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Investigation of the reaction mechanism of chloromethane on ZSM5 is a new topic. In this 
work an in situ FTIR technique was employed to study the conversion processes of chloro- 
methane, the active sites on HZSM5, and the desorption state of surface species. The catalytic 
conversion of chloromethane to higher hydrocarbons was also studied. It is demonstrated 
that chloromethane can be reversibly adsorbed on acidic sites of HZSM5 at room temperature. 
At 100~ chloromethane is irreversibly and dissociatively adsorbed on the strong acidic sites 
of HZSM5, on which surface methoxyl is formed as proved by infrared characteristic C-H 
stretchings of-CH3 at 2960 and 2870 cm -1. Alkoxyls are produced and adsorbed on the cat- 
alyst surface as characterized by the infrared absorption bands of -CH2-  groups at 1460 and 
2930 era -1. At 100~ the adsorbed methoxyl and alkoxyls are the main surface species, and a 
small amount of aromatics might exist as detected by a characteristic absorption band at 
1510 cm -1. Between 100 and 200~ the adsorbed surface methoxyl and alkoxyls are converted 
to aromatics, and the occupied OH groups partially appear. At temperature higher than 
300~ the adsorbed aromatics are thermally desorbed into the gas phase. Aromatics and 
alkanes are the main products in catalytic conversion. These results reveal that the formation of 
aromatics from methoxyl and alkoxyls is easier than the desorption of aromatics from 
HZSM5 catalyst. An alkoxyl mechanism is proposed for the conversion of chloromethane on 
HZSM5 based upon the experimental results and the three assumptions: (a) The primary C-C 
bond is formed from surface methoxyl groups via the methoxyl group polarization and C-H 
bond weakening. (b) The adsorbed alkoxyls are converted to aromatics via hydrogen transfer 
and bond rearrangement similar to the conventional carbenium ion mechanism for the aroma- 
tization of olefins and alkanes on HZSM5. The hydrogen atoms from the aromatization stimu- 
late the desorption of alkoxyls to alkanes. (c) At temperature higher than 300~ surface 
reactions and desorption of adsorbed species take place simultaneously, determining the prod- 
uct distribution in the catalytic conversion. 
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1. Introduction 

The large amount of natural gas (mainly methane) has led to extensive research 
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programs [1-3]. It has been demonstrated [427] that methane can be catalytically 
chlorinated or oxychlorinated to chloromethane, which can be converted into 
higher hydrocarbons over HZSM5 catalyst. The methane conversion processes via 
chloromethane show several advantages: low energy input, high methane conver- 
sion, high hydrocarbon yield and moderate reaction temperature (300-500~ The 
conversion of chloromethane to higher hydrocarbons on HZSM5 gives a similar 
product distribution as the conversion of methanol on HZSM5. It was claimed that 
a similar reaction pathway on the catalyst surface would be followed in these two 
cases [1,6]. 

The conversion of methanol to higher hydrocarbons has been extensively studied 
for searching an alternative way to obtain high octane gasoline from coal or natural 
gas rather than from petroleum [8-12]. It has been demonstrated that formation 
of dimethyl ether intermediate is the first step for methanol conversion on HZSM5 
[8]. Concerning the C-C bond formation from C1 fragments three types of mechan- 
isms have been proposed, (a) carbene mechanisms [9,10], i.e., the C-C bond is 
formed via carbene (:CH2) intermediates, (b) cation mechanisms [11], i.e., the C-C 
bond is formed via cation intermediates (-CH3) and (c) methyloxonium ion 
mechanism [12,13], i.e. the C-C bond is formed from trimethyloxonium ions 
(CH3)3 O+ or similar methyloxonium species. Among the three mechanisms the 
carbene mechanism has been widely accepted because of its consistency with 
experimental evidence [8-10]. The methyloxonium ion mechanism has also been 
accepted because the first step of the methanol is via dimethyl ether intermediates 
[8,12,13]. However, the true mechanism of the initial C-C bond formation from 
methanol is an unresolved question due to insufficiency of direct experimental evi- 
dence [8-13]. 

