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INTRODUCTION

The goal of this program is to explore novel ways to directly convert methane and
light hydrocarbons to useful chemicals that can themselves be converted to either
transportation fuels or to chemical feedstocks. We have taken two distinct approaches:
First, dir- ct conversion by dehydrocoupling reactions using supported organometallic
complexes. Second, partial oxidation using supported homogeneous oxidations catalysts -
such as porphyrins and phthalocyanines. This paper will review our results in both areas
with emphasis on the oxidation since our submissions in previous years have concentrated
on the dehydrocoupling. In addition, we will introduce our recent work using in-situ
diffuse reflectance FTIR at high temperature to study these and other reactions at realistic
pressure and fiow conditions. .
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DEHYDROCOUPLING OF METHANE BY
SUPPORTED ORGANOMETALLIC COMPLEXES

INTRODUCTION ] .

TFwo possibilities exist for the dehydrocoupling of methane to higher hydrocarbons:
"The first is oxidative coupling which is currently an area of intense research, including
several of the other DOE contractors whose papers also appear in this volume. However,
zn aliernative is the the nop-oxidative coupling where the co-product is hydrogen. The
thermadynamics of the two processes are corpared in Table L.} The oxidabve coupling
process is exothanmic but the process is difficult w control because continued oxidation
(eventually to complets combustion) is even maore exothermic, The dehydrocoupling route
is endothermic and the degree of endothermiciry increases with extent of dehydrogenation.
“Thus, while it is necessary o input energy to accomplish the reaction it is, I principal, 2
miore sasily conrolled process. The coking of the catalyst is not shown in Table L butis &
process that accompanies these dehydrogenation reaction. It is control of this coking that is
the key difficulty in making use of dehydrocoupling reactions for methane,  Miwchzll and
Wighene reported the major product of methane dehydrogenation using an alumina ‘
supported CaCrPt catalys: under anaerobic condition was benzene.2 Jones et al. also
observed small amounts of benzene produced from the methane reforming over silica
suppert Ge(a 3

Table I
Thermodynatnics for Dehydrocoupling Reactions of Methanel

Maagc (Keal/mol)

2CHy ——»C,H, + H +10
.2 CHy —= C,H, + 2R, +20
2 CH‘ e CZHE + 3H2 +35

1 -
Z CH. - TC‘: e CZHE + H2O 25
JCH, + Oy =—— CoH, + 2H,0 -45
20y 43 0y O, + 3 H0 -85
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An indication that the dehydrocoupling of methane can be achicved comes from
chemisorption studies of methane on metals. Table 2 contains a collection of the
temperature of dissociative chemisorption of methane on a number of metals.4 These
values are determined by measuring the appearance of hydrogen in the gas mixture above
these metals in the presence of methane.

Table 2 -
Temperature of Dissociative Chemisorption*

METAL Ti2CQ)
Re 20
Rh 50
Mo 80
Ni 100
Pd 125
Ta 225
T 320

Research on the technique of surface confincment to produce novel catalysts fora
wide --ariety of processes is continuing in many laboratories.5® We have been working on
the development of novel surface confined catalysts to dehydrocouple methane. The
catalysts re prepared by reacting organometallic complexes of transition metals wuh
inorganic oxide supports to produce surface-confined metal complexes.? The metal
complexes decompose 10 obtain very stable, highly dispersed catalysts. The increased
activity of highly dispersed catalysts is desirable for activating the relatively inert methane,
and additionally highly dispersed catalysts are resistant to coking. 'The use of zeolitic
supports will provide further stabilization of the highly dispersed catalysts which are
confined inside the zeolite pores. The variables we are stdying include cluster size,
supporting materials, and reaction conditions.

Synthesis of catalysts- The synthesis of these catalysts involves three steps. The first step
is 10 synthesize the ruthenium cluster precursors. The second step is a novel approach
developed in our laboratory involving the reaction of the organometallic clusters with alky!
aluminum. The final step'is to anchor these catalysts on supports by a chemnical reaction
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between the hydroxy group of the support and the alky! groups of the organometallic
cluster to give & covalent chemical bond.

