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Abstract

The coupled reaction of n-hexane and methanol was studied and compared with the reactions of individual reactants over HZSM-5 zeolite
catalyst. The catalytic reaction test results and the temperature-programmed surface reaction (TPSR) results showed an improvement of the initial
n-hexane activity when methanol was used as co-reactant. The FT-IR analysis indicated that methanol was adsorbed on acid sites prior to n-hexane
and immediately transformed into surface methoxy groups. These species acted as the active sites for the conversion of n-hexane and improved the
initial activity of n-hexane by bimolecular hydride transfer. The catalytic test also suggested that alkenes resulting from the transformation of
methanol further enhance the conversion of n-hexane, in addition to the improvement by methoxy groups. A faster conversion of methanol was also
observed in the coupled system, which highlights a bidirectional promotion effect of the coupled reaction. A reaction mechanism is proposed to

explain all observations.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Light olefins, such as ethene, propene, and butenes, are
important intermediates of polymers and various petrochem-
icals. Such olefins are mostly produced by steam cracking of
naphtha and light alkane feedstocks at high temperatures even
up to 800 °C. These processes are highly energy consuming and
less effective due to their thermal cracking character. Catalytic
cracking of naphtha [1,2] and catalytic transformation of
methanol [3,4] that could be obtained from C1 resources such
as coal and natural gas rather than oil have both been studied for
the development of alternative processes of light olefin
production. The two reactions are evidently different con-
sidering the change of chain-length of the reactants and
products, the possible reaction mechanisms and the reaction
heat effects. However, the two reactions are both catalyzed by
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acid zeolite catalyst, so they could be combined together in
principle due to their very similar acid-catalyzing character. In
view of the energy balance and the yield enhancement of target
products, the effective coupling of endothermic hydrocarbon
cracking with exothermic methanol conversion, first proposed
by Nowak et al. [5], should be a promising reaction. Some work
has been performed in this field of coupled conversion of
methanol and hydrocarbon, focused on reaction condition and
zeolite catalysts for higher light olefin yields. Liicke and Martin
[6] thus studied the coupled transformation of methanol with Cy4
hydrocarbon, liquid hydrocarbon and crude naphtha participa-
tion between 600 and 700 °C. Gao et al. [7] investigated the
coupled conversion of methanol and C, hydrocarbons over
Ga/HZSM-5 catalyst at moderate temperatures (<550 °C).
Erofeev et al. [8] also worked in this field of methanol-coupled
conversion of propane and butane on MFI zeolite; they
emphasized the modification effect of alkaline-earth metals in
the formation of light olefins. Little has been done to probe into
the mechanisms of such coupled reactions. The difficulty of
investigating the reaction mechanism is that the conversions of


mailto:Liuzm@dicp.ac.cn
http://dx.doi.org/10.1016/j.apcata.2007.06.005

164 F. Chang et al./Applied Catalysis A: General 328 (2007) 163-173

the two reactants are quite different [9-13], leading to some
complexity of the coupled system. For n-hexane cracking over
zeolite catalysts, two mechanisms have been suggested:
monomolecular and bimolecular [11-20]. In the monomole-
cular cracking mechanism, the initial reaction involves the
formation and further decomposition of a penta-coordinated
carbonium ion, with the formation of methane, hydrogen,
ethane and ethene as characteristic products. The bimolecular
cracking mechanism is a classical chain process involving
hydride transfer between an alkane molecule and a surface
carbenium ion, followed by isomerization, alkylation and (3-
scission of the carbenium ion. The presence of alkenes in the
reaction system would greatly affect the alkane cracking due to
the quick formation of more carbenium ions [20-23]. For the
catalytic conversion of methanol to hydrocarbons on acid
molecular sieve catalysts, some investigations suggested that
the reaction is dominated by a ““hydrocarbon pool” mechanism
[24-27]. The detailed mechanism of first C—C bond formation
is still unclear in methanol conversion reactions; however,
many experimental studies and theoretical calculations [28-36]
support the conclusion that the first C—C bond is closely
correlated with the existence of surface methoxy groups. Such a
correlation suggests that surface methoxy groups are very likely
the most important active species.