The conversion of methane to higher hydrocarbons via chloromethane has sev- 
eral advantages over other routes for chemical utilization of the abundant natural 
gas. But seldom fundamental works have been reported on this process. The reac- 
tion mechanism of chloromethane on HZSM5 remains unknown except for its 
similarity with the conversion of methanol inferred from the product distribution 
in these two cases [1,6]. The first step of the conversion of chloromethane is not via 
the dimethyl ether intermediates. Thus the methyloxonium ion mechanism can be 
ruled out. The presence of CH1 in the reaction system makes it impossible for the 
carbene mechanism to be accepted, for which abstraction of a proton from the 
methyl group by basic sites is essential [8-10]. 

2. Experimental 

NaZSM5 zeolite was synthesized by the inorganic ammonia method using 
SiOz/A1203 with a ratio of 38. The NaZSM5 powder was calcined in air at 500~ 
The ion exchange of the NaZSM5 with 1.5 N HC1 solution under stirring at 80- 
90~ was repeated four times. The sample was washed with deionized water until 
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no chloride ions were detected anymore, then dried at 120~ calcined in air at 
500~ to obtain the acidic HZSM5. A HZSM5 wafer of about 10 mg/cm 2 was pre- 
pared for the infrared experiments. The HZSM5 catalyst was pelletized and sieved 
to 2 0 4 0  mesh for each run. 

The infrared spectra were recorded at ambient temperature on a Nicolet Fourier 
transform infrared spectrometer. A wavenumber range between 400 and 
4000 cm -1 was scanned with a resolution of 4 cm -1. Each spectrum was obtained 
with 200 scans. A vacuum system was equipped for in situ adsorption and pretreat- 
ment. Chloromethane was introduced under a certain vacuum. It was purified 
with 5A zeolite, and degassed by repeatedly freezing, pumping, and thawing. 

Two adsorption procedures were followed. Procedure I was the adsorption of 
chloromethane at different temperatures. (a) The HZSM5 wafer was loaded in the 
cell and heated in flowing air to 450~ then pumped to 1 x 10 -4 Torr. After the 
in situ pretreatment the cell was sealed and cooled to ambient temperature for 
recording the infrared spectrum of the activated HZSM5. (b) The HZSM5 wafer 
was heated to ambient temperature and pumped to 1 x 10 -4 Torr. (c) 100 Torr of 
chloromethane was introduced into the cell at a given temperature for recording 
the infrared spectra of species both in the gas phase and in adsorbed state. (d) The 
infrared cell was pumped at ambient temperature to 1 x 10 -2 or 1 x 10 .4 Tort. 
(e) The wafer was regenerated as described in step (a) for the next run. 

Procedure II was designed to observe the changes of the adsorbed surface species 
with temperature. (a) The HZSM5 wafer was pretreated in the same way as 
described in procedure I. (b) After pretreatment the HZSM5 wafer was heated to 
100~ and pumped to 1 x 10 -4 Torr. (c) 100 Torr of chloromethane was intro- 
duced into the infrared cell at 100~ After 10 min of adsorption the infrared cell 
was pumped at the same temperature to 1 x 10 -2 Torr, followed by sealing and 
cooling to ambient temperature for recording the spectrum. (d) The sample wafer 
was heated and pumped simultaneously to a given temperature and 1 x 10 -2 Torr. 
Before scanning the HZSM5 wafer was regenerated as step described in (a) for the 
next run. 

The catalytic conversion of chloromethane to higher hydrocarbons was per- 
formed in a conventional flow fixed bed reactor with an on-line GC, which was 
equipped with a Poropak Q column and a FID detector. The product analysis was 
performed with a temperature programmed method from 50 to 200~ The reaction 
conditions were as follows: 0.100 g of HZSM5 catalyst (204-40 mesh), He/CH3C1 
-- 5, FCH3Cl = 10 ml/min,  at reaction temperatures 250-450~ 

3. Results and discussion 

3.1. ACTIVE SITES AND ADSORPTION STATES 

As shown in fig. 1, d two absorption bands appear at 3720 and 3608 cm -I, which 
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Fig. 1. Reversible adsorption of cbloromethane on HZSM5. HZSM5 was pretreated at 450~ and 
1 x 10 -4 Torr. Adsorption was performed at ambient temperature. 100 Torr of chloromethane was 
introduced. (a) Spectrum of species both in gas phase and in adsorbed state, (b) pumped to 

