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Isotopic GCMS Study of the Mechanism of Methane Partial Oxidation To Synthesis Gas
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An isotopic pulse is combined with a gas chromatograpimass spectrum to investigate the mechanism of
the partial oxidation of methane. For a pulse reaction of/CB4/O, (1/1/1) at 600°C over a reduced NiO/

SiO, catalyst, besides CHand CD, large amounts of CHE) CH,D,, and CHD were detected in the exit

gas. This indicates that CH, GHand CH species are formed during the reaction, i.e., thaj SHactivated

via its dissociation before its oxidation. The amount of methane involved in the isotopic exchange reaction
was larger than that converted to CO and,QCbnsequently, the dissociation of methane is not rate determining.
Over an unreduced NiO/Siatalyst, CH and CDO, without any CHD, (x + y = 4), were detected in the

exit gas, indicating that methane reacts directly with oxygen without its predissociation. For the reaction of
CH4/CD4(1/1) with the lattice oxygen of the catalyst, €Hnd CD, without any CHD, (x + y = 4), were
detected in the exit gas, indicating that methane reacts directly with the lattice oxygen without predissociation.
Moreover, the CH0, reaction over an unreduced NitCcatalyst revealed that the lattice oxygen of the
catalyst participates in the reaction of ¢&,.

1. Introduction 2CO + 2H; and CH + H,O — CO + 3H,, i.e., the

. . combustion-reforming mechanism. Some recent investigations
Although methane is the most abundant of alkanes, it is also brought support to this mechanigf2t23 The other mechanism

the least reactive. Therefore, its selective conversion to more; . olves the pyrolysis C— CHy + (4 — X)H, followed by

useful chemical compounds is an important and challenging o oxidation of C species to CB229 Recently3! we
process. In the last 20 years, t_he attempts .Of direct conversiongemonstrated that the partial oxidation of methane follows
of CH E‘a"e focused on the ox_|dat|ve coupling to ethylene and igerent mechanisms over unreduced and reduced Ni-based
ethar;é; and on the oxygenation to methanol and fo[)malde- catalysts. Over the unreduced NiO/Si€atalyst, the reaction
hyde>" Unfortunately, at the high temperatures 700 °C) occurs via the EleyRideal mechanism; that is GHh the gas
needed for h'gh conversion, the formation of £ a highly phase reacts with £n the adsorbed state and leads to,.Cla
favorablg reactionAG < —800 l.(‘]/ mol). Therefore, rengwed contrast, over the reduced NiO/Si€Gatalyst, the reaction takes
interest in methane transformation to synthesisSg&swhich place via a LangmuirHinshelwood mechanism; that is GH
can be used to produce a variety of chemicals by the Fischer 50 g react in the adsorbed states via the pyrolysis mechanism

Trophsch_ and methanol sy_nt”he§éé? hasaa;)risen. Curr;antly_, theTh and lead to CO and HNevertheless, no direct evidence appears
synthesis gas is commercially prepared by steam reforming. They, pq oy ailable regarding whether methane is dissociated before
process provides, however, low conversion or selectivity and its oxidation

to?r:]arge alr;ilp © rat_lol for_;he_ abO\;fe synr:heses. il In this paper, we combined an isotope pulse with a gas
e catalytic partial oxidation offers the greatest potentia chromatographymass spectrum (GEMS) to gather (i) evi-
for a fast, efficient, and economical conversion of methane to e regarding whether methane is dissociated before its

synthes_is gas, due to the _high conversion of f_“etha”e: highoxidation and (ii) information about the rate-determining step
selectivity, suitable HCO ratio, and very short residence time. during the reaction between Gtand G over unreduced and
The investigations regarding the partial oxidation of methane, reduced NiO/Si@ catalysts.

its mechanism, and the characterization of the catalyst have
become one of the most active topics in catalysi§:32

Two mechanisms have been suggested for the partial catalytic2. Experimental Section
oxidation of methane to synthesis gas: (i) the combustion
reforming mechanism, in which G@&nd HO are the primary
products, and CO is a result of their reaction with L) the
pyrolysis mechanism, in which CO is produced via the pyrolysis
products of CH without the preformation of C® Prettre et
al. 32 who were the first to study the Ghpartial oxidation over
a nickel catalyst, concluded that the overall oxidation involves
two steps, an initial exothermic oxidation of Gkb CO, and
H0, followed by the endothermic reactions £H CO, —

