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Abstract

Recent progress is reported on C-1 conversion chemistry with emphasis on the direct formation of methanol, hydrocarbon

liquids and CO2 reforming. Aspects of the thermal diffusion column (TDC) reactor are described. # 1998 Elsevier Science

B.V. All rights reserved.

1. Introduction

During the past 20 years the valorization of natural

gas has become a highly developed and mature

research ®eld. Many reviews have appeared [1±10]

and the subject has branched out into various direc-

tions.

Natural gas production, which until recently was

rising rapidly (4% per year), has now dropped to an

apparent steady slower rate of 1.8% per year. The

amount of vented or ¯ared gas (see Fig. 1) is still a

considerable fraction and this review is addressed to

the possible utilization of this wasted gas.

The review is divided into two parts; (A) those

processes which can achieve a valuable liquid end

product in one reaction step, and (B) those processes

in which the ®nal liquid product requires at least two

separate reaction steps. Some often neglected or

ignored reactions are presented for further possible

consideration.

2. Part A: One step reaction processes

Methanol is an attractive valuable liquid which

is normally produced from natural gas in two

steps. Its annual production and demand is shown

in Fig. 2.

The one step partial oxidation of natural gas to

methanol and formaldehyde has been studied for

many years. However, only in the last recent 15 years

has a reasonable understanding of the system been

achieved. Several reviews of the reaction have

appeared [1,2,11±14]. Though some catalytic systems

have been reported [15±17] or patented [18,19] the

`̀ best'' results are achieved in a homogeneous non-

catalytic system at high pressures. Gesser and Hunter

[14] reported achieving a methanol selectivity of 78%

and a conversion of 7% at 4% O2, 65 atm, 4098C, and a

residence time, � , of 5 min. Higher methanol selec-

tivity of 83% and methane conversions of 12% at

50 atm, 5% air, 3308C and a residence time of 4 min

was obtained by Feng et al. [20]. The following

additional conditions contributed to the `̀ better''

results: (1) upward ¯ow, (2) preheater, (3) reaction

exit quenched to 2508C, and (4) complete consump-

tion of O2. They also showed that at a total pressure of

10 atm, the addition of 30 atm of CO2 increased the

selectivity of methanol from 40% to 70%. This inert

gas effect was attributed to third body effects. Gesser

and Hunter have shown [21] that ethane and dimethyl

ether are produced in the partial oxidation of methane

when all the oxygen has been consumed implying that

Catalysis Today 42 (1998) 183±189

*Corresponding author.

0920-5861/98/$32.00 # 1998 Elsevier Science B.V. All rights reserved.

P I I S 0 9 2 0 - 5 8 6 1 ( 9 8 ) 0 0 0 9 0 - X



the recombination of free radicals such as CH3 and

CH3O occurs. It is also believed that the recombina-

tion reaction

CH3 � OH�M! CH3OH �M (1)

also becomes important at high pressures though this

reaction is not included in modeling or sensitivity

studies [22±24].

Similarly the falloff in methanol formation with

increase in pressure which has been observed in

several studies [25±27] has not been accounted for

in modeling studies [22±24]. The proposed `̀ cage''

effect [14] which has been well characterized in other

systems [28] can open new channels for the destruc-

tion of methanol and its precursors such as CH3O and

CH3OOH.

This is illustrated by the following reactions:

CH3O CH2O� H CHO� H2 (2)

CH3OOH CH3O� OH CH2O� H2O

(3)

CH3O� CH4 CH3OH

�CH3 CH2OH� CH4 (4)

CH3OO� CH4 CH3OOH

�CH3 CH2OOH� CH4 (5)

where refers to reactions which can occur in the

cage. The detection of ethanol at 100 atm is consistent

with the occurrence of reaction (4).

One of the main problems concerning the homo-

geneous reaction is the long residence times required.

Packing the reactor with various metal beads resulted

in a slight reduction in selectivity (74±67%) and a

decrease in residence times from 50 to 30 s [29].

Assuming a close packing of the reactor beads can,

at best, reduce � by a factor of 4, which may not be

suf®cient to make a signi®cant improvement. Cata-

lysts [30±32] could show promise in this regard where

perhaps lower temperatures, pressures, and higher

oxygen levels could be maintained and still be outside

the explosion region. The direct conversion of

methane to methanol has been initiated by laser

[33] as well as by a heated ®lament [34]. An evaluation

has been conducted on the effect of various surfaces on

the reactions involved in the partial oxidation of CH4

to CH3OH [35]. Gold appears to be the metal of choice

for methanol formation.

The oxidation of methane to methanol has also been

studied in supercritical water [36,37]. The yields are

however low (less than 1%) with CH4 conversion up to

6%. Though the results are interesting, the system has

little practical value except for its application in the

destruction of toxic substances.