1 x 10 -2 Torr, (c) pumpedto 1 x 10 -4 Torr, (d) pretreatedHZSM5. 

are typical O H  absorpt ions  of  H Z S M 5  [14]: the absorp t ion  at 3720 cm-1 is assigned 
to the stretching of  O H  groups  associated with Si a toms (Si-OH),  and  the absorp-  
t ion at  3608 cm -1 is assigned to the stretching of  O H  groups  br idge-connected 
between Si and  A1 a toms  (Si-OH-A1).  The pyridine adsorp t ion  exper iment  has 
shown tha t  bo th  kinds of  OH groups  are Bronsted  acidic sites, and that  the sites at  
3608 cm -1 are s t rong [15]. 

The  infrared spectra of  ch loromethane  species in the gas phase and in the 
adsorbed  state are shown in fig. 1. I t  is seen tha t  bo th  o f the  two kinds  of  O H  stretch- 
ings disappear  at  the same t ime (fig. 1, a), which indicates tha t  ch lo romethane  is 
adsorbed  on bo th  kinds of  acidic sites at  r o o m  temperature .  The infrared spec t rum 
of  the adsorbed  CH3C1 (fig. 1, a) is similar to that  of  pure  ch lo romethane  in the 
gas phase and no new absorp t ion  bands  were detected at r o o m  temperature .  W h e n  
the infrared cell was p u m p e d  at  r o o m  tempera ture  to 1 x 10 -2 Tor r  (fig. 1, b), of  
1 x 10 - 4  Torr  (fig. 1, c), it was found  tha t  all of  the ch loromethane  desorbs and the 
two O H  absorpt ions  appear  as in their original state (fig. 1, c, d). N o  HC1 was 
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detected in the desorbed gas meaning that the adsorption of chloromethane on 
HZSM5 at room temperature is a reversibly undissociative adsorption. 

The infrared spectra of the adsorbed chloromethane on HZSM5 at 100~ are 
shown in fig. 2. Comparing fig. 2, a with fig. 1, a, a new absorption band is seen to 
appear at 1510 cm -1, and the absorption band at 1460 cm-1 increases considerably. 
When the cell was pumped to 1 x 10 -2 Torr (fig. 2, b) or 1 x 10 -4  Torr (fig. 2, c), 
chloromethane was still adsorbed on the surface (fig. 2, b and c). Hydrogen chloride 
was also detected in the exit gas desorbed. These results indicate that under this con- 
dition chloromethane can irreversibly and dissociatively chemisorb on HZSM5. 

It is seen that the OH stretching at 3720 cm-1 appears after pumping, but the OH 
stretching at 3608 cm -1 does not (fig. 2, b, c). When the wafer was heated to 400~ 
and pumped to 1 x 10 -4  Torr, all of the adsorbed species desorbed. The absorption 
at 3608 cm -1 appears and the infrared spectrum of HZSM5 changes to its original 
form (fig. 1, d and fig. 2, d). Thus it may be concluded that the irreversibly dissocia- 
tive adsorption ofchloromethane on HZSMT takes place on the acidic sites bridge- 
connected between Si and A1 atoms. This is consistent with the pyridine adsorption 
experiment revealing that OH groups at 3608 cm-1 are strong acidic site s [ 15]. 
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Fig. 2. Irreversible adsorption of chloromethane on HZSM5. The conditions are the same as in 
fig. 1, except that the adsorbate was introduced at 100~ and for curve (d) the sample was heated to 

400~ 
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In this work, the standard and literature infrared spectra were used as references 
(table 1). The absorption bands at 2960 and 2870 cm -1 are assigned to the asym- 
metric and symmetric C - H  stretchings of the adsorbed methoxyl (CH3-O-Z).  The 
absorption bands at 2930 and 1460 cm -1 are assigned to the asymmetric stretching 
and bending of the -CH2-  groups in the adsorbed alkoxyls (CH3-(CH2)n-CH2- 
O-Z). The absorption band at 1510 cm -1 is assigned to the C---C stretching of  the 
adsorbed aromatics. 