We previously investigated the coupled reaction of n-hexane
and methanol over HZSM-5 zeolites [37], and found an
improvement of n-hexane activity and an increased contribution
of the faster bimolecular mechanism to the n-hexane conversion
by methanol. However, the intermediate species and the detailed
mechanism for the coupled system are still unknown. To further
understand the coupled system, we tested in this work the
methanol coupled n-hexane cracking and we compared our
results with the individual results of n-hexane reactions and
methanol reactions. TPSR (temperature-programmed surface
reactions) and FT-IR techniques were applied to determine the
conversion improvement caused by methanol and the detailed
reaction route of the coupled system was discussed.

2. Experimental
2.1. Catalyst and catalytic testing

The catalyst preparation and the catalytic test procedure
have been described previously [37]. HZSM-5 (Si/Al = 19,
BET surface area = 363 mz/g) zeolite (obtained from NanKai
University) was employed in this work. The experiments were
carried out on a pulse reaction system based on a VARIAN CP-
3800 gas chromatograph (GC) containing a 6-way valve
connecting with the reactant stream and a 10-way valve
connecting with the reactor inlet stream. A reactant mixture
stream of n-hexane (90%) and methanol (10%), generated by
saturating the carrier gas (He), continuously passed through the
6-way valve. The reactant stream could be injected into the
reactor by the 10-way valve at atmospheric pressure. After
eluting the reactor, the product stream was sent to the GC
equipped with a capillary column (PONA, 100 m x 0.25 mm)
and a FID detector for product analysis. The conversion of the

reactants and the yield of reaction products were expressed on a
molar carbon atom basis, as described elsewhere [37].

2.2. FT-IR studies

2.2.1. Co-adsorption of methanol and n-hexane with
continuous flow mode

In situ FT-IR spectra were measured on a Bruker EQUINOX
55 single-beam Fourier transform infrared spectrometer. All
spectra were recorded with 16 scans with a resolution of
4 cm™!'. The HZSM-5 zeolite sample wafer was mounted in a
high temperature/high pressure cell fitted with ZnSe windows.
The sample was activated in He flow at 450 °C for 3 h. After
activation, reference spectra of the fresh disk were recorded in
flowing He at various temperatures. Subsequently, the reactant
mixture gas flow (He:CgH,4:CH3O0H = 50:2:1) was introduced
to the cell and the spectra were recorded between 200 and
400 °C. In each case, the difference spectra were obtained by
subtracting the spectra of fresh zeolite from the spectra
recorded for the reactant mixture at the same temperature.
When He/n-hexane or He/methanol as reactant flow, the
difference spectra at various temperatures were recorded in the
same way.

2.2.2. Adsorption of methanol at different temperatures

FT-1IR spectra of methanol adsorption on HZSM-5 zeolite at
different temperatures were recorded on a Bruker EQUINOX
55 FT-IR spectrometer. The HZSM-5 zeolite sample wafer was
activated at 400 °C for 4 h in a quartz cell under vacuum. Then
methanol vapor was introduced into the IR cell to contact
zeolite wafers for 10 min at a certain temperature for
adsorption. The IR cell was further evacuated for 20 min at
the same temperature to remove extra methanol in the cell. The
spectra were recorded at different temperatures. Difference
spectra were obtained by subtracting the spectra before and
after adsorption at the same temperature.

2.3. Temperature-programmed surface reaction (TPSR)

TPSR experiments were carried out in a quartz reactor
(3 mm i.d.). Prior to the experiment, a fresh zeolite sample was
pretreated in situ by heating to 550 °C for 1 hin a flow of N, and
then cooled to 100 °C. The reactant stream carried by the carrier
gas (He) continuously passed through the catalyst bed with a
constant gas flow rate of 14 ml/min for 30 min. Then the reactor
was heated from 100 to 500 °C at a heating rate of 8 °C/min.
Gas products leaving the reactor were kept at 100 °C and
simultaneously monitored by an on-line Omnistar mass
spectrometer.

3. Results

3.1. Coupled transformations of n-hexane and methanol at
400 °C

In our previous research [37], when the coupled reaction was
tested between 400 and 500 °C, we observed that the increase in
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Fig. 1. Conversions of n-hexane without methanol coupling (A) and with
methanol coupling ([J) and ratio of coupled n-C¢ conversion and uncoupled n-
Cg conversion (@) vs. contact time at 400 °C over HZSM-5 zeolite (Si/
Al=19).

conversion rate of n-hexane is more pronounced at low
temperature compared with the uncoupled n-hexane cracking.
We focus on lower temperature reactions and characterization
in the present work. The coupled transformations of n-hexane
and methanol, as well as the reactions of the individual
reactants, were performed over HZSM-5 catalyst at 400 °C at
different contact times. The n-hexane conversion (C%) is
evidently higher in the coupled reaction system than in the
reaction of n-hexane alone (Fig. 1) over a large range of contact
times 0.00189-0.01143 s. The relative increase of n-hexane
conversion (the ratio of coupled n-Cg conversion to uncoupled
n-Cg conversion) became larger with the decrease of contact
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time, which strongly suggests that the introduction of methanol
could enhance the initial activation of n-hexane conversion.