2.1. Catalyst Preparation. The NiO/SiQ (containing 13.6
wt % Ni) catalyst was prepared by impregnating S{@ldrich)
with an aqueous solution of nickel nitrate (Alfa). The paste thus
obtained was dried at room temperature in air and then
decomposed and calcined at 8@ in air for 1.5 h. The BET
surface area and average diameter of the pores, which were
determined via nitrogen adsorption by using a Micromeritics
ASAP 2000 instrument, were 362%fg and 52 A, respectively.
+To whom correspondence should be addressed, The Ni80/SiO, catalyst was prepared by reducing thés9i

t Current address: Strategic Research Center, Mobil Technology Cor- SIOz at 600°C for 45 min with H and reoxidizing with pulses
poration, Dallas, TX. of 180, until no G, was consumed.
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2.2. GC-MS Analysis of a Pulse ReactionThe experiments
were performed mostly at 60TC under a pressure of 20 psi.
The catalyst powder (weight, 0.02 g) was held on quartz wool
in a vertical quartz tube reactor of 2 mm inside diameter, in an
electronically controlled furnace of large heat capacity in order 100
to keep the temperature constant. The reduced catalyst was

prepared by the in situ temperature-programmed reductien (H | :

flow rate= 20 mL/min) of the NiO/SiQ@ from room temperature 60 CO, selectivity
to 600°C; further, the catalyst was kept for 30 min in flowing R i > { :

H, at 600°C. Helium (28 mL/min) was used as the carrier gas. 40_ N N " CO selectivity

The gas pulse contained GHCD,, and Q, and the ratio Cil 20
CD4/O, = 1/1/1 was employed in the experiments.

The experimental method can be simply described as follows.
A gas pulse containing 0.3 mL methane (€D, = 1/1) and unreduced
0.15 mL @ was injected through a 10-port valve into a carrier
gas (He), which was allowed to flow through the reactor. The ) o
reactants and products have been detected with & \& Figure 1. Methane conversion and CO and £€&lectivities for the

. - reaction of a CH/CD4/O, (1/1/1) pulse over unreduced and reduced
instrument (HP 5890 Series Il gas chromatograph and HP 597:I‘NiO/SiOz catalysts at 600C. (Oxygen conversion was 40% over the

Series quadrupole mass selective detector) equipped With 8 nreduced catalyst and 100% over the reduced one.)
Porapak Q column.
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3. Analysis of MS Data
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In the mass spectra of mixtures containing £L[@DsH,

CD;H,, CDHs, and CH, some molecular ion peaks overlap with
fragment ion peaks. Therefore, to obtain the intensity of each
molecular ion of the mixture sample, one must subtract all
possible fragment ion contributions from each molecular ion
peak.
CD,4 and C3H molecular ion intensities can be calculated 0 l " + ;

Concentration(%)
w
o

20 |
10 }
directly from the peaks of mass 20 and 19, because there are CD4 CD3H  CD2H2  CDH3 CH4
no fragment ions of D-isotopic methanes tha_t cqntnbute to the Figure 2. Isotopic species distribution in the methane converted to
two peaks. (It should be noted that the contribution of*f@ CO and CQafter the CH/CD4/O; (1/1/1) pulse reaction over unreduced

methane impurity to the MS peaks must be subtracted.) The and reduced NiO/Sigcatalysts at 600C.
CD;H, molecular ion intensity can be obtained by subtracting

the contribution of the CPfragment ion (resulting from the 100 60
cleavage of Cp" or CD;H™) from the peak of mass 18. The S 80 _
CDHz molecular ion intensity can be obtained by subtracting § g
the contribution of the CEH fragment ion (resulting from the g sl 14 ?
cleavage of CBH,* or CD;H™) from the peak of mass 17. The g 8
CH, molecular ion intensity can be obtained by subtracting the § 40 b
contribution of the CRand CHD fragment ions (resulting from E 120 8
the cleavage of CfH,™ or CDsH™) from the peak of mass 16. 3 20
To perform the calculations, one must carry out experiments 0 ) . . . L 0
with standard samples for calibration. 500 650 200 750 800

T(°C)
4. Results Figure 3. Methane conversion and CO selectivity for the reaction of

the CH/CD, (1/1) pulse over the unreduced NiO/Si€atalyst.

4.1. Reaction of CH/CD4 (1/1) with O, over NiO/SiO, ) )

Catalysts. The reaction between methane angh@s carried ~ While 28% of the methane (GHand CD) in the feed gas was
out using pulses of CHCDJO, (1/1/1) at 600°C. Figure 1 converted to CO and CQa larger amount (65%) of methane
shows that 12% methane and 40% oxygen were converted ovefparticipated in the isotopic exchange reaction over the reduced
unreduced and 28% methane and 100% oxygen were convertedatalyst. This indicates that the isotopic exchange reaction is
over reduced catalysts, that €@ithout CO was formed over faster than the partial oxidation over the reduced catalyst. In
the unreduced NiO/SiQcatalyst, and that 41% Gand 59% contrast, over the unreduced catalyst, no isotopic exchange
CO were produced over the reduced NiO/Sifatalyst. reaction occurred (Figure 2).