It  is thus concluded that  the dissociative chemisorption of chloromethane on 
HZSM5 at 100~ produces three types of  adsorbed surface species, methoxyl,  
alkoxyls and aromatics. The existence of alkoxyls can be indicated by the infrared 
absorption band at 1460 cm-1, which is generated by the bonding o f - C H 2 -  groups. 
In this work methoxyl and alkoxyls are presented as two kinds of  surface species 
that  emphasize the dissociative adsorption state of chloromethane and the C - C  
bond  formation process. 

F rom the above mentioned results and discussion, the chemisorption of  chloro- 
methane on HZSM5 can be schemed as follows: 

surface reactions 

Si Si 
/ r.t. / 

C H 3 C I + H - - O  ) CH3CI" " �9 H - - O  (1) 

Table 1 
Infrared vibrational frequencies of species 

Group Literature a Experimental Assignment 

-CH3 v(C-H) 2960as 2870s 2960as 2870s methoxyl 
6(C-H) 1450as 1375s 1380s 

-CH2- v(C-H) 2925as 2850s 2930as alkoxyls 
6(C-H) 1465 1460 

=CH2 v(C-H) 3020 3020 olefins 
6(C-H) 1410in 890out 

c = c  u(c=c) 

OH v(O-H) 

1650 alkene 
1496 toluene 
1520p-xylene 

3740 Si-OH 
3608 Si-OH-A1 
3650 alcohol 

1510 aromatics 

3720 HZSM5 
3608 

a Refs. [22,23]. 
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Si Si Si 

CH3C1 "H - 0  / 0 / > �9 " - > C H 3 " - C I ' " H " "  CH3--O / +HC1 
\A1 \A1 \A1 

(2) 

The reactions of the adsorbed species were first examined by the chemisorption of 
chloromethane on HZSM5 at different temperatures (procedure I). Chloro- 
methane was introduced into the infrared cell and adsorbed on the HZSM5 wafer 
at a given temperature, then the infrared cell was sealed and cooled to room tem- 
perature for recording the infrared spectrum. The infrared spectra of species in the 
gas phase and in adsorbed state are shown in fig. 3. Comparing fig. 3, a with 
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Fig. 3. Infrared spectra of species in both gas phase and adsorbed state at different temperatures: 
(a) IO0~ (b) 200~ (c) 300~ (d) 400~ (e) 500~ 



82 X.-R. Xia et aL / Chloromethane conversion on H Z SM 5 catalyst 

fig. 1, a it is seen that, at 100~ a new absorption band appears at 1510 cm -1 and 
the band at 1460 cm -1 increases obviously. In fig. 3, b, the absorption band at 
1510 cm -1 increases significantly. The broad absorption band at 3480 cm -1 is also 
enlarged. The positions of all of the absorption bands are the same as those of spe- 
cies adsorbed at 100 ~ The infrared spectrum of the adsorption at 300~ is similar 
to the spectrum of adsorption at 200~ (fig. 3, b, c). The infrared spectrum of the 
adsorption at 400~ however, changes apparently (fig. 3, d). Three new absorp- 
tion bands at 3130, 3080 and 3020 cm -1 appear. The existence of absorption bands 
between 3100 and 3000 cm -1 is usually a criterion of the existence of unsaturated 
hydrocarbons [14]. The absorption band at 3020 cm -1 is assigned to the stretching 
of = C - H  in olefins (table 1). The weak absorption bands at 3130 and 3080 cm -1 
are attributed to the C-H stretching of aromatics. When the adsorption was per- 
formed at 500~ the HZSM5 wafer became black rapidly and the absorption band 
at 1510 cm -1 disappears. This indicates the formation of coke on the catalyst sur- 
face. The absorption bands at 1560 and 1380 cm -1 become marked (fig. 3, d) which 
is suggested to be related with the formation of surface coke [14]. 