A more promising non-thermal approach to metha-

nol formation is the use of the silent discharge tube

[38±40] at atmospheric pressure or microwave, R.F.,

or plasma discharge [41,42] at reduced pressures. At

25% O2 in CH4 high conversions and signi®cant yields

of oxygenates were obtained (30% of the liquids) from

a pulsed barrier discharge reactor [40]. The discharge

through pure methane leads to acetylene [41,42] and

C2 with minimal quantities of higher hydrocarbons.

An interesting, and as yet uncon®rmed, reaction

patented in 1941 by Leprestre [43] concerns the direct

conversion of natural gas with steam at up to 1000 atm

and 540±6008C over an iron oxide catalyst. It was

claimed that the product is a gasoline/oil. The addition

of CO is intended to consume the excess hydrogen

Fig. 1. The total world production of dry natural gas (*), at

various years and the percentage of gas vented and flared (&).

Fig. 2. The world total capacity for methanol production and the

world demand.
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forming a high octane rated fuel. A diagram of the

apparatus is shown in Fig. 3.

The aromatization of methane has been effected by

the oxidation of CH4 over HZSM-5 zeolite catalyst

[44]. The reaction has been studied in detail [45] and

the initial formation of methanol and its subsequent

aromatization was not excluded as a possible mechan-

ism. This type of conversion was reported by Gesser

and Hunter [46] who reacted natural gas homoge-

neously with oxygen in a reactor (upper part) where

some HZSM-5 catalyst was heated downstream (lower

part). The products formed (water and aromatics) were

similar to those obtained in the Mobil process [47].

The ef®ciency of the process was not determined and

its optimization would be dif®cult because of the

different pressure requirements for the two processes.

The dehydroaromatization of methane under oxy-

gen free conditions has been reported [48,49] with

enhanced activity when molybdenum is added to the

HZSM-5 catalyst.

The thermodynamics of CH4 conversion is shown in

Fig. 4. Coke formation by reaction (1) in (Fig. 4) is

most favorable, and though considered as a catalyst in

early studies [50], it can become one of the steps

whereby supported noble metal catalysts can be

inactivated.

A novel method of using a Clausius±Dickel thermal

diffusion column (TDC) as a reactor was ®rst reported

by Hirota in 1941 [51]. A GC/MS analysis of the oil

products [52] showed the presence of unsaturated

compounds up to C18 as well as polynuclear aro-

matics. This was con®rmed [53] with benzene being

shown to be the major product. The thermodynamics

of the reaction is given in Table 1 and indicates that

the H2 produced can, in principle, be used in a fuel cell

to generate the current required to maintain the re-

action. Unfortunately, the ef®ciency of the reaction is

only about 2%. However, it was shown by Yamaguchi

and co-workers [54] that a re¯ector or a stainless steel

reactor tube can improve the ef®ciency of the TDC

reactor system up to 6% which is still far removed

from a required 50% ef®ciency for the TDC and for

the fuel cell. An interesting report [55] has shown that

the inclined TDC can improve isotopic separation

ef®ciency. This could also improve the ef®ciency of

the TDC as a reactor since it relies on non-equilibrium

thermodynamic characteristics due to the temperature

gradient and the molar mass differences between the

products. The separation of the hydrogen by means of

a thin palladium membrane for the wall could further

improve the thermal ef®ciency [56].

3. Part B: Multi-step reactions

A reaction which has been studied in great detail is

the partial oxidation of methane to C2 hydrocarbons,

or the oxidative coupling of methane (OCM) reaction.

The ®nal desired product, ethylene, is invariably

accompanied by ethane

CH4 � O2 ! C2H4 � C2H6 � H2O (6)

Fig. 3. Diagram of the Leprestre reactor.

Table 1

Standard thermodynamic quantities for TDC reactions

�H0 (kJ) �H0/H2 (kJ)

1 6CH4!C6H6�9H2 530 59

2 7CH4!C6H5CH3�10H2 572 57

3 8CH4!C6H4(CH3)2�11H2 614 56

4 10CH4!C10H8�16H2 823 51

Fuel cell: H2 � 1
2
O2 ! H2O �l�; �G0 � ÿ237 �kJ�.
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Much progress has been made since the pioneering

paper by Keller and Bhasin [57] in 1982. The ultimate

goal is the oligomerization of the ethylene to long

chain hydrocarbons, viz, gasoline and diesel fuel. The

OCM reaction is usually conducted at 600±7008C over

a variety of mixed oxide catalysts. Recent reviews on

this subject [5±7,10,58] have essentially indicated the

limits of the process. The presence of surplus ethane

from natural gas presents an alternate route to ethy-

lene.

The higher reactivity of O2 with C2H4 as compared

to CH4 has been avoided by the simulated counter

current moving bed chromatographic reactor [59].