The orpanometallic complexes include: 2 mono-ruthenium complex,
Rufallyi}(00): & tetrameric ruthenium cluster, HyRus(CO)2: 2 hexameric mthenium
ciuster, HoRuglO1g: and a mixed meral cluster, HoFeRu(OO)y3. Al of these
complexes are prepared according to literature procedures. 1011 The hydrido clusters
reacted with riethy! aluminum at room teopeganire {eq.’1). The reaction stoichiometries
are determined by measuring the quantity of ethane produced? These alkyl aluminum
carbony! ruthenium clusiers react with acidic supports: B-alumina, 5A molecular sieves,
and 1L.Z-Y 52 zeolite. Ihcrm:umstnmhlmmsmagajndmmmdbymsmngﬂw
guantity of sikane produced (eg. 2).

HyRu, (CO) 15 + B Al ;—m;:.- (ET,A1)Ru,Hz{CO) 3 p + ELH (1)

THT
(ETpALlI Ru Ha{CO o+ S-DHHS—D—#llet}Euiﬂg{':':'-" 12 + EtH {2)

The monomeric rutheniun complex reacts directly with the acidic support to release one
equivalent of propylene. The retraruthenium and the mixed fron-nithenmum clusters have
also been supported on tapgnesium oxide by the reaction of the acidic hydride and th~ basic
proups on the MgO surface. All supporting materials are in powder furm except for the: 5A
molecular sieves which was 60-30 mesh. '

RESULTS AND DISCUSSION

leruﬂwmmncmlystswmmtedat?in Cundmlﬁﬂpmgmm Three
different sizes of ruthenium clustars: manomer {Re), ewamer(Rug), and hexamer (Rugs)
were supported on three diffesent supponts: S-aluaina, SA molecular sieve, and Y-zoolite.
The results are pummarized in Tabk 3. We used a commercial Tushenium caralyst which is
supported on zlumina (obtained from Engelhard) for comparison. The metal koadings were
based on clemental analyses (Galbraith Laboratory). The flow-tawe of input gases (20%
methane in helivm) wene varisd due to the detection Yimit of oor GC Bffect of flow-rate
will be discussed later.
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Effects of cluster size - The commercial ruthenium catalyst gives a very high conversion of
methane (71.2%) but no hydrocarbon product. Methane conversion on the mono-
ruthenium catalysts are cbnsidcrably lower than the ruthenium clusters (Rug and Rug). In
general, methane conversions depend on the type of support and decrease in the order
alumina, 5A molecular sieve, and zeolite. These results suggested that the methane
conversion is related to the amount of surface bonded metal. On alumina, the metals are
Jocated on the surface while on SA molecular sieves and on zeolite, increasing amounts of
metal are located inside the zeolite pore. The Rug catalysts demonstrated the greatest
dependance on the support, the conversion decreased from 10.1 w0 4.9 and to 1.7% on
alumina, 5A molecular sieve, and Y-zeolite, respectively.

Our intention in using different supports is to confine the ruthenium cluster at
different location on or within the support. Hence, the Rug and Rug clusters are dispersed
on the alumina surface but are confined inside the pores of the zeolite supports. The pore
size of the SA molecular sieve is 100 small for the Rug cluster but should be large enough
for the Ruy cluster. Since the Y-zeolite has the largest pore (~17A), most of the Ruy or
Rug clusters are located inside the zeolite pore.

Prod lectivi

Al the ruthenium catalysts produced Cz hydrocarbons which included cthane and
ethy'~ne. The selectivity of C hydrocarbon observed with Rus cluster catalysts increased
as the percent conversion of methane decreased. These results also suggest the advantage
of havin' the metal cluster confined inside the zeolite cage. The RugAL has the highest
total hydrocarbon yield which s probably due to the higher metal loading. The total
hydrocarbon yield for RusMS and RugZL are about the same, but the RugZL has a higher
selectivity for Cz product. Confining the metal cluster inside the zeolite cage may also
limited the propagation of methanc polymerization. The ruthenium monomers gave
relatively low hydrocarbon yields indicating that polymerization of methane required more
than one metal atom.
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Table 3
ACTIVITY OF EROUTHENIUM CATALYSTSE FOR METHANE DEHYDROGEMATION2