After recording the infrared spectra of species in the gas phase and in adsorbed 
state the infrared cell was pumped at room temperature to 1 • 10 -4 Torr. As shown 
in fig. 4, the dissociative chemisorption of chloromethane occurs at 100~ 
(fig. 4, a). At 2960 and 2870 cm -1 two absorption bands appear, which are 
ascribed to the asymmetric and symmetric stretching of C-H bonds in -CH3 
groups. The absorption bands at 2930 and 1460 cm -1 are ascribed to the C = C  
stretching of aromatics. Comparing the spectra of the adsorption at 200~ with 
that of adsorption at 100~ one can see that, in the former spectrum, the absorp- 
tion band at 1510 cm -1 is very strong, the absorption band o f - C H 2 -  groups at 
1460 cm -1 decreases significantly. The absorption bands between 2960 and 
2870 cm -1 also decrease. The absorption bands of-CH3 at 2960 and 1380 cm -1 are 
comparatively stronger than those o f - C H 2 -  groups at 2930 and 1460 cm -1. The 
broad absorption band at 3480 cm -1 becomes broader and larger. These compli- 
cated changes of the bands indicate that surface reactions of the adsorbed species 
occurred when the temperature increased from 100~ to 200~ It has already been 
demonstrated that the adsorbed species at 100~ are methoxyl, alkoxyls and aro- 
matics. The infrared spectra clearly indicate that the surface methoxyl and alkoxyls 
were converted to aromatics when the temperature increased from 100~ to 
200~ 

The reactions of adsorbed species are very sensitive to the temperature between 
100 and 200 ~ C. This is seen by comparison of the absorption band o f -CH2-  groups 
at 1460 cm -1 with that at 1510 cm -1 (fig. 5). As the temperature increases the 
absorption band at 1510 cm -1 increases sharply at the expense of the absorption 
band at 1460 cm -1 . At 200~ aromatics seems to be the overwhelming surface spe- 
cies. As pointed out in the previous section, there have already been methoxyl, 
alkoxyls and aromatics on the catalyst surface at 100~ where the dissociative 
adsorption of chloromethane began (fig. 2). From the infrared adsorption intensi- 
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Fig. 4. Infrared spectra of species of adsorbed chloromethane at different temperatures: (a) 100~ 
(b) 200~ (c) 300~ (d) 400~ (e) 500~ 

ties of the adsorbed species it is known that the amount of aromatics is small; the 
main adsorbed surface species are methoxyl and alkoxyls. The formation of aro- 
matics at 100~ is assumed to be due to the heterogeneous features of the active 
sites on zeolite catalysts. The existence of alkoxyls and aromatics reveals that the 
primary C-C bond has been formed at 100~ and with the increase in temperature 
up to 200~ more C-C bonds are formed, the C-C chain lengths grow longer (see 
the product distribution in table 2) and may probably cyclize to form aromatics. 

The infrared spectrum of the adsorption at 300~ is similar to that of the adsorp- 
tion at 200~ (fig. 4, b, c). The infrared spectrum of the adsorption at 300~ is 
similar to that of the adsorption at 200~ (fig. 4, b, c). The infrared spectrum of 
adsorption at 400~ changes considerably. All of the adsorption bands decrease 



84 X.-R. Xia et aL / Chloromethane conversion on H Z S M 5  catalyst 

I 
b 

18 

1460 

< 

1800 14Ou 1000 

Wavenumbers/cm -x 

Fig. 5. Infrared spectra of adsorbed species at different temperatures: (a) 100~ (b) 150~ 
(c) 200~ The sample was pretreated as described in fig. 2. 

except the band at 1600 c m  - 1 ,  which is related with the formation of coke. In the 
infrared spectrum of adsorption at 500~ the absorption bands at 2960, 2870 and 
1510 cm -1 disappear. The bands at 1600 and 1380 c m  -1 become predominant, indi- 
cating that the adsorbed surface species are converted to coke. 

Table 2 
Chloromethane conversion to higher hydrocarbons on HZSM5 a 

Temp. Cony. Selectivity (%) Yield (%) 
(~ CH3C1 

(%) CH4 C~-C~ C2-C4 C5+ A6+ C2-C ~ A6+ 

250 3.7 0 60 28.3 11.7 0 2.2 0 
300 43 0.3 5.3 34.3 28.1 32 2.3 13.8 
350 81 0.9 1.1 38.1 17.4 42.5 0.9 34.4 
400 97 1.5 1.8 42.3 10.3 44.1 1.8 42.8 
450 99 3.4 3.6 43.8 3.4 45.8 3.6 45.3 

