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Redox properties of molten salts for methane activation
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Molten salt mixtures have been tested in a redox mode as catalysts for the activation of
methane at 750°C. It is found that after pre-treatment with dioxygen a transition metal halide/
sodium vanadate melt can convert methane selectively to C,,. products in the absence of mole-
cular oxygen. The melt can be reactivated by passing dioxygen. Electron paramagnetic
resonance studies of the quenched samples showed that the transition metal ions are reduced
by methane and can be reoxidised by dioxygen. It is also found that higher C,, selectivity,
C,, yield and C,H,4/C,Hg ratio are promoted by added transition metal chlorides and,
surprisingly, also by the corresponding metal bromides. It supports the suggestion that surface
modification by halogen is more important than gas radical reactions. Comparison of the mol-
ten mixtures under redox and cofeed conditions showed that the former gave a higher C,, selec-
tivity, but no oxygenated products whereas formaldehyde was only detected in the cofeed
conditions.

Keywords: Molten salts; redox mode; oxidative coupling of methane; transition metal
halides/sodium metavanadate mixtures

1.Introduction

Selective functionalization of methane using molecular oxygen to give useful
products, i.e. methanol, formaldehyde and ethene, has been extensively investi-
gated [1-8]. However, much of the attention has been concentrated on using solid
heterogeneous catalysts. It has been shown that many different oxygen species are
present in molten salt mixtures [9-12], some of which may activate methane selec-
tively. Recently, only a few studies have been carried out using molten salts as cata-
lysts [13-18]. For example, ternary eutectic mixtures of Li,CO3, K,COj3, and
Na,COs3 have been reported in the patent literature to give 20% methane conver-
sion with 24% C, selectivity [18]. Lunsford et al. [15] have also reported 43%
methane conversion with 40% C, selectivity over lithium carbonate melts. How-
ever, the catalytic performance of molten salt mixtures under redox conditions has
not been reported. The absence of molecular oxygen under redox conditions would
be expected to reduce further oxidation of products and, therefore, high selectivity
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to useful products might be obtained. Also, the addition of chloride to catalyst sys-
tems can lead to higher C; selectivity and C,H4/C;Hg ratio [19-24]. Therefore,
we have also investigated the redox properties of molten mixtures containing
halides.

2. Experimental
2.1. CATALYST PREPARATION

The molten salt catalysts were all prepared from high purity reagents without
further purification. The components were mixed, ground, and melted in a furnace
at 800°C for 2 h (see tables 1-3 for individual catalyst). 2 g of the resulting mixture
was then transferred to the reaction vessel.

2.2. CATALYST REACTIONS

The catalyst testing apparatus is shown in fig. 1. The catalytic experiments
were carried out in a silica tube reactor of 120 mm in length and 8 mm i.d. Salt mix-
tures were melted in the reactor tube using a programmed temperature controlled
tube furnace. Reactant gases were bubbled to the molten salts via a thin stainless
steel tube. In order to reduce the extent of gas phase reactions, the dead volume
above the melt was minimized. The product gases were monitored by either a quad-
rupole mass spectrometer HP5971A or a UNICAM-PYE gas chromatograph. All
the exit tubes were heated to 120°C to avoid any product vapour condensation.
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Fig. 1. Diagram of the reactor used for the catalytic experiments.
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The GC was equipped with a gas sampling valve and flame ionization detector. In
order to detect carbon oxides a methanator containing a commercial nickel cata-
lyst was incorporated. The response factors for the different gases were determined
and taken into account in our results.

Experiments in the redox mode were performed as follows: Pure dioxygen at
5 ml min~! was bubbled through the melt for 10 min, and then the system was
flushed with dinitrogen at 10 mlmin~! for 10 min (until no residual oxygen could be
detected by the mass spectrometer). Finally methane was bubbled through the
melt at 10 m] min~!. The initial product gases were sampled for gas chromato-
graphic analysis 2 min after methane was introduced. The mass spectrometer was
used to monitor the product gases continuously.

Experiments in the cofeed mode were performed as follows: The methane and
dioxygen were premixed and bubbled through the melt. The total flow rate was
15 mlmin~! with a methane to oxygen ratio of 2 : 1.

