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Catalytic chlorination of methane was studied over SO2-/ZrO2, Pt/SO~-/ZrO2, and 
Fe/Mn/SO~-/ZrO2 solid superacid catalysts. The reactions were carried out in a continuous 
flow reactor under atmospheric pressure, at temperatures below 240~ with a gaseous hourly 
space velocity of 1000 ml/g h and a methane to chlorine ratio of 4 to 1. At 200~ with 30% 
chlorine converted the selectivity in methyl chloride exceeds 90%. At more elevated tempera- 
tures, the selectivity decreases but stays above 80% in methyl chloride at 225~ using the sul- 
fated zirconia catalysts. The selectivity can be enhanced by adding platinum to sulfated 
zirconia catalysts. An iron and manganese-doped catalyst exhibited excellent selectivities at 
somewhat lower conversions. Methyl chloride is obtained at 235~ in selectivities greater than 
85%. No chloroform or carbon tetrachloride is formed. The electrophilic insertion involves 
electron-deficient metal-coordinated chlorine into the methane C-H bond. 
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1. Introduction 

Activation of methane is a field of intensive research activity. Electrophilic con- 
versions [1,2] are promising possibilities since they provide feasible routes to selec- 
tive transformation of methane to higher hydrocarbons and to selective 
monofunctionalization [1]. Radical reactions, in contrast, are rather non-selective. 
An important approach, the oxidative coupling of methane, has been studied exten- 
sively [3-6]. Although significant improvements have been achieved, it is still far 
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from industrial application. Radical chlorination of alkanes possessing different 
carbon-hydrogen bonds yields all possible monochlorinated isomeric products 
[7-9] whereas chlorination of hydrocarbons with a single type of carbon-hydrogen 
bond, such as methane, leads to a mixture of mono- and polychlorinated prod- 
ucts. Using conventional methane chlorination large excess of methane is needed 
(methane to chlorine ratio of at least 10 to 1) to produce selectively methyl chloride 
in radical reactions (thermal or photochemical) [10]. The selective catalytic mono- 
chlorination of methane, therefore, remains a significant subject of investigations 
since still no proven commercial process is available. 

Methane chlorination is catalyzed in solution by [PtC14] 2- systems [11]. The 
Pt(II) complex activates the C-H bond of methane and the electrophilic insertion 
into the platinum complex proceeds through a methylplatinum intermediate. 
Further oxidative chlorination by Pt(IV) yields methyl chloride. Under superacidic 
conditions methane reacts with SbFs/C12 in SO2C1F at -78~ to give methyl chlor- 
ide in high selectivity but the conversion is very low [12]. No other chloromethanes 
are observed. Catalytic heterogeneous gas-phase chlorination of methane has also 
led to methyl chloride with high selectivity. Methyl chloride was obtained in selec- 
tivities greater than 96% in a continuous flow system over solid superacids such as 
TaFs/Nafion-H, SbFs/graphite or with supported noble metals like Pt/A1203, 
and Pd/BaSO4 [13]. No chloroform or carbon tetrachloride was observed. Zeolites 
have also been investigated as catalysts for the chlorination of methane [14]. They 
show high initial selectivity (~ 100%) in methyl chloride above 325~ but lose their 
selectivity after 5 h on stream due to aluminum extraction from the framework of 
the zeolite by hydrogen chloride. Zeolites with higher acidity gave better selectivity 
at lower temperature. It was suggested that in the presence of chlorine molecules 
Bronsted sites of zeolites are transformed to chlorooxonium ion sites where the de 
facto electrophilic chlorination takes place. These studies showed that strong 
acidic catalysts promote electrophilic chlorination of methane at relatively low 
temperature. Hydrogen chloride formed as by-product of the chlorination affects 
the life time of the catalysts. 

Sulfate containing metal oxides are known to be solid superacids used in various 
reactions (cracking, isomerization, alkylation, acylation, esterification, polymeri- 
zation, oligomerization, oxidation) [15]. Amongst the metal oxides zirconia 
showed the highest acidity strength (H0 = -16 determined with Hammett indica- 
tors) [16]. A recent study of the sulfated zirconia using a spectrophotometric 
method showed that its surface acidity is H0 ~ -12 [17]. Addition of platinum [18] 
or iron and manganese on these precursors gives more active solids [19]. 