Flow rate Methane t Selactivityc to

gcatalves® Bufwt®) {ml/mip) Conver{%) Hs €2 Lt

Ru=—gom 0.50 50 T1.2 151.0 —--d -
RuAL 0.25 10 3.0 139.9 2.8 —
RUME 0.31 10 2.3 147.5 1.2 —
EuZL 0,37 10 1.7 177.58 2.6 -
Ru4Al 0.61 100 in.1 TB.6 1.62 -
RugMs .45 160 4.9 146.6 32.52 --
Rug?lL 0.61 50 1.7 25.3 6.8 28.9
FughAL 1.26 50 6.1 113.4 €.9 41.4
Ri:gMS 0.1% 50 5.6 12,8 1.0 14.B
FugZl 0.20 50 3.6 161.9 3.6 1.0

fpeaction condition: temperatwre=750°C, pressursslS0 p=xig

Bablreviation: Ru-commcommerciz® ruthanium catalyat from
Engelhard; Fug=(CpHg)shlRugHd3{00r12; Rugm(CpHs) aR1RugH (O 14,
Fu=Ru (Allyl) IO} 3; AL=B-alumina; M5=5A molecular sieve;
SL=LEZ-Y zmclite.

Ciplectivities ware caloulated on converted methane.
Smlectivity to hydrosarbona are bazed on carbon number.

dyot detected.

Coking

The results listed in Table 3 show that more than one equivalent of bydtrogen was
produced per methzne inpot, which snggests that some of the methane turned 1o coke, The
elemental analyses listed in ‘Table 4 showed that the RugAL, RugMS, RugAL and RugMS
contained more cerbon after reacesd with methane. §n contrast, the carbon conteats in
RugZl. decreased after reactions. This phenomena indicated that those catalysts having
metal dispersed bn the support surface promote coke formation whils the metals being
confined inside the zeolite cages does not  For the RugMS, the carbon content onlfy
increased slighty to 4.38% as compare to more than 20% for the RuaZL. suggest that a
portion of the metal clusters are located inside the cages of the support. The decrease of
carbon content on RugZL. was due to the decompasition of the ruthenium complexes, ic.
release of carbon manoxide.
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ELEMENTAL ANALYSES OF :gg:lgngrun CATALYSIS FOR METHANE
REFORMING#

Before reaction After reaction
Catalyst :C $H %Ry $C iH S$Ru
Rug4AL 5.09 1.04 0.61 26.50 0.40 0.57
RugMS 1.46 1.13 0.49 4.38 0.46  0.64
Ruq2L 5.25 1.53 0.61 0.58 0.22 1.26
RugAL 9.77 1.84 1.26 23.24 0.67 0.55
RugMS 0.95 1.68 0.19 22.29 0.19 0.32

--————q—-n--————-—-‘---———————--q--——----—-——--——-—————-——

apeaction with methane at 750°C for 15 h.

Effect of . it

The effect of reaction temperature is similar for every catalyst. Higher methane
conversion and product yield are obtained at higher temperature. These results are expected
because polymerization of methane is thermodynamically unfavored process.12 Increasing
the reaction pressure has a similar effect on the methane conversion. However, the product
selectivities for hydrogen and Cz hydrocarbons decrease but increases for Cg4
hydrocarbons (Table 5). Highest selectivity is observed at 150 psig. As expected,
increasing the space velocity lower the methane conversion but increase the selectivity of
hydrocar’on products.

Table 5

EFFECT OF REACTION PRESURE AND SPACE VELOCITY TO
THE ACTIVITY OF RugzZl® AT 750°C

Pressure  Flow rate $CH4 $SelectivityP of
ipsig) ~ _ ml/min conversion _Ho C2. Ce+
50 50 3.18 164.16 6.04 6.6
150 50 5.19 91.33 4.48 10.70
250 50 8.64 82.41 2.46 7.38
250 100 2.62 177.10 9.24 20.64

aRug2lL = zeolite supported Rug cluster, C2H5ALRugH (CO) 18,

bselectivity was based on carbon number of hydrocarbon and the
amount of methane reacted.
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Basi § mixcd ol

Mrthane conversion of the magnesia supporsed ruthenium monomer and the FeRu3
cluster are much higher than the zeolite supporied analogs( Tabk 6). However, the product
selecriviges to hydrocarbons are lower.

For the mixed iron-ruthenitan catalysts, magnesia support also increased the
methane conversion. At 500°C, the methane conversion was 8.87% for FeRuzMgO and
was 3.07% for FeRusZL. A1750°C, methane conversion increased to 41.5% and 23.05%
for FeRuaMg( and FeRuyZ1, respectively. These catalysts behave sirmilarly wo the
ruthenium monomers that the hydrocarbon yields were lower oo the ragnesia supported
catalyst,

Takle &

CATALYTIC REACTIVITY OF ZEOLITE AND MAGNESIA
SUPPORTED CATALYSTS FOR METHANE LEHYDROGEHATIONY

Mathane Selectivityb
Catalysts Temp (O} Sropversianits Goisy Ces
RuMgO 600 21,044 0.1 0.5
RuyMgd 750 q4.04 6.5 458.2
FaRnsZL &0 3.07 1.9 18.5
FaRusMgld &00 E_.BT 0.1 -

fneaction conditions: pressura=l50paig, flow rate=20 ml/min,
waight of catmlyst=2 g, reactor 9.D.=3/8in {8.5.}.
bPsalectivity to hydrecarbon la based oo carbwon number.