2.3. CATALYST CHARACTERIZATION

The melt was quenched from the reaction temperature and a sample was trans-
ferred under inert atmosphere for electron paramagnetic resonance studies. The
spectrometer was a Varian E-line Century Series and was calibrated by DPPH (a,0-
diphenyl-B-picrylhydrazyl radicals) for which the g value is 2.0036.

3. Results and discussion

We have found that sodium metavanadate can form apparently homogeneous
molten mixtures with many transition metal compounds. The sodium metavana-
date melts at 630°C and gases are readily bubbled through the melt at the reaction
temperature. Analysis of the products 2 min after the methane had been intro-
duced to the pure melt showed that less than 2% of methane had been activated. It is
also found that more about 50% total C,, (surprisingly high Cj, selectivity of
~ 20%) was obtained over molten sodium metavanadate. The preferable forma-
tion of Cj, products over some types of oxide catalyst from methane and oxygen
reactions have been reported before [25], however, the mechanism is still not yet
known.

The data in fig. 2 show that addition of CoCl, to the molten metavanadate,
increased the methane conversion and the total C,, selectivity dramatically (Cs,.
decreased). For example, the methane conversion was 9.6% giving 68.9% total C,.,
selectivity (4% Cs.) when CoCl, was present in 0.33 molar in sodium metavana-
date. It is also interesting to note that higher concentrations of CoCl, enhanced
selectivity to ethene at the expense of ethane. The results suggest that molten mix-
tures of CoCl; in sodium metavanadate are very active for hydrocarbons activa-
tion.
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Fig. 2. Effect of the CoCl, concentration in the oxidative coupling of methane in CoCl,/NaVO;
melts at 750°C in redox mode. Initial methane conversion Ceg, () and product selectivities, CO
(4),CO, (M), CoHy (x), CHg (+), and Cy (#).

A number of mixed melts of transition metal chlorides/sodium metavanadate
(molar ratio of about 0.33) were tested under redox conditions. The data is shown
in table 1. Generally methane conversion was higher when transition metal chlor-
ides were present in the sodium metavanadate melt. The best result was obtained
using MnCl, which gave 12% methane conversion with 75% C,, selectivity.
Further, CuCl; gave a high initial methane conversion of 25.3% but the C,, selec-
tivity was poor.

Table 1
Transition metal halide/sodium vanadate mixture tested for the oxidative coupling of methane in re-
dox mode at 750°C

System? Conv. Product selectivities (%)

CH,

co CO; CH, CoH; others®

NaVO; 2.0 1.3 48.4 22.8 6.7 10.7(Cy)
CoCl,/NaVvO; 9.6 3.8 26.1 56.8 8.1 4.0(C3)
MnCl,/NaVOs 12.0 5.0 20.0 55.6 9.5 9.8(C3and Cy)
NiCl,/NaVO; 4.9 33 33.5 47.3 11.5 4.2(Cy)
MoCl,/NaVO, 6.7 5.4 45.0 40.8 6.2 2.6
CuCl,/NaVvO; 25.3 4.1 54.9 30.6 2.4 8.4(Csand Cy)

? The mixtures were pre-melted in a furnace at 800°C for 2 h. Amount used for the reaction 2 g, Tran-
sition metal halide/sodium vanadate molar ratio approximately 0.33.
b Others: C3 and C.
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It was found that the quenched samples from MnCl,/NaVO; melts gave after
exposure to oxygen a broad signal at g = 2.0705. This signal increased in intensity
about four times with samples which had been exposed to methane at the reaction
temperature and it reverted to the weaker signal when these reduced samples had
been retreated with oxygen gas. These observations suggest the more intense signal
is indicative of Mn(II) (d°) which is oxidised by added oxygen to a higher oxidation
state which gives rise to the weaker signal [26]. It is not clear whether Mn(III) or
other higher oxidation species have been formed in the oxidation, however, it is
beyond any doubt that molten MnCl,/NaVOj; can activate methane under the
given redox conditions.