Now our studies show that sulfur promoted zirconium oxide solid superacids 
selectively catalyze the electrophilic chlorination of methane at temperatures 
below 240 ~ The influence of the addition of metal ions to sulfated zirconia in the 
chlorinations was also studied. 
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2. Experimental 

2.1. PREPARATION OF CATALYSTS 

The catalysts used are presented in table 1. The sulfated zirconia catalysts were 
prepared as follows. ZrOC12.8H20 or ZrO(NO3)2.xH20 (from Aldrich) was 
hydrolyzed with excess of 28% aqueous ammonia to reach pH 10.5. The precipitate 
was washed with distilled water, dried at 110~ overnight to obtain Zr(OH)4 and 
impregnated with an appropriate amount of a 0.5 M solution of (NH4)2SO4 to 
achieve the given nominal loadings (4, 6, 9, or 15 wt%) of sulfate ions and then eva- 
porated to dryness. The solids were calcined under air flow by raising the tempera- 
ture at a rate of 3.3~ to 575 or 600~ and maintained at that temperature 
for3 h. 

Platinum was loaded into the sulfated zirconium hydroxide previously dried at 
110~ by impregnation with a solution of H2PtC16.xH20. The precursor was dried 
and calcined at 600~ for 3 h under air flow. 

1.5 wt% Fe/0.5% Mn/4% SO]-/ZrO2 was obtained by impregnating dried 
Zr(OH)4 with 0.25 M Fe(NO3)3, 0.1 M Mn(NO3)2, and 0.5 M (NH4)2SO4 solu- 
tions, respectively, calcining the precursor at 725~ for 1.5 h under air flow. 

2.2. REACTANTS 

The reactants used were methane (UN-1971) with minimum purity of 99.0% 
and chlorine (UN-1017-RQ) with minimum purity of 99.5% both purchased from 
Matheson. 

2.3. REACTOR AND EXPERIMENTS 

Experiments were performed 

Table 1 
Catalysts used 

in a fixed-bed, continuous flow reactor 

Catalyst Source Calc. t emp.  Pretreat. temp. 
material (~ (~ 

X% SO]-/Zr02 (X = 4, 9, 15) 

6% SO 2-/ZrO2 

r% vt/x% so~-/z~o2 
((Y,x) = (0.5,8) or (1.5,4)) 

1.5% Fe/0.5% Mn/4% SO]-/ZrO2 

ZrOC12.SH20 600 350 

ZrO(NO3)2.xH20 575 350 

ZrOC12-8H20 600 350 
H2PtC16-xH20 

ZrOC1E.8H20 725 450 
Fe(NOa)3.9H20 
Mn(NO3)2 50% sol. 
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(400 x 12 mm pyrex glass tube) operating under atmospheric pressure and electri- 
cally heated with a Thermolyne furnace. The pathway of chlorine was shielded 
from light. 

In all the experiments about 3 g of catalyst was loaded in the reactor and pre- 
treated for 1 h in a flow of air prior to the reaction. The pretreatment temperature 
was 450~ for the sulfated zirconia doped with iron and manganese, and 350~ 
for the other catalysts. 

The reactor was then set at the reaction temperature and fed with methane and 
chlorine at a gaseous hourly space velocity of 1000 ml/g  h. The products were ana- 
lyzed by GC using a 30 DB-1 capillary column and a flame ionization detector. 

3. Results  and discuss ion 

The results of the heterogeneous catalytic chlorination of methane carried out 
between 200 and 235~ over zirconium oxide loaded with 4, 6, 9, and 15% SO ]-  
(at a GHSV of 1000 ml/g  h) are shown in table 2. From these data it can be seen 
that conversion (based on chlorine) increases with increasing temperature while 
selectivity decreases. These results contrast those over zeolite catalysts. Bucsi and 
Olah [14] working with various zeolites showed that both selectivity and conver- 
sion increase with temperature and selective monochlorination occurred even 
above 325~ 

Table 2 
Chlorination of methane over SO ]- /ZrO2 catalysts (CH4/C12 4 : 1) 

Catalysts React. temp. React. time Conversion a 
X% SO~-/Zr02 (~ (h) (%) 

Product distribution (%) 

CH3C1 CH2C12 CHC13 

X = 4  200 6 31 91 9 
225 7 59 82 18 trace 
225 b 7 55 83 17 trace 

X =  6 200 7 27 91 9 
225 7 44 86 14 

X = 9  200 5 29 92 8 
225 7 69 80 20 <0.4 
235 4 95 70 27 2 e 

X =  15 235 1 91 72 26 2 
5 80 75 24 1 

a Based on chlorine. Conversion is averaged over the duration of the 
not exceed 3%. 

b Calcined at 650~ 
e 1% ethane was observed. 

experiment where changes do 
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Table 2 also shows that at 200~ the conversions are about 30% with selectivities 
of 91-92% in methyl chloride. Neither chloroform nor carbon tetrachloride is 
detected. The amount of sulfate ions on zirconium oxide had little effect on the 
activity of the catalysts. 