This system is now being evaluated for the direct

methane to methanol reaction [60]. Preliminary results

under non-optimum conditions have shown that at

4308C, 70 atm, CH4/O2�25, ��1 min, 10±20% reac-

tants in He gave 68% selectivity of CH3OH and 8%

conversion of CH4.

In a cyclic process using a silver electrocatalyst,

Vayenas and co-workers [61] have achieved 85%

selectivity to ethylene with conversions of CH4 up

to 97%. Scale-up of such a cyclic process normally

presents problems. High yields of aromatics and

higher hydrocarbons were reported by Choudhary

et al. [62] for the reaction of CH4 with lower alkenes

and alkanes over HGaAl MFI zeolite at the lower

temperatures of 400±6008C.

The dehydrogenative coupling of CH4 on a TDC

reactor was ®rst reported by Yamaguchi and Saito [63]

who showed that the downward ¯ow of CH4 produces

C2 and H2. Typical results [85] as a function of linear

velocity and temperature in a tubular reactor (2 cm

i.d.) with a 0.5 mm diameter tungsten wire are shown

in Figs. 5 and 6. An increase in conversion is achieved

when part of the H2 is removed through a porous

segment of the reactor tube [64] or when argon is

added to the feed [65]. The low energy ef®ciency

of 2% is increased to over 6% when the glass

reactor is replaced by a stainless steel reactor

[54,66]. Other heaters such as Nichrome wire, silicon

carbide or carbon rod, and reactor shapes [67] have

Fig. 4. Thermodynamics of some CH4 conversion reactions.
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been examined. Recent reviews of this work

[68,69] have included economic evaluations of the

processes.

Synthesis gas, usually produced by the reforming of

CH4 or coal with steam, is the energy intensive step in

producing useful liquid products:

CH4 � H2O�g� ! CO� 3H2; �H0 � 206:1 kJ

(7)

In contrast, the recently studied partial oxidation

reaction

CH4 � 1
2
O2 ! CO� 2H2; �H � ÿ35:7 kJ (8)

can achieve high conversion and high yield. However,

the formation of carbon deposits tend to poison the

noble metal catalysts [70]. Coke formation was

reduced to 1
3

± 1
6

by the addition of cobalt to a nickel

catalyst [71].

The reaction of CH4 with CuO in a ¯uidized bed to

form syngas was reported in 1949 [72]. High conver-

sion (about 95%) and selectivity (of 90%) was

achieved.

The use of metal coated ceramic monoliths [73] at

high temperatures (up to 11508C) and short contact

time (5 ms) and a single pass with air has made the

production of syngas a viable commercial process

[74].

Fig. 5. Dependence of yields and selectivities on the flow rate in a TDC reactor [85] (A): upward flow at 12008C, and (B) downward flow at

13008C. (&) Methane conversion; (*) oil selectivity; (*) oil yield; (~) C2 selectivity; (~) C2 yield; (&) H2 yield.

Fig. 6. Dependence of yields and selectivities on the surface wire temperature in a TDC reactor [85] (A): upward flow of 3.8 m hÿ1, and (B)

downward flow of 3.8 m hÿ1. (&) Methane conversion; (*) oil selectivity; (*) oil yield; (~) C2 selectivity; (~) C2 yield; (&) H2 yield.
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The CO2 reforming of CH4 to syngas over sup-

ported noble metal catalysts has been patented [75].

The catalyst for the reaction

CH4 � CO2 ! 2CO� 2H2; �H0 � 247 kJ (9)

is poisoned by carbon deposition due to reaction (1) in

Fig. 4 as well as by

2CO! C� CO2;

�G0 � ÿ120 kJ; �S0 � ÿ23:5 J Kÿ1 (10)

Supported nickel catalysts have also been shown to

be effective [76,86].

We have shown that reaction (9) can be conducted

in a TDC reactor with tungsten wire at over 10008C in

an upward ¯ow [77]. The detailed comparison of the

thermodynamics and experimental results shows the

TDC reactor to be a non-equilibrium system because

of the H2/CO separation due to density differences

[78,86].

We have also shown that about 30% conversion for

CH4 can be obtained for reaction (9) on a single pass

through a silent discharge reactor [78,79]. A second

pass doubled the conversion. Higher wattages could

increase the conversion further.

4. Evaluation

Several reports have been published on the eco-

nomics of natural gas conversion and comparative

processes [80±82]. The most recent analysis [83]

has concluded that based on work at Amoco [84]

the direct formation of methanol would be the most

promising process if better yields could be obtained.

Such yields have already been realized [14,20].

Nevertheless a packed reactor in the partial oxida-

tion of CH4 to CH3OH could reduce the danger of

explosions and improve thermal conduction, an

important aspect of exothermic reactions.
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