CNgt detected. '

Tncreassd eompetature has a similar effect on the methane conversion over
mmm:memmvmmmmmmmwumym At
750°C, the methane conversion was 23.05%. Hydrocarbon yields increased as the reaction
temiperature increased froen 300 to 600°C and then declined at higher temperazure. The
wmaximum yield of Cz was (L06% of the input methane and was 0:57% for Cg4 Since the
RuyZL. was essentially nonactive a1 600°C, this low gmnperanre reactivity of FeRuaZL is
obviously due to an effect of the mixed metl Intoduction of the iron to the metal cluster
is advantageoas 1o roethane dehydrogenation activity. Figure 1 shows the cifect of
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\‘ increasing temperature on methane conversion and.on hydrocarbon yield. Highest
hydrocarbon yield was obtained at 600°C. However, the hydrogen selectivity was 170% at
this temperature which suggests coke formation.

80
i Methane conversion
1 Hydrocarbon Yield (x100}

500 800 650 700 750

Temperature {C)

Figure 1. Activity of FeRu3ZlL for methane

dehydrocoupling at various temperatures.
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TION OF NE LIS

PORFHYRIN AND PHTHALOCY ANINE COMPLEXES

INTRODUCTION

Conversion of methane to useful chemicals by partial oxidation and oxidagve
dchydrogenation has received much attention of many researchers.] Ever since Balair and
Wheeler first demonstrated that methane ¢an be oxxdized in the presence of a casalyst, there
have been & number of reports dealing with the pamial oxidabon of methane using a varety
of techniques and catalyses. 391314 Our approach o selective partial oxidaton of methane
is to synthesize encapsulaied porphyrin and phihalocyanine complexes. These complexes
are homogeneous selactive oxidation catalysts that mimic the remarkable enzyme
Cytochrome P-450), Porphyrins and phthalocyanines are potent oxidants that alse allow
careful control of the active farm of oxygen, therehy leading o control of actvity and
selectivity. The vse of zeolitic supparts will enhance the stabiliey and reactivity of the
catalysts, and will discourage the secondary reactions that always pase problems in the
oxidation of methanie because the primary products are more easily oxidized thun methane,

RESULTS AND DISCUSSION

Phthalocyanine complexes are eynthesized within the 2eolite pore by first
exchanging the metal ion inio the pore, followed by template condensation, We . se Na-Y
zeolite becanse it has karge pores thar aliow the phihalocyanine complexes o fit in and
conmins exchangeable jons. Some of the phthalocyanine ahsorhed on the zeolits sinface
and are removed by extraction with pyridine and acetone. Excess metal ions are then back
exchanged with sadivm ions. Swiace reflectance UV-Vis and FT-1R of the non-extracied
catalysts confirm the presence of phthalocyanine,

The zeolite encapsulaled metalloporphyring are synthesized by a second method; the
metal free ligand is first synthesized inside the zeolite cage by refluxing benzaldehyds,
pyrrol, and the Na-Y zeolite{without mietal exchange) in acetic acid  The surface artached
povphyrin is extracted with methanol. The washing contains tetrzphenytporphyrin as
indicated by its UV-Vis spectrum.

The desired metal ion is inserted into the porphyric by beiling the metal salt and the
zeolite contarning the porphyrin in dimethylsulfoxide solution. The praduoct is washed with
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water and then Soxhlet extracted with methanol to remove surface-bound TPP complex.
Uncomplexed metal ions are removed by reverse jon-exchange with sodivm chloride.
However, the excess iron ions are not exchangeable by sodium ions and we have not
atiempted to remove the excess iron by other methods. The FePCZL and the FeTPPZL
thus contained excess iron ions. The metal loading (by weight) and the percent of super

cages occupied by the metal complexes (calculated based on the results from elemental
analyses) are listed in Table 7.