Table 2 shows the methane conversions and product selectivities of melts
formed using different cobalt halides dissolved in molten sodium metavanadate.
Higher C, yield and especially higher C;H4/CyHg (ca. 7.0) associated with the addi-
tion of chloride anions was detected. The chloride effect has been extensively stud-
ied in methane activation over solid state catalysts, and is normally observed for
chloride only [19-24]. However, it is surprising to find that the C;H4/C;Hg ratio
found for melts containing bromide (ca. 6.3) is almost as high as for the chloride
melts. Continuously monitoring of the reaction products showed that small
amounts of HCI and methyl chloride were detected over the molten chloride cata-
lysts but only traces of methyl bromide and no HBr were detected over the bromide
rich molten salts. No enhancement of the ethene/ethane ratio (about 1.2) was
observed using catalyst melts containing added fluoride or iodide.

The molten halide catalysts have also been investigated under cofeed condi-
tions. The data in fig. 3 indicate that both chloride and bromide have a pronounced
effect on the ratio even under steady state cofeed conditions.

The data in table 3 show the comparison of the methane activation under redox
and cofeed conditions. Generally methane conversion was higher in our cofeed
mode than in redox mode (at the initial time of 2 min), presumably it is due to the
presence of very active, weakly adsorbed oxygen which existed only in the presence

Table2
Molten cobalt halide/sodium vanadate mixtures tested for the oxidative coupling of methane in re-
doxmodeat 750°C

System ® Conv.  Productselectivities (%)
CH, - -
CO COz C2H4 C2H5 others b C 2H4/ C2H5

CoCl,/NaVO; 9.6 3.8 26.1 56.8 8.1 4.0 7.0
CoBr,/NaVvO; 9.5 7.8 17.9 62.1 9.9 2.3 6.3
Col,/NaVvVO; 49 7.3 27.7 40.1 29.9 4.0 1.3
CoF,/NaVO; 1.9 0.8 50.8 26.4 22.8 - 1.2
Co(OH),/NaVO; 2.3 7.0 49.4 19.8 20.8 2.7 1.0

? Molar ratio approximately [CoX3]/[NaVOs| = 0.33. The mixtures were pre-melted in a furnace at
800°Cfor2 h. Amount used for the reaction2 g. '
% Others: C; and Cs.
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Fig. 3. Ethene/ethane ratio in the oxidative coupling of methane in CoCl,/NaVO; (), CoBr,/
NaVO; (#), and CoF,/NaVOs; (@) molten mixtures at 750°C in cofeed mode. (CH4/0; = 2, flow
rate = 15ml/min.)

of dioxygen. Pure gas phase methane and oxygen reactions have also contributed
to increase methane conversions in the cofeed mode. It should be noted that two
effects can be clearly observed. Firstly, the selectivity to products other than car-
bon oxides under the redox conditions was higher than under cofeed conditions

Table 3
Molten mixtures tested for the activation of methane in redox and cofeeding mode at 750°C
System ® Mode® Conv. Productselectivities (%) Yield
CH4 HCHO (%)
cO €O, GHs GCHg Ci; HCHO

gasphase® RO 0.3 11.2 362 308 13.3 52 - -

CF 25 35.1 59 195 21.3 88 7.6 0.19
B,03 RO 0.6 9.0 28 528 8.9 9.0 - -

CF 5.8 42.5 1.3 145 27.3 65 6.0 0.31
CuO/B;0; RO 1.3 11.2 362 308 13.3 52 - -

CF 9.8 509 108 11.0 16.7 58 46 0.45
CoBr,/ RO 9.5 78 179 621 9.9 23 - -
NavO; CF 334 429 220 29.8 3.3 2.0  traces traces

2 The mixtures were pre-melted in a furnace at 800°C for 2 h. Amount used for the reaction 2 g. [tran-
sition metal compound]/[oxide] molar ratio = 0.3.

b Mode: RO = redox and CF = cofeed mode (CH4/ O, ratio = 2/1, flow rate 15 ml/min).