0.100 g HZSM5, He/CH3C1 = 5, 10 ml/min CH3C1 at 1 atm. 
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Comparing the spectra of species in the gas phase and adsorbed state with that of 
adsorbed species (fig. 3, d, e and fig. 4, d, e), one can see that, when the gas in the 
cell was pumped out, the infrared absorption of olefins at 3020 cm -1 disappeared. 
This indicates that the detected olefins at the adsorption temperatures higher than 
400~ are not adsorbed species, but by-products in the gas phase. This result is 
important evidence for the reaction mechanism and the existence of the intermedi- 
ates. A lot of works [8,14,16] claimed the conversion of methanol via olefin chain 
growth processes, and in some cases olefins were even detected as intermediates 
characterized by an infrared absorption band at 3020 cm -1 [16]. Our experiments 
[17] show that ethylene and propene are irreversibly adsorbed on HZSM5 at room 
temperature to form alkoxyls by breaking the double bonds. It is difficult to ima- 
gine that olefins can exist on acidic sites of HZSM5 without breaking of the double 
bonds at higher temperatures. In this work olefins are assumed to be the only by- 
products desorbed from alkoxyls, e.g., ethylene is desorbed from the surface 
ethoxyl. 

The chloromethane chemisorption on HZSM5 at different temperatures (proce- 
dure I) provides important information on the surface reactions of adsorbed spe- 
cies (figs. 3 and 4). In these experiments, however, the surface reactions may 
involve not only adsorbed species but also reactions in the gas phase. From fig. 6 it 
can be seen that the spectrum of the adsorbed species (fig. 6, a) is similar to that 
obtained for adsorption at 100~ in procedure I (fig. 4, a). Three surface species 
(methoxyl, alkoxyl and aromatics) exist on the catalyst surface. The similarity indi- 
cates that the chemisorbed surface species cannot be desorbed by pumping at 
100~ and disturbed by the gas phase reactants, which implies that chloromethane 
participates in further reactions only via the dissociative adsorption. 

When the wafer was heated and pumped simultaneously to 200~ and 10 -2 Torr, 
the surface adsorbed species undergoes significant changes (fig. 6, b): the absorp- 
tion band of aromatics at 1510 cm -1 becomes predominant, the absorption band of 
- C H -  at 1460 cm -1 decreases considerably and those o f - C H 3  at 2960 and 
2870 cm -1 are also reduced. At the same time the absorption band o f - O H  groups 
at 3608 cm -1 emerges. These changes are consistent with those observed in 
fig. 4, b. Furthermore, it is directly demonstrated that the aromatics are produced 
from the adsorbed species rather than from reactants in the gas phase. The appear- 
ance of part of the -OH groups at 200~ is another proof that surface methoxyl 
and alkoxyl are combined to form aromatics and the OH groups are exposed. 

3.2. CATALYTIC CONVERSION 

The results of catalytic conversion of chloromethane on HZSM5 at different 
temperatures are listed in table 2. When the reaction was carried out at 250~ the 
conversion of chloromethane was low. The main products were C-C olefins, and 
no aromatics were detected. When the temperature was increased to 300~ the con- 
version increased. The selectivity of olefins decreased sharply and a significant 
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Fig. 6. Infrared spectra of adsorbed species at different temperatures. The sample was pretreated as 
described in fig. 2. The spectra were obtained after pumping to 1 x 10 -2 Torr at the adsorption 

temperature. 

amount of aromatics was produced. These results are consistent with those 
observed by infrared in the adsorption experiments (fig. 6). At' 200~ a large 
amount of aromatics is formed, but in adsorbed state. Thus no aromatics can be 
detected in the catalytic reaction. At temperatures higher than 300~ the adsorbed 
aromatics are thermally desorbed, thus a quantity of aromatics is detected, and 
the conversion of chloromethane increases considerably. 

At temperatures higher than 350~ the conversion of chloromethane is almost 
complete. The selectivity of aromatics reaches a stable value, the selectivity of 
higher alkanes (C5+) decreases and that of lower alkanes (C2-C4) increases with 
increasing temperature. In the entire temperature range only a small amount of 
methane was detected. This implies that it is difficult for methoxyl to be desorbed 
as methane. The increasing of methane with temperature may be due to a secondary 
cracking process at higher temperatures. It is also noted that the yields of C~-C 4 
olefins are quite low over the entire range of temperature. The increase in the selec- 
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tivity of C2-C 4 olefins at temperatures higher than 400~ may also be due to sec- 
ondary cracking [8,14]. 