Table 7
ELEMENTAL ANALYSIS OF METHANE OXIDATION CATALYSTS

Catalyst?® Wt.% metal % Complex
CoPCIL 1.53 60
FePCZL 4.15P 50
RuPCZL 0.97 20
MnPCZL 1.62 68
CoTPPZL 0.15 5
FeTPPZL 4.04P 8
RuUTEFPZL 0.13 2.5
MnTPPZL 0.12 4.3

m—-—-———_--———b—————-..——--a.u-———_——_-.-—————

2pc = phthalocyanine, TPP = Tetraphenylporphyrin, L = zeolite
PThe iren complexes contained excess iron ions which can not be
exchanged by sodium ions.

We tested these zeolite catalysts for methane oxidation at 375 *C under 50 psig
pressure. Methane to oxygen feed ratio was 4 and the GHSV was about 2600 hl
Catalysts were activated under hydrogen flow at 200 *C for 2 h before the introduction of
the methane/oxygen mixture.

The methane reaction results were averaged from data taken during the 15 to 20 h of the
runs and are summarized in table 8. Three catalysts including RuPcZL, CoTPPZL, and
MnTPPZL showed activity toward the formation of methanol. As shown in table 8, the
RuPcZL gave the highest selectivity of methanol. The methane conversions were generally
below 10%. Carbon dioxide and water were always the major products.

Three control experiments were run using the blank zeolite, ruthenium exchanged zeolite
(with triruthenium dodecacarbonyl), and Ruthenium tetracarboxyphthalocyanine. The
blank zeolite gave essentially no methane oxidation activity. Less than 0.5% of methane
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was oxidized 10 carbon dinxide. The ruthenivm zeolite praduced hydrogen, carbon dioxide ‘
and water with spproximate 16% methans conversion. The RuTPPZL and FePeZL also

gave hydropen which sugpest that these two catalysts behave like the simple meal

exchanged zeolite, Because the cxcess metl don in this rwo catalysts were not removed by

the reverse jon exchange process. The productions of hydrogen were due to the catalytic

ability of the zeolite adsorbed metaf particles. We have observed the similsr result from the

ruthenium cluster bonded zsolite. At 400 *C and 2 CH4/D7 ratio of 10, Ruy7l, gave

30.7% of hydrogen and 61.6% of carbon dioxide with 18.9% methane conversion.

In the absence of zeolitz support, RuTCPC does not canvert methane 1o desired product
Oniy 1.7% of methane was consumed and the products were carbon dioxide and water, A
slight excess of water was produced due o the decompasition of the penpheral substinient
(-COOH). The cheice of TCPC was simply becawse of its availability in our laboratory,

Table &
ACTIVITY OF METHRNE OXIDATION CATALYSTS

& Conver aof | % Selectivity -
Catalyst CEY H2 oz H20 CHICH
Zeolite 0.5 _— 100 -—— . ‘
RuZL 15.9 45 104 100 -—
RuTCEC 1.7 —_ 100 2086 ——
CoPell £.3 - 100 100 ——
FaPc2L 1R.2 1.2 100 42 —_—
RuFcil 4.8 —— B7 1 11.3
MnFcilL 9.6 —_— an 65 -—
CoTPREL 1.9 —_ T | 120 E.B
FeTFFZIL 1.9 —-_— 100 T3 —
RFuTPFZL B.4 50 29 146 -
MnTRFLL 1.8 - g5 126 3.5

—— —— — ——

Rsacticn condicions: Tesparatures3TsE (., Prasaure=Sipald,
CHyfO=d, GHFV=2600 h-1-

Some of the caialysts were also tested at higher emperanre under the same condition.
The results were averaged from 4 b runs and were sucomarized in Table 9. Methane
conversions wers generally increassd. Again, only RuPcZL and CoTPRZL showed some
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reactivity on methanol formation, but the yields were significantly decreased. These results
indicated that the metal complexes decomposed at high temperature. Table 10 listed the
elemental analysis results of the catalysts afier reaction with methane and oxygen at 450 °C.
The carbon contents decreased to less than 0.2% except for the RuTPPZL which remained
approximately the same. RuTPP may be more stable than the other complexes. In the case
of CoPCZL, we observed a mixture of hydrocarbon released during the first hour of
reaction at 375 °C.