© Empty silica tube. The methane conversion is very low and the formation of oxygenated products
is presumably due to the presence of very small amount of residual oxygen in the system.
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suggesting the over-oxidation of coupling products has been reduced. It can be
understood that the hydrocarbon products are more susceptible for further activa-
tion in the presence of molecular oxygen. Therefore, it is advantageous to use
redox conditions over cofeed conditions for obtaining a better hydrocarbon selec-
tivity under the same reaction temperature. However, the other interesting obser-
vation is that formaldehyde can be only detected in the cofeed mode. The pure gas
phase reactions and the molten boron oxide gave only 0.19 and 0.31% formalde-
hyde, respectively. CuO/B,03 gave 0.45% yield (not optimised) only under cofeed
conditions. The results agreed with the report of Otsuka et al. [27] that boric
oxide-based catalysts could give good yields of oxygenates in cofeed mode. It
should be noted that no oxygenates were detected in redox mode.

It is generally accepted that in heterogeneous catalysts, high temperature reac-
tions of methane proceed by formation of gaseous methyl radicals. These are
thought to arise by interaction of the methane with either adsorbed or lattice oxy-
gen. Ethane is formed by recombination of the methyl radicals. In our case, there is
no evidence to dispute the same mechanism which may have applied to our molten
vanadate mixture, though other mechanisms may also be involved to account for
the high selectivity of C;,. products. In addition, there is still unclear the mechan-
ism for the formation of oxygenates over catalytic surfaces [2]. Gesser et al. have
shown that pure has phase reactions of methane and oxygen can produce methanol
via radical reactions at 50 bar [3]. Recently Sun Refining and Marketing Co. has
shown that iron sodalite can catalyse the partial oxidation reaction of methane to
give higher selectivity to methanol than determined for pure gas phase reactions
under the same conditions [5]. Burch et al. [6,7] have demonstrated that formalde-
hyde can also be synthesised by the reaction of pure methane and oxygen at 1-5 bar.
Other workers have reported selective formaldehyde formation over their various
catalysts [2,4]. It should be noted that all the above reports of giving significant
amount of oxygenates are obtained under cofeed conditions. In this work no oxyge-
nates were observed over the molten mixtures under redox conditions. This con-
flicts with the expectation that higher selectivity of partial oxidation products
should be obtained in redox mode, which indicates that structural or chemically
bound oxygen does not act as the source of oxygen for the formation of oxygenates.
Therefore, it is postulated that the observed formation of formaldehyde only
under cofeed conditions may arise from the reaction between methyl radicals and
short-lived and weakly bound surface oxygen [28], or, from gas phase methylper-
oxy radicals and their subsequent reactions on the catalysts surface [6,7].

We have described the improved methane conversions in the presence of added
chloride. Previous studies of the chloride effect in oxidative coupling catalysis have
considered a role for chloride radicals formed from CH;CI [23] or HCI. Burch et
al. [19-21] and Lunsford et al. [24] argued that a surface reaction is more likely to
account for the chloride effect [19]. In this work we have found that not only chlor-
ide but bromide has a beneficial effect on C;H4/C,yHg ratio. The rates of halogen
radical gas phase reactions are significantly different for Cl and Br, for example,
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the rate constants of hydrogen abstraction from ethane by chlorine radical and bro-
mine radical are 1.86 x 10712 cm® molecule~! s~! [29] and 7.00 x 10~!! cm3 mole-
cule™! 571 [30] at 373 K, respectively. In consequence, it is not likely that the two
halogen radicals will produce comparable effects. Therefore, we suggest that
enhanced selectivity and higher ethene to ethane ratio observed in the C1~ and Br~
rich melt reactions arise from surface reactions,

4, Conclusions

Molten salt mixtures have been tested for methane activation in redox condi-
tions. The melts which include transition metal salts are reduced by methane and
can be reoxidised. It is found that both chloride and bromide can enhance the
ethene to ethane ratio to a similar extent in the cobalt halides/sodium metavana-
date molten salt mixtures. It is concluded that surface modification by halogens to
give a specific oxygen species in the melt that will dehydrogenate ethane to ethene
accounts for the higher ethene/ethane ratio. In addition, formaldehyde has only
been detected in cofeed conditions suggesting stable chemically bound oxygen (in
the absence of dioxygen) is not the active oxygen species for oxygenate formationin
boric oxide based molten salt systems.
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