The yields (C%) versus contact time of the major products,
the light alkanes, are given in Figs. 2 and 3, from which the
initial formation rates of alkane can be estimated from curve
slopes at the zero contact time. The initial formation rates of
methane and the C3;—C,4 alkanes in the coupled system are
higher than those in the individual reactant systems. The initial
formation rate of ethane, however, is the fastest in the reaction
of n-hexane alone.

3.2. TPSR under “continuous-flow” condition with on-line
mass analysis

3.2.1. The evolutions of n-hexane and methanol in the
coupled reaction and the individual reactions

Fig. 4 gives the evolution of the signal intensity of m/e 57,
the main ion fragment of n-hexane [38], from the coupled
reaction and the individual reactions of n-hexane and methanol
on HZSM-5 zeolite as a function of temperature under the
“continuous-flow” conditions. In the case of methanol
conversion (Fig. 4a), it is reasonable to find that the m/e 57
signal appears at relatively high temperature in the reactant
stream, indicating the higher hydrocarbons’ formation. For the
individual n-hexane transformation (Fig. 4b), there is a sharp
decrease of the m/e 57 signal when the temperature is higher
than 168 °C and with another decrease at temperatures higher
than 308 °C. For the coupled reaction of n-hexane and methanol
(Fig. 4c), the change of m/e 57 with temperature is different
from the case of mn-hexane conversion, with an apparent
decrease of the signal starting from 220 °C, indicating that the
reaction takes place at this temperature. Comparison with the
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Fig. 2. Yields of C,—C, alkanes vs. contact time for n-hexane conversion with methanol coupling (), without methanol coupling (O), and the conversion of

methanol alone (A) at 400 °C over HZSM-5 zeolite (Si/Al = 19).
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Fig. 3. Yields of methane vs. contact time for n-hexane conversion with
methanol coupling (), without methanol coupling (O), and the conversion
of methanol alone (A\) at 400 °C over HZSM-5 zeolite (Si/Al = 19).

coupled reaction, although there is indeed a decrease of m/e 57
observed from 168 °C, it is not easy to imagine that the n-
hexane cracking reaction occurred at such low temperature
based on our pulse catalytic reaction experience. To clarify this
behavior, we also checked other ion fragments in the n-hexane
reaction stream. Fig. 5 shows the evolution of three important
mass signals of m/e = 41, 43 and 57, all tracking the evolution
of hexane from the stream of n-hexane alone passing over
HZSM-5 zeolite, in which the m/e 43 signal arises from all
hexane isomers and the m/e 41 and 57 signals primarily arise
from n-hexane [38]. It could be observed that both the evolution
profiles of m/e 41 and 57 (Fig. 5) display a decrease starting
from 168 °C, whereas, the evolution profile of m/e 43 displays a
corresponding increase at the same time. This indicates that
isomerization reactions of n-hexane occur at a low temperature
of 168 °C. At higher temperatures above 308 °C, all the three
evolution profiles (m/e 57, 43 and 41) show a gradual drop in
intensity with temperature increase, suggesting that the
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Fig. 4. Signals of m/e 57 with continuous flows of (a) methanol, (b) n-hexane,
and (c) the mixture of n-hexane and methanol passing through H-ZSM5 zeolite
as a function of temperature.
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Fig. 5. Signals of different m/e with flow of n-hexane passing through H-ZSM5
zeolite as a function of temperature: (a) m/e = 57, (b) m/e = 43, and (c) m/e = 41.