Table 9
Activity of Methane Oxidation catalyst

Catalyst Temp % conver % Selectivity
(°c) CHa 02 H2 CO2 H20 CH3CH
RuZl 375 15.9 99.0 45.0 100.0 100.0 --—-
500 20.8 99.0 110.0 89.3 ——— ===
FePcZL 375 18.2 S53.9 1.2 100.0 42.5 0.0
500 22.7 87.2 15.9 100.0 45.0. ---
RuPcZl 375 4.8 14.5 ~-—— 87.5 0.5 11.3
450 9.0 99.6 -—— 96.7 0.5 3.3
CoTPP2L 375 1.9 15.1 --— 94,3 119.7 5.8
‘ 450 3.3 56.1 -~-— 98,0 126.2 2.0
F 2TPPZL 375 1.9 15.1 - 100.0 —=- -
450 6.1 32.8 --- 100.0 65.1 ==~

P ——— TP Tl A d e e

Reaction conditions: Pressure=50psig, CHgq/02=4, GHSV=2600 h-1.
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Table 10

ELEMENTAL ANALYSIS OF METHANE OMIDATION CATALYSTS
AFTER BRERCTION WITH METHANE AND CXYGEW AT 450 “C

faralystd O % Kz % No % Metal
FePcZl-b 8.08 1.51 1.98 . 4.15
-c 0.10 0.46 <0.05 3.46
RuPcZLl~b 2.30 1.65 0.42 D.97
- 0.13 1.00 0.10 . 0.89
CaT?PRL-b 2.36 1.01 0.41 0.158
- G.15 0.47 0.26 .20
FeTPPZIL-L Z.36 ) 1.04 0.4B8 4.04
-c 0.20 0.69 <0.10 4.03
RuTPFPZIL-b 2.8% 1.13 .52 .13
-c 2.13 0.99 0.32 0.14¢

2pemphthalocyanine,; TPEsTmtraphanylporphyrin, 2L=paalita
Paefore reaction

CAfier reaction of methane and oxygen at 450 %¢

Takle 11

METAL LOACING AND COMPLEX LOADING OF THE
MAGNESIUM OXIDE SUPPORTED CRTALYSTS

. . ] . a_cornlex 1padi
imol/100g)0
FaT5PCHMgO 0.24 0.052
RUTSPCMEO 0.45 0.047
PATSPCMgD 0.18 0.026
CuTSPCMgD o.27 0.054

MeTISPCMgQ ip.21 0.057

e b - Yl ——— T —— T —— " . W = i fakr i W T ———— - -

inased sn elemental analysis

Prole of complex ware calculated based on the carbon welght
from the elamental dhalyses.

We tested the MnTSPCMEO and MinTSPCMEO for methans oxidation undes the
condidons used for testing the catalysts reported last month. Both catalysts gave only
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carbon dioxide and water. No hydrocarbon or methanol was detected. Methane
conversions were less than 1% at temperature ranging from 375°C t0 450°C (Table 12).
We also ran a control reaction using blank magnesium oxide. The blank support aiso
oxidized methane to carbon dioxide and water under these conditions. The methane
consumption was slightly higher for the blank than observed for the MRTSPCMgO and the
MoTSPCMgO. |

Table 12
ACTIVITY OF MgO SUPPORTED METHANE OXIDATION CATALYSTSa

Catalysts Temp. (°C) $Conversion of %Selectivityb
—methane COs. LoHe
PATSPCMgO 375 1.4 60.2 3.5
400 2.6 86.9 3.9
450 5.7 98.2 0.6
FeTSPCMgO 375 0.8 42.1 0.0
400 0.6 50.7 0.0
450 1.5 84.6 0.0
RuTSPCMgO 375 1.3 62.1 0.0
400 2.0 75.4 0.0
450 2.6 90.7 0.0
CoTSPCMgO 375 0.6 40.6 0.0
400 0.8 46.5 0.0
CuTSPCMgO 375 0.7 40.0 0.0
MnTSPCMgO 375 0.6 13.6 0.0
400 0.5 34.5 .o
MoTSPCMgO 375 0.8 27.5 0.0
400 0.7 40.6 0.0
450 0.9 55.7 0.0
MgO 375 0.8 42.7 0.0
400 1.6 14.7 6.0
450 1.9 47.3 0.0

—————-p———-———_—-.———-n—————-——-_-—

3condition: Pressure = 1 atm, CHq/02 = 10, GHSV = 5000 h~l.

bgelectivity of carbon products was caleculated based on carbon
number. Carbon dioxide and ethane were the only carbon product
‘detected from these reactions.
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The data in Table 12 indicates thar MO supported phthalocyanine complexes do ‘
bl catalyze the partial oxidation of methane to methanol, However, it is interesting that the
PATSPCMEO produced ethane from the reaction. 'We suspect thar the methanal produced
underwen: Further exidation to CO2 and and hydrocarbons.