To obtain information about the intermediate species, the 4.2. The Reaction between Methane and Lattice Oxygen
isotopic composition after reaction was determined (Figure 2). over NiO/SiO, Catalyst. The reaction between the lattice
As shown in Figure 2, only ClHand CD, without CHDy (X + oxygen of NiO/SiQ and methane free of oxygen was carried
y = 4, xandy > 0) were present in the product obtained over out by using pulses of C#CD, (1/1). Figure 3 shows that the
the unreduced catalyst. In contrast, besideg &idl CD, CHDy methane conversion was 18% at 6W0), 39% at 700°C, and
were detected in the product obtained over the reduced catalys©92% at 790°C and that the selectivity for CO was 45% at 600
(3% CH,, 31% CHD, 38% CHD,, 20% CHD;, and 8% C0). °C, 58% at 700°C, and 55% at 790C. Figure 4 reveals that,
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60 species with oxygen. Therefore, the reaction mechanism over
the reduced catalyst can be expressed as follows:
3 ] .
T40 CH, + Ni — CH,, + (4 — X)H (1)
,E Oy T Ni — 20, (2)
[
Q
§ 20 CH,g+ (1 + X0 — CQO + xHO, 3)
CQO,— COy, 4)
0 4 — —
600 CO) 1 Oy COy)— COy (5)
2H) = Ho) ™ Hyg) (6)
Figure 4. Isotopic species distribution in the methane converted to .
CO and CQ after the reaction of the CJCD, (1/1) pulse over the HOw) + Ni = O+ Hyg) ™
unreduced NiO/Si@catalyst. . .
100 = - —
| o Ofg) T 2Hig = H,0 — H0y) ©)
9 80 For the unreduced catalyst, only ¢Bnd CH, free of any
‘g’ [ CDxHy, were detected. This means that no isotopic exchange
= 80 | reaction occurs over the unreduced catalyst. In other words,
£ [ methane reacts directly with oxygen without its predissociation.
g 40r The reaction mechanisms are different over the reduced and
c - 1618 H
S o co*o unreduced catalysts because only in the former case there are
20 | o™, Ni® sites, which activate the methane. Methane is activated by
- Ni° present on the reduced Ni-based catalyst as a result of the
0 : : : o—am coordination between the bonds of G-H in CH,; and
28 30 44 46 48 the d orbitals of Ni. This decreases the-B binding energy
Molecular mass via the electron donation from thebond of C-H to a vacant
Figure 5. 180 Isotopic species distribution of CO and €@r the d Orbltal Ole and the eleCtrqn ba(.:k'dona:tion from the filled d
CH,/*%0, (1/1/1) pulse reaction over unreduced30/SiO, catalysts orbital of Ni to the vacant antibonding* orbital of C—H. Over
at 600°C. the unreduced NiO/Sigxatalyst, methane is not activated before
reacting with oxyger!
at 600°C, only CH, and CD free of any CHD, were present In the reaction at 608C between the lattice oxygen and g&H
in the exit gas. However, above 70C, CH.Dy were also CD; (1/1) free of Q, a negligible amount of CiDy was
detected. detected. This indicates that no cleavage of methane takes place

4.3. Reaction between Methane an#fO; over the Isotopic before its oxidation. At higher temperaturesg00°C), the NP
Ni180/SiO, Catalyst. The partial oxidation of methane was formed via the reduction of NiO by CH activates the Cid
carried out by introducing pulses of GO, (2/1) over the ~ molecules, resulting in the formation of GBY, (Figure 4).
unreduced NPFO/SIO; catalyst. As shown in Figure 5, besides ~ Over the unreduced RHO/SiG;, CH*O™0 and C®0 were
C0 and G®0,, C'80, CL60%0, and G80, were detected in detected during the reaction of methane wit®, at 600°C.
the product, namely B0,/C10, = 0.018, G0 80/CLé0, = This means that the lattice oxygen participates in the reaction
0.265, and @0/Cl%0 = 0.13. This indicates that the lattice ~€ven in the presence of gas-phase oxygen. This further confirms
oxygen participates in the reaction over the unreduced catalyst,0ur previous result3!
even when the reactant mixture contains oxygen. Over the unreduced catalyst, the methane conversion for its

reaction with the lattice oxygen (18%) is higher than for its

reaction with gas oxygen (12%). This means that the reaction
5. Discussion with the lattice oxygen is more facile than that with the gas

oxygen. According to the above results, it is reasonable to

houdah h d that the di . .. suggest that Clfis oxidized substantially by the oxygen of the
Even thoug many aut ors sugge.ste that the 'Sspc'at'onlattice, which is replenished by the oxygen of the gas atmo-
of methane constitutes the first step in the methane Ox'dat'on'sphere. This mechanism can be expressed as follows:

no direct evidence was yet brought in this direction. Our

experiments revealed that, over the reduced catalyst, large CH, + 2NiO— CO, + 2H, + 2Ni (10)
amounts of CHR, CH,D,, and CHD were formed in the pulse
reaction of methane with oxygen (GI€D4/O, = 1/1/1) (Figure 2Ni + Oy — 2NIiO (12)

