resultant yellow-or?nge
powder had a 6.0 nm Si0, crystallite size as determined by X-ray powder
diffraction analysis.

The prepared catalyst, consisting of PA(0Ac) /510, (0.12 g), was loaded
into the stainless steel microreactor and was initially decomposed in a flow

of helium (3 cm3/min) at 363K (90°C) for 15 hr, and then the temperature was
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Incrmasad to 473K (150G for 2 br. The decoppesitcion of the acerate was
monitered By on-line gas chromatopraphic analyses. After the decompasition,
oxygan (75 cma_f‘n:j_n) was passed over the catalyst at 423K for 1 hr to remove
any resldual carbon, and then the catelyst was readuced with hydrogen (2
cmafmin} at 423K untfil mo furcther gereration of water was noted by GC
analysis of the exit gas,
The pethans that was utllired for these axperipents was cbtzined froom
HG Industries and was of ultra high purlty (99.87%). The zero-grade alr was
a synthetic 0,/M, mixture cbtained from Alr Products and Chemical, TIme,’
{toral hydrocarbons <« 0.5 molar ppm). Product analvsss were achieved by
simultanecus on-line injection Into parslle! columns comsisting of a 10 m x
0.32 ew Poraplot @ ecated fused Bilfca capillary OF colunn &nd & 1 m X 3.2
mir packed 151{ zealite column din = Hewlzr_lr_-Pac‘kard 'Model 3890 gas
chromatograph fnterfaced with a 3353A integrator. '
The testing program consisted of the Following five steady state Yuns
where the temperature wes veried in the renge of 473 te 773K
1] EHa;’Air =1.0/1.1 with a total flow of 170 c.m?','"min,
2) CH,/Alr = 1.0/1.1 plus water addition corresponding te 6.8 ca’/mln
of gaEecus watar, |
3) CHy/Alr = 1.0/1.2 plus CH:ICII addivion corresponding co 3.4
a\'.'m3fmin of passcus dichlerooathans,
4} CH /ALr = 1.0/1.1 plus the simulvansous additlion of H,O and
GHECLE. and
5) CH,/Alr = 1,0/1,1 pluc CHyCl, addition corresponding ts 3.4
cﬁjfmin of gasecus dichloropeThans.

In rach experiment, the flew of the CH, /air reactant wizture was waintainec

atr 130 l:ma,.-"min. which produced ®» GHSY = 85,000 2/ kg initial untrested
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catal/hr. The "air" composition was that of the synthetic "zero air", 24%
0, and 76% Ng.

The first test involved sequentially heating the Pd/Si0, catalyst from’
ambient temperature to 673K under a flow of the CH,/Air = 1.0/1.1 reactant
(typically 48% CH,/12.5% 0,/39.5% N,). As shown in Figure 7, appreciable
oxidation was noted at 548K (275°C) and all of the oxygen was consumed as
the reaction temperature approached 623K (350°C). ‘At the higher
temperatures, the following reactions can be considered as occurring

simultaneously over this active catalyst:

CH, + Hy0 » €O + 3H, {4}
20 + 0, = 2C02. [5]

The formation of hydrogen was noted in the prodﬁct stream at the higher
temperatures, but it was not quantified. In éddition,_Reactions 6 and 7
could also occur over this catalyst.

2CH, + 30, —~ 200 + A4H,0 . [6]

2C0 - C + C02 [7]

The CO,, CO, and Hy0 contents in the exit gas are shown in Figure 8.

It is evident that Reaction 3 was the predominant reaction occurring under
these reaction conditions. However, Reactions 4 and 5 were als; occurring.
The conversions at each temperature were obtained during steady-state
testing of 2-15 hr.

Addition of water (=4 moly) by means of a Gilson injection pump into
the reactant gas mixture (CHA/02/N2/H20 - 1.00/0.26/0.84/0.085) resulted in
the inhibition of the methane oxidatien reaction at the lower temperatures.
Figure 9 shows that the methane activation temperature was increased by

=100K by the water addition. The 773K (500°C) test also demonstrates that
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tha water additison tandsd to promote the partial oxidatien of methane to L0,
as represented by Reactlion & (again H, was ohserved but twt guentifisd).

Replacing tha watar injection by afdirion of dichlorcoaethane to the
axtent of 2 mely of the total reactant stream (CH,/0,/H,/CHaC1, =
1.00/0,26/0.84/0.04) deponstratad that dichloromethane was a sStrong
irhibitor oxf mathane oxidazion.’ Figwze 10 shows that no appreciable
oxidation of methane was shzarved until the reaction teoperature reached
T3 (500°C). At thiz temparatura, the dichleromethene was oxldized
predominately to- HGl and C0,. The influence of the generated HCl op the GO
aralysis of the water (and other products) is net known at thls. time, and
sherefore the data for this resction temparature are only approximate.