3.3. CONVERSION MECHANISM 

From the results and discussion mentioned above the following experimental 
evidence can be used to establish the mechanism of chloromethane conversion on 
HZSM5: 

(a) At room temperature chloromethane is reversibly adsorbed on the acidic 
sites of HZSM5. 

(b) At 100~ chloromethane is irreversibly and dissociatively adsorbed on the 
strong acidic sites of HZSM5, on which surface methoxyl is formed as proved by 
infrared characteristic C-H stretchings o f - C H 3  at 2960 and 2870cm -1 
(fig. 2, b). 

(c) Alkoxyls are adsorbed on the catalyst surface as characterized by the infrared 
absorption bands o f -CH2-  groups at 1460 and 2930 cm -1. Its adsorption at 
100~ leads to the formation of methoxyl and alkoxyls as the main surface species 
and a small amount of aromatics also exists as detected by a characteristic absorp- 
tion band at 1510 cm- 1 (figs. 2 and 4). 

(d) At 200~ aromatics become overwhelmingly the adsorbed surface species. 
At temperatures higher than 300~ the adsorbed aromatics are thermally desorbed 
into the gas phase. These results reveal that the formation of aromatics from meth- 
oxyland alkoxyls is easier than its desorption from HZSM5 catalyst (figs. 4and6). 

(e) When surface methoxyl and alkoxyls are converted to aromatics the occupied 
OH groups are exposed partially (fig. 6). 

In order to complete the description of the mechanism the following assumptions 
are made: 

(a) The adsorbed alkoxyls are converted to aromatics via hydrogen transfer 
and bond rearrangement similar to the conventional carbenium ion mechanism for 
the aromatization of alkanes and olefins on HZSM5 [9,18]. The hydrogen atoms 
from the aromatization stimulate the desorption of alkoxyls to alkanes. 

(b) The primary -C-C-  bond is formed from surface methoxyl groups via the 
methoxyl group polarization and-C-C-  bond weakening. 

(c) At temperatures higher than 300~ surface reactions and desorption of 
adsorbed species take place simultaneously, which determines the product distribu- 
tion of the catalytic conversion. 

Based upon the experimental results and the three assumptions mentioned 
above an alkoxyl mechanism can be proposed as follows: 

c CH3 H3C H2 H CH3CH2 H i l l3  I C i J f 
O + O > () O > O + O 
/ \  / \  / \  / \  / \  / \  

Si A1 Si A1 Si A1 Si A1 Si A1 Si AI 

(3) 
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H(CH2)n-1 H(CH2)n-1 
CH2 CH3 H2C H2 H 
I [ ~ C E 

O + O > O O 
/ \  / \  / \  / \  

Si A1 Si A1 Si A1 Si A1 

H(CH2) n 
CH2 H 
I I 

O + O 
/ \  / \  

Si AI Si A1 

Si Si 
/ �9 / 

H (CH2)nCH2--O, > H + aromatics - -  O 

\A1 \A1 

Si Si 

aromatics--O / > aromatics+H-- 
/ 

Si Si 
/ 
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"A1 ' n--~ 

(4) 

(5) 

(6) 

(7) 

Si Si 

H (CH2)nCH2-- > olefms + H -  

Al 

(8) 

In the proposed alkoxyl mechanism, the primary C-C bond is formed from the 
combination of two methoxyl groups (reaction (3)). In the transient state the meth- 
oxyl groups are polarized by the acidic sites and the high static electrical field in 
the pore of HZSM5 [19], and the C-H bonds in the methoxyl are weakened [20]. 
The C-C bond is formed via this transient state keeping most features of methoxyl 
rather than the features of carbene (:C-H2) or cation (-CH3) intermediates. This 
process can be considered as the methylation of one methoxyl with another. Nova- 
kova et al. [20,21] found that surface methoxyl groups exhibit appreciable methyl- 
ation ability, and observed that at above 300~ the surface methoxyl groups, 
whose C-H bonds are weakened, react to yield a primary C-C bond, and, based 
upon the observations, pointed out that the reaction of methoxyl with methanol 
proceeds more readily than reaction between methoxyls. 