Wi modifled our reaction system o allow methanol 1o be fed inwo the reactor.
Helium wes nsed 5 dute methano! & a raio of approximately 10:1 of He:MeOH. We
tested an empry reacter , Na-Y 2eolite, and MgO for activity. In @ separate run over MgQ,
oxygen was added to test if it increases methanol decomposition. The results are listed in
Table 4. Methanol starad 1o decompose at ¥0°Cin an emply reactor and she only
detectable product was methane. At 375, 1.2% of the input methanol was converted o
(0; and hydrocarbons. The conversion was higher in the presence of zeolite or
magnesia(8.5 and 12.2%, respectively). Zeolits gave s very high selectivity of
hydrocarbons, Approximately 5% of the methanol was converted 1o hydrocarbons, The
mwethano! consurnption on Mgt was higher but the selectivity to hydrocarhons was lower
than that on zeolite, In the presence of oxygen, almost 78% of the methanol wes .
decomposed on MgO and 96 4% of that was oxidized 1o carbon dioxide.
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IN-SITU DIFFUSE REFLECTANCE FTIR
STUDIES OF METHANE CONVERSION CATALYSIS

We have begun to use In-Sim FTTR as a method to study the mechanisms of
heterogeneous catalysis. We are using the sample holder shown in Figure 2 for these
studies. The sample holder fits into a pressure chamber which is equipped with IR
windows that are capable of withstanding several hundred psi and arc water cooled. The
reactive gas is inlet into this pressure chamber and flows out through the sample as shown.
The sample is heated and the temperature controlled using a thermocouple imbedded in the
powder sample. It is required that the sample not be powdered and that it not be smongly
absorbing in the TR "This diffuse reflectance FTIR (DRIFTS) is very similar to the one
recently reported by Vannice.15 We have been able to coliect data using this system up to
600 +C. We arc unable to collect good spectra at 700°C. We have noticed that at this
temperature the heating block is glowing red rather than its normal black color, and this
change may be connected with our ability to collect good spectral information at this
temperature.

TUEAMOCOUPLE PORT

) SAMPLE CUP
FRITTED \ /
TUNGSTER DISK

MOLYDDENUM

pisc \_

MEATER ELEMENT
POTTED 13 ALUNINA

\-uurn LEADS

x ENEMIUN/TIBLY FUEL TUBE

Figore 2: smhmfammmmsm
ofSuppdehnlysstmMﬂhamOmvuﬁnn.

v
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Figure 3 demonstates the kind of dsts that can be collected using this FTTR
techruque. In Figure 3 we have compared the thermal behavior of rwo of the clusters
(FeRus and Rua) supported on MgO under N3. The carbonyl stretching region of the
spectra is shown starting in the upper left at 25 +C, The two spectra are different as would
be expected for the different clusters. However, more dramatic is the difference in thenmal
behaviar. The FeRuj cluster has drastically changed by 200 +C and has completzly
disappeared by 300 «C. The Ruy cluster is considerably more robust maintaining most of
ity featares to 30 ~C,

We then started with fresh samples and studied their IR behavior in flowing 5%
methare i argon ko simulate the conditions that we use in our dehydrocoupling
experiments. The resnlts were quite dramatic and are shown in Figure 4, The spectra are
shown stating at 25 «C on the bottom left. Here clearly the FeRuj cluster begins 1o interact
with the methane even 2t room temperamre, while the Ruy has the identical spectra to that
observed under nitrogen. Notice the increased intensity of the absorption, here over & units
while under nitrogen the specira of FeR.uy had an intensity of 18ss ihan 0.2 enits, and also
the Joss of featres (compare 1o upper left spectra of Figure 3). However, by 400 +C the
two spectra have become identical (botom right of Figurs 4), a broad f=ature less
absorpion. This contrast 10 the spectra under nitrogen where by 400 «C both clusters and
compleiely kost their absorpdon. We are currently attempting 1o interpret these resuls and
10 study the C-H stretching region of the spectia w leam more about hydrocarbon

fragments on the catalysts.
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Figure 3: Coxmparison of Ruy and FeRuj clusters on MgO under N2,
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