Addition of both water and dichlorcmethane to the inlet strTeam at 773K
exhibited &n even greater suppression of the comversion of methane. GC/MS
analyses of the products collected from The exit ctream showsd Chat €0y,
HC1, HoCO, and CHyCl were formed from the raactants in low yields. A
subseguent test at 773K was cattled osut wieh only Z molw dichler smethane
belng added to the CH,/#ir = 1.0/1.1 resctant streaxm, and khe produsss wars
collected for GC/ME anelysis. “Agein, Gﬂz. HC1, HECD, and CHSCI WEFE
obgerved in small quanticies.

Treamment of the tested catalyst with. 0, resulted in a brisf generation
of a spall amount of €Oy + CO. This indicates that a small amount of carbom
was deposited on the catalysc, probably via Resction 7. Cheractsrization of
the Pd/510, catalyst by X-ray powdsr diffraction after itz testing at 713K
for & days demonstrated that the palladium crystaliite gize had increaced To
a dlamater of =20 nm.

Using a fresh portion of catalyst, tests designaved above as 1), 2),

and 1) wers repeatad using o Cﬁﬁfﬂz flow rate »f 10O =m3fmin tacher than 170
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cm3/min. All of the results reported above were qualitatively reproduced at

this lower gas flow.

a8 0 w 2 Catalyst in a High Pressure Reactjon System.

A new reactor and associated expansion chamber, with a safety'rupture disc
(rated at =12.4 MPa) between the twp tubular vessels, has been constructed
and tested at elevated pressure for possible gas leaks. A schematic of the
reaction system that can be used for testing of methane oxidation catalysts
at pressures up to 10 MPa (100 atm) is shown in Figure 11. The cylindrical
heater consists of three heating sections so that very good temperature
contrel can be maintainéd. In the reactor configuration being used, the
internal thermocouple is axially centered in the reactor so that the end of
the thermocouple 1is located in the catalyst bed. As with the ambient
pressure system, the exit stream is continually analyzed by an on-line

Hewlett-Packard GC having an in-line sampling wvalve. Methanol, carbon

.monoxide. and nitrogen were quantitatively determined, but the analysis of

hydrogen was not carried out,

A 1.0 g portion of the 1.0 wti Pd/5i0, catalyst was diluted with Pyrex

beads and lcaded into the continuous flow stainless steel reactor. The

reactor was purged with flowing methane at ambient temperature and pressure,
and then the pressure was gradually increased to 5.0 MPa. A synthetic aif
mixture was then added to the flowing methane to produce & reactant mixture
of CH,/air = 50/50 with a GHSV = 7,500 2/kg cat/hr. The temperature was

increased at a rate of 2°K/min to a reaction temperature of 623K, At this

‘temperature, 100% of the 0, was converted to CO, and H,0. Upon reducing the
2 2 2 g

pressure to 0.1 MPa and continuing the test at 623K, the same catalytic

activity and selectivity were observed. These results are shown in Figure
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12 as the large filled sywbols, where the rest of the data peluts were
obtained from a study of 0,12 g of ths same Pdiﬂﬁt}zfsiﬂz catalyst tastaed 1ﬁ
a micvareactor system as indlcated in Flgure 7.

Since the lower gas flow {and higheT resldence time) in tha larger high
pressurs reactor might enhances sacondary reactions ever the catalyet, e.g.
decomposicion of formeldehyde and methanol that might bte formad by tha
selearive axidacion of methane, the de:nnpnaltlon of methanol In ths absence
of mechane and oxygen was ilnvestigated, It has previocusly been shown that
phassing methanol cver a -v-alumina catalyst in a Pyrex reactor at S7IK,
anbient pressure, and a flow rate of 1.2 kg/kg cat/hr {;tltéd elsevhare in
the paper as 0.1% kg/kg cat/hr) did not result in the decompesition of the
pethsnol but that the acidic. alumina caused the transformatien of part of
-he mathanol inte dipethylethsr (16). TIn that study, the addition of 0.5
wti Pd Eo the alumina caused £ meld of the methamel to be converted to L0
at the reaction conditjens glven above {dimechylethar was atill formed),

The decomposjition of methanol wss studied over 1.0 g of che 1.0 wth
Pd/5104 nuta;yst at 0.1 apd at 5.0 MFa {1 and 50 atm, respectively} pressure

wsing & nitrogan carrler pas. This reactien iz represented by Equation 8,
CHy0H ~ 2H, + €O . : (8]

whera the products are hydrogen and carbon monoxide (synthesis gas}. The
frdividual Tests ars pummarized in Table 1. As can be seen, the sequence of
experiments Was
1) temperaturs depandence &t 0.1 MPa,
11) tepparaturs dependence at 5.0 MPa, and
iii} flow rate dependence at 5.0 HPa and 592K,

In the temperaturs dapsndence studies, the flow zates of nitrogen and
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methanol were maintained constant, while in the flow rate dependence study
the flow rates of both were increased and decreased in parallel. The extent
of the transformation of CH,0H inte CO as a function of temperature {s shown
in Figure 13. It is clear that increased pressure inhibited the
decomposition of methanel into carbon monoxide and hydrogen. In this
pressure range (0.1 to 5.0 MPa), there is a 100K window (=575K at 0.1 MPa
and =675K at 5.0 MPa) where the methanol was completely decomposed to
synthesis gas over this catalyst.