At 225~ the selectivity is 80-86% in methyl chloride, the balance being methyl- 
ene chloride. Traces of chloroform are observed. 4% SO ]-/ZrO2 catalysts calcined 
at 600 and 650~ showed identical selectivity. However, the conversion is some- 
what higher for the former. The catalyst with 6% SO ]- calcined at 575~ showed 
the highest selectivity in methyl chloride (86%). Comparing the catalysts contain- 
ing 4% SO ]-  and 9% SO ]- made from the same starting material and calcined at the 
same temperature (see table 1), an increase in the conversion from 59 to 69% was 
observed by increasing the sulfate ion content, the product distribution in both 
cases remained very close. 

At 235~ the conversion of chlorination is 95% with methyl chloride obtained 
in 70% yield, with 27% methylene chloride and 2% chloroform. The activity of 15% 
SO]-/ZrO2 decreased gradually with time. The conversion dropped from 91 to 
80% after 5 h on-stream, but the product distribution practically remained 
unchanged. In fact, sulfated zirconia exhibits superacidity with sulfate contents 
ranging from 1 to ,,~ 8% [18]. The surface activity of the sulfate-containing metal 
oxides depends on the type of reaction, the sulfate source, the amount of sulfate 
ions, the calcination temperature, and starting material [15,16,18,20,21]. 

Table 3 summarizes data on the chlorination of methane over sulfated zirconia 
loaded with platinum or iron and manganese. Surprisingly, these catalysts are less 
active than the metal-free sulfated zirconia catalysts. However, their selectivity in 
methyl chloride is substantially improved. It is worth to mention that, in contrast 
to metal-free sulfated zirconia catalysts, chloroform and carbon tetrachloride were 
not formed even at 235 ~ The selectivity in methyl chloride was enhanced by treat- 

Table 3 
Chlorination of methane over supported metal sulfated zirconia catalysts (CH4/C12 4 : 1) 

Catalysts React. temp. React. time Conversion a 
(~ (h) (%) 

Product distribution (%) 

CH3C1 CH2C12 

1.5% Pt/4% S02- /Zr02  210 7 27 93 7 
235 7 60 81 19 
235 b 5 50 86 14 

0.5% Pt/8% SO]-/ZrO2 235 5 43 88 

1.5% Fe/0.5% Mn/  200 7 5 100 
4% SO]- /ZrO2 215 7 12 99 

235 7 39 90 

12 

1 
10 

a Based on chlorine. 
b Reduced at 175~ for I h, CH4/C12/H2 4.3 : 1 : 1, GHSV 1260 ml /g  h. 
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ing the 1.5% Pt/4% SO2-/ZrO2 catalysts in hydrogen. Also, 0.5% Pt/8% 
SO2-/ZrO2 containing less platinum and more sulfate ions is slightly more selec- 
tive than 1.5% Pt / 4% SO42-/ZrO2. Pt/SO 2-/ZrO2 catalysts were shown to exhibit 
higher activity as well as long lifetime for pentane isomerization in presence of 
hydrogen [22]. It was proposed that the dissociation of hydrogen on Pt results in the 
formation of Bronsted acid sites. Among all the catalysts studied, 1.5% Fe/0.5% 
Mn/4% SO2-/ZrO2, known as the most active non-halide solid for butane isomeri- 
zation [19], was found to be the least active, but the most selective for the chlorina- 
tion of methane. This catalyst was almost inactive at 200~ with only 5% 
conversion and gave 40% conversion at 235~ with 90% methyl chloride. As 
already mentioned, no chloroform or carbon tetrachloride was observed. 