In this work it is observed that methoxyl and alkoxyls coexist on the catalyst sur- 
face even at 100~ This implies that the alkoxyls have almost the same alkylation 
activity as the methylation activity ofmethoxyl groups (reaction (4)). The distribu- 
tion of methoxyl and alkoxyls and the chain lengths of alkoxyls critically depend 
on the reaction temperature and reaction time. In literature the chain growth was 
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proposed to proceed via olefins, alcohols or ethers [12-14,24]. However, in our 
case neither alcohol nor ether was detected. 

At higher temperatures the surface alkoxyls may cyclize to form aromatics (reac- 
tion (5)). As the chains of the surface alkoxyls grow, the interaction of hydrogen 
atoms of alkoxyls with zeolite sites becomes stronger, as observed by infrared 
absorption band at 3840 cm -1 (fig. 4). 

The surface alkoxyls may undergo a type of carbenium ion like transient state 
and hydrogen transfer to form aromatics. During the aromatization the hydrogen 
atoms would stimulate the desorption of alkoxyls to alkanes (reaction (7)). This is 
consistent with the result that alkanes and aromatics are the main products of the 
catalytic reaction at higher temperatures (table 2). 

By the alkoxyl mechanism olefins are formed by alkoxyl desorption (reaction 
(8)). This reaction is reversible. Once olefin is adsorbed, it may be converted to 
alkoxyl, which undergoes further reaction on the catalyst surface. This mechanism 
provides a constructive clue to the route for enhancing the olefin or aromatics yield. 
If aromatics are formed, the hydrogen atoms during the H-transfer of aromatiza- 
tion will stimulate the desorption of alkoxyls to alkanes. Aromatics and alkanes are 
therefore the main products. If the aromatization process of alkoxyls is blocked in 
some way, then only the desorption of alkoxyls to olefins will be the main process. 

It has been demonstrated that the conversion of chloromethane on HZSM5 gives 
a similar product distribution as methanol conversion on the same catalyst [1,6]. 
Ione et al. [25] reported that the products of conversion of the substituted methane 
over zeolites were independent of the substituent, and, for a given catalyst, 
depended only on the reaction conditions. Our experimental results reached the 
similar conclusion [17]. Here, a new issue emerges that, whether the same mechan- 
ism is followed for the conversion of substituted methane over HZSM5, the product 
distribution is independent of the substituent. 

4. Conclusion 

Chloromethane is reversibly adsorbed on the acidic sites of HZSM5 at room 
temperature. At 100~ chloromethane is irreversibly and dissociatively adsorbed 
on the strong acidic sites of HZSM5, on which surface methoxyl is formed as 
proved by infrared characteristic C-H stretchings at 2960 and 2870 cm -1 . 

Alkoxyls are produced and adsorbed on the catalyst surface, as characterized 
by the infrared absorption bands o f -CH2-  groups at 1460 and 2930 cm -1 . In the 
adsorption at 100~ methoxyl and alkoxyls are the main surface species; a small 
amount of aromatics also exists as detected by a characteristic absorption band at 
1510 cm -1. 

Between 100 and 200~ the adsorbed surface methoxyl and alkoxyls are con- 
verted to aromatics, which can be characterized by the increase of the infrared 
absorption band at 1510 cm -1 . When surface methoxyl and alkoxyls are converted 
to aromatics, the occupied OH groups are partially exposed. 
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At 200~ aromatics become the overwhelmingly adsorbed surface species. At 
temperatures higher than 300~ the adsorbed aromatics can be thermally desorbed 
into the gas phase. Aromatics and alkanes are the main products in catalytic con- 
version. These results reveal that the formation of aromatics from methoxyl and 
alkoxyls is easier than the desorption of aromatics from HZSM5 catalyst. 

An alkoxyl mechanism is proposed for the conversion of chloromethane on 
HZSM5 based upon the experimental results and the three assumptions: (a) The 
primary C-C bond is formed from surface methoxyl groups via the methoxyl group 
polarization and C-H bond weakening. (b) The adsorbed alkoxyls are converted 
to aromatics via hydrogen transfer and bond rearrangement similar to the conven- 
tional carbenium ion mechanism for the aromatization of olefins and alkanes on 
HZSM5. During the aromatization the hydrogen atoms stimulate the desorption 
of alkoxyls to alkanes. (c) At temperatures higher than 300~ surface reactions 
and desorption of adsorbed species take place simultaneously, which determines 
the product distribution in the catalytic conversion. 
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