In the‘ flow rate dependence study, the flow rates _qf the nitrogeﬂ
carrier gas and the methanol reactant were varied in concert. As shown in
Figure 14, as the flow rates of the two components were increased, the %
conversion of methanel to carbon monoxide decreased., However, the yield of
CO, expressed as kg/kg cat/hr, was hardly affected under these reactiﬁn
conditions and increased only slightly as the total gas hourly space
velocity (GHSV) was Increased, as shown in Figure 15.

T .« lower GHSV data point in Figure 15 (and highest methanol conversion
data point in Figure 14) corresponding to 3.0 £ Ny/hr and 0.78 2 CH40H/hr
was the last data point obtained in this study (see Test 13 in Table 1).
During this last test, it was observed that the catalytig activity was
higher than it wés under comparable experimental conditions during the
series of temperature dependence tests. The reason for this enhanced
activity ls unknown at the present time.

This study has demonstrated that in the absence of methane, oxygen, and
water (free availability of the catalyst surface), methanol is readily
decomposed at temperatures >475K over a 1 wts Pd/5i0, catalyst in our
reaction system and that elevated pressures retard the decomposition

reaction,.
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gonelueions. It has bean showna that the Pd/SI0 catalyst i an acitve
catalyst for oxidation of merhane and for the deccmpositien ef methanol
wnder mild reactien condicions. For the n*!d&tiun of methana, the gurface
of the palladium csrelyst exists Iio an Intermedlate oxidaticn state
centaining an optimum coverage of oxygen. Selasctivity ta parcial owidarion
products Ls enhanced by che deposition of swall amcunts of chlorina on the
gurfaca, whinh can be accomplished by the addition of small ameunts ef
‘dichloromethans in the reactant gas mixture. The enhanced seleztivity oight
arise by an ensamble-contral exerted by the partlal coverage of the surface
by chlorine. Addirion eof water to the reactants induces a similar behavier
to be observed. However, passing toe much dichlotemethane or water over the
catalyst results in greatly suppreesing the averall catalytic setivity, and
higher temparatures are nesded to ohsarve appreclabls degrees of converslon
of methane, which in turn <ausac a decresse In the selectivity to partial
gxidatien productsz. In studying the decomposition of methancl, a peotential
parcial nﬁid::ion ptoduct of mechans oxidation, cver the PdHEiDE catalyst in
a lerge volume Teaster, it was rhown that alevated pressure anc gas flows
decreased the rate of wethancl decampositinn; Thus, reaction engineering of
the cxidation of methane over pall;dium-based eatslysts should be carried
gut such that the ylelds of selesctive oxldatrion preoducts can he snhanced by
balancing the teaction tempetraturs with gurface TrTeactant and Ppromoter

eoncentrasions, reacter preasure, and reactent gas Llow,
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TABLE 1

Experimental conditions employed in the investigation of the de-
composition of methanol to synthesis gas over a 1.0 wt% Pd/510,
catalyst (1.0 g) carried out by injecting methanol into a nitrogen

carrier gas.

Test Temperature Pressure Flow Rates
(K) (MPa) N, (2/br) CH10H (mol/hr)
1 415 0.1 3.0 0.032
2 4213 0.1 3.0 0,031
3 480 0.1 3.0 0.031
4 529 0.1 3.0 0.032
5 573 0.1 . 3.0 0.032
6 415 5.0 3.0 0.032
7 473 5.0 3.0 0.031
B 573 5.0 3.0 0.032
9 623 5.0 3.0 0.033
10 648 5.0 3.0 0.033
11 598 5.0 6.0 0.063°
12 598 5.0 12.0 0.119
13 598 5.0 3.0 0.033
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CARBON % IN THE EXIT GAS
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FIGURE 3. Produzt Saleerivicies Observed puring S$ix Pulsss of CH, + fl, *

GH,Cl, = 1/2/0.2 Over the &.8 wtt Pd/5i0, Catalyet &C ELBX,
Fﬂ%lnue.d by Four Pulses in which the Dichloromethane wWas Faplaced )
h':"' Ni-.
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CARBON % IN THE EXIT GAS
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FIGURE 4.

PULSE NUMBER

Product Selectivities Observed Over the 4.8 wty Pd/510, Catalyst
During and After the Addition of Dichloromethane to Pulses of
Methane/Oxygen (CH, + O, + CH,Cl, = 1/2/0.015) at 761 K. Pulses
of Neat Methane Increased the Yield of All Three Products,.
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FIGURE 15
| o

METHANOL DECOMPOSITION
IN N2 CARRIER GAS AT 5.0 MPa
AND 598K OVER 1.0 g Pd/SiO»
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