All catalysts maintained their activity during the experimental runs except 15% 
SO2-/ZrO2. If not noted otherwise (see tables 2-4), traces of ethane were observed. 
At 235~ brownish-red deposits (sublimation of FeC13 and MnC12) were observed 
at the bottom end of the reactor after the reaction with 1.5% Fe/0.5% Mn/4% 
SO2-/ZrO2 catalyst. A slight yellowish deposit at 225~ more intense at 235~ 
was also observed with the other catalysts. 

The effect of the methane to chlorine ratio over 9% SO 2-/ZrO2 was investigated 
at 225 and 235~ with a GHSV of 1000 ml/g h. The results are presented in table 
4. It can be seen that at 225~ product distributions are almost identical for 
CH4/C12 ratios of 6 : 1 and 8 : 1 and only slightly different for CH4/C12 ratio of 
4: 1. No chloroform or carbon tetrachloride were formed for CH4/C12 ratios 
higher than 4 : 1. At 235~ the product distribution is significantly different with 
CH4/C12 ratios of 4 : 1 to 7 : 1. No chloroform or tetrachloride is produced in the 
latter. Significant changes in product distributions with the methane to chlorine 
ratios are characteristic of radical reactions. Although free radical reaction cannot 
be completely ruled out at 225~ it decisively seems more important at 235~ 

The strong acidity of the zirconium cation in sulfated zirconia is due to the 
inductive effect of the S=O or s~O bonds in the sulfur complex [18,21,23,24] ~o 
(scheme 1). The chlorination mechanism might be identical to that previously sug- 

Table 4 
Effect of CH4/C12 ratios on the chlorination of methane over 9% SO 2-/ZrO2 catalyst 

CH4/C12 React. temp. Conversion ~ 
(oc) (%) 

Product distribution (%) 

CH3C1 CH2C12 CHC13 

4 : 1  225 69 80 20 <0.4 
6 : 1  225 76 86 14 
8 : 1  225 88 87 13 
4 : 1  235 95 70 27 2 b 
7 : 1  235 97 85 15 

a Based on chlorine. 
b 1% ethane was observed. 
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gested by Olah et al. [13] for the halogenation of methane over oxyhalide or sup- 
ported Lewis superacid catalysts. C12 is polarized at the Lewis centers of the cata- 
lysts and chlorination of methane takes place under electrophilic conditions 
(scheme 1. For the sake of simplicity only the S~oo bond structure suggested by 
Tanabe et al. [18] is shown). 

With Pt/SO]-/ZrO2 solids an additional mechanism similar to the mechanism 
suggested by Olah et al. [13] for the halogenation of methane over Pt/A1203 could 
take place. Electrophilic insertion by Pt(II) chloride, however, cannot be excluded. 
Dichloromethane or chloroform is formed by further chlorination of methyl chlor- 
ide and methylene chloride, respectively. The presence of chloroform (no carbon 
tetrachloride was observed) does not exclude the possibility of free radical reaction 
initiated by hydrogen abstraction competing with the electrophilic insertion. 
Below 250~ chlorination of methane over glass powder (radical reaction) is how- 
ever negligible [14]. Olah and Houk [1] have shown that the energy difference 
between the singlet-triplet state of positive halogens favors the electrophilic halo- 
genation of methane but the complexity of the system may involve radical ions even 
under conditions where radical reactions are not expected [25]. 

In conclusion, the electrophilic chlorination of methane catalyzed by sulfated 
zirconia at temperatures below 225~ gives a selectivity of greater than 80% in 
methyl chloride. Above 225~ chloroform is formed, but no carbon tetrachloride is 
observed. Addition of metal ions to sulfated zirconia improves methyl chloride 
selectivity but the conversion is lower. No chloroform or carbon tetrachloride is 
formed even at 235~ Although the catalysts maintained their activity (except 
15% SO]-/ZrO2) over the usually experimental 5-7 h, metal chlorides are slowly 
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r e move d  at  225~ and  above  f rom the solids by hydrogen  chloride as indica ted  by 
depos i t  f o r m a t i o n  at  the end  of  the reac tor  tube. The electrophil ic  ch lo r ina t ion  is 
cons idered  to proceed  by  inser t ion o f  a z i r con ium-coord ina ted  electrophil ic  chlor- 
ine species o r / a n d  electron-def ic ient  meta l  into the m e t h a n e  C - H  b o n d  fo l lowed 
by  chlor inol i t ic  cleavage to give me thy l  chloride.  Subsequent  reac t ion  o f  me thy l  
chlor ide  gives me thy lene  chloride.  
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