2). This indicates that CH, CHand CH species are formed

on the catalyst and demonstrates that the reaction follows theBecause the Rioxidation is fast, the reaction between the lattice
pyrolysis mechanism. Moreover, over the reduced catalyst, theoxygen and methane may constitute the rate-determining step.
amount of methane involved in the exchange betweenazid The above mechanisms, suggested on the basis of isotopic
CDq is larger than that involved in the conversion to CO and pulses, describe the reactions over the initial states of the reduced
CO,. Consequently, the exchange between, @htl CD is faster and unreduced catalysts. Under steady-state conditions, some
than the conversion of methane to CO and,Cdd the methane  NiO will be reduced by the Clof the feed gas and someNi
cleavage cannot be rate determining as suggested in ref 33. Inwill be reoxidized by the @ of the feed gas. Consequently,
other words, the rate-determining step is the reaction of the CH under steady-state conditions, there are bothaNd NiO sites
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on the catalyst surface. Because the activity of iimuch (7) Dissanayake, D.; Rosynek, M. P.; Lunsford, JJHCatal. 1991,
higher than that of NiO, Niconstitutes the main active site of 32 ;17- Heroft AT Cheeth - _
the steady-state catalyst and the pulse reaction over the reduceg (8) Ashcroft, A.T.; Cheetham, A. K .; Green, M. L. H.; Vernon, P. D.

; Nature 1991, 352, 225.
catalyst can represent the steady-state reaction. (9) Hickman, D. A.; Schmidt, L. DJ. Catal. 1992 138 267.

] (10) Rostrup-Nielsen, J. R.; Hansen, J.-H.JBCatal. 1993 144, 38.
6. Conclusion (11) Hu, Y. H.; Ruckenstein, ECatal. Lett.1995 34, 41.

In the present paper, an isotopic pulse method is combined gg :E‘clje.aniéﬁch'.l—-:—J \\’(V&EAH'IL(‘:::;;' 8:1922”'113?55123 303.
with GC—MS to obtain information about the mechanism of (14) Ruckenstein: E Hu’, v Hﬁg_' Eng. Chem. Re<.998 37 ®),
the partial oxidation of methane. The reaction of fLED4J/O, 1744,

(1/12/1) over the reduced NiO/SjCcatalyst occurs via the (15) zhang, Z.; Verykios, X. EJ. Chem. Soc., Chem. Comm@&095
pyrolysis mechanism, with the cleavage of methane faster than71-( 16) Bart, 1. C. J.; Sneeden, R. P @atal. Today 21987 1
tmhgtf?;tl’ldearsogoct)fracie&d-lt;?:r'rr:ri]r(:lr?;tes that the dissociation of (17) Kung, H. H.Catal. Re.. Sci. Eng.198Q 22 (2), 235.

Over the unreduced NiO/Sj@atalyst, no isotopic exchange gg; XT}EIF;:&JS,FM;GS:;;':A s'_(;:\?\zll'f,lgéécﬁaal_1|_5:&_1997, 49, 1.
reaction of methane occurs. This indicates that there is N0 (20) Hu, Y. H.; Ruckenstein, Bnd. Eng. Chem. Re4998 37 (6),
dissociation of methane before its oxidation. 2333.

For the reaction of CHCD, (1/1) with the lattice oxygen of 27(21%%)1 Boucouvalas, Y.; Zhang, Z. L.; Verykios, X. Eatal. Lett.1994
the NiO/SiQ catalyst at 600C, the mechanism is as for the ' : ) )
reaction of methane with the gas-phase oxygen over the gg ggsfél:élighy?rz’hzag hzuaLn.g’V(g?;iil'ols'e;(t'g;gls’égig%
unreduced catalyst. Further, the reaction of,@¥th 160, over 40, 189. o T T T
the Nit®O/SiO, catalyst indicates that the lattice oxygen (24) Choudhary, V. R.; Rajput, A. M.; Prabhakar, B.Chtal. Lett.
participates in the reaction even in the presence of the gas-1992 15 363.
phase oxygen. As a possible mechanism, we suggest that (25) Hickman, D. A.; Schmidt, L. DSciencel993 259, 343.
methane reacts substantially with the lattice oxygen, whije O  (26) Hu, Y. H; Ruckenstein, Bl Catal. 1996 15§ 260.

ey ; (27) Au, C. T, Liao, M. S.; Ng, C. FChem. Phys. Letll997, 267, 44.
of the gaseous phase reoxidizes the reduced NiO. (28) Buyevskaya, O. V.; Walter, K.; Wolf, D.; Baerns, [@atal. Lett.

1996 38, 81.
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