cracking reaction takes place at this temperature. Comparing
the coupled reaction with uncoupled n-hexane reaction, we
concluded that the starting temperature of n-hexane cracking
reaction decreases to 220 from 308 °C due to the coupling
effect of methanol and n-hexane reactions. In addition, it is
worthy to note that only until about 352 °C are the higher
hydrocarbons observed in the individual methanol reaction.
Fig. 6 gives the evolution of signals m/e = 18, 31, and 45
tracking the concentration of H,O, methanol, and DME,
respectively. In the case of methanol as reactant alone, it could
be observed that the formation of H,O (m/e = 18) and DME
(mle = 45) is accompanied with the decrease of methanol signal
(mle =31). There is an equilibration among methanol, DME
and water below 350 °C. Further increase of the temperature
results in a sharp decrease of methanol and DME intensity and a
second increase of water, indicating that hydrocarbon forma-
tion reaction occurs above 350 °C. In the case of coupled
reactions of methanol and n-hexane, similar phenomena were
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Fig. 6. Signals for the educts methanol (m/e =31), the products DME (m/
e =45), and H,O (m/e = 18) with continuous flows of (- - -) methanol and (—)
of the mixture of n-hexane and methanol passing through H-ZSMS zeolite as a
function of temperature.
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Fig. 7. The m/e 16 (methane) signals with continuous flows of (a) n-hexane, (b)
methanol, and (c) the mixture of n-hexane and methanol passing through H-
ZSMS zeolite as a function of temperature.

also observed. However, one big difference that should be noted
is that the temperature of the second rapid consumption of
methanol and DME is at 310 °C, a value that is 40 °C lower than
in the case of methanol conversion alone. This may suggest a
bidirectional promotion effect of the reactions, i.e. the coupling
of the two reactions not only promotes the conversion of n-
hexane, and could also enhance the conversion of methanol.

3.2.2. The evolution of other products

The mass signals of the C3—Cg¢ hydrocarbon products could
be easily detected but were overlapped greatly by the signals
from the n-hexane flow [38]. In this case, the mass signals of
mle =2, 16, and 26 will be more meaningful to track the
evolution of corresponding products. Fig. 7 shows the evolution
of methane (m/e = 16) under the continuous flow of n-hexane,
methanol, and a mixture of both reactants. In the case of n-
hexane alone (Fig. 7a), only a trace amount of methane is
produced below 390 °C. Above 390 °C, the signal of methane is
proportional to the temperature. This is different from methanol
conversion (Fig. 7b), in which case methane has a constant
value during the equilibration among methanol, DME, and
water. In the case of the mixture flow, the evolution profile of
methane shows a maximum at 310 °C (Fig. 7c¢).

Fig. 8 shows that the evolutions of m/e = 2 (H,) and m/e = 26
(C, products) in the coupled system exhibit the same tendency
as those in the methanol alone system at low temperature and
only a lower evolution temperature is observed in co-feed
conditions compared with the individual feed cases.

3.3. Conversions of n-hexane with and without methanol
pre-adsorption on catalyst

The enhancement of n-hexane conversion by introducing
methanol to the n-hexane reaction system may be related to the
change of adsorbed surface groups and the interactions between
the surface groups and n-hexane molecules. The effect of pre-
adsorption of methanol on the n-hexane reaction was
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Fig. 8. Signals of m/e 26 and m/e 2 with continuous flows of (a) n-hexane, (b)
methanol, and (c) the mixture of n-hexane and methanol passing through H-
ZSMS5 zeolite as a function of temperature.

investigated between 200 and 350 °C by first contacting
HZSM-5 samples with methanol stream and then performing n-
hexane pulse reaction after the catalyst had been purged with
nitrogen. Fig. 9 shows that there is a substantial enhancement of
the n-hexane conversion after methanol pre-adsorption,
especially at a lower temperature such as 250 °C.

3.4. FT-IR spectroscopic study

3.4.1. Coadsorption of n-hexane with methanol

Difference IR spectra of HZSM-5 zeolite in the v (OH)
region resulting from continuously contacting of n-hexane,
methanol, and their mixtures are shown and compared in
Fig. 10. Under n-hexane flow (Fig. 10A), n-hexane interacts
with two types of hydroxyl groups at 200 °C (Fig. 10A(a)), as
seen from the negative features of the bands at 3744 and

30 H

Conversion of n-hexane (%)

200 250 300 350
Temperature (C)
Fig. 9. The conversion of n-hexane in the temperature range of 200-350 °C on

ZSM-5 zeolite catalyst with pre-adsorption methanol ([J) and H-ZSM-5 zeolite
catalyst (HD).
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Fig. 10. Infrared difference spectra recorded on HZSM-5 zeolite with continuous flows of (A) n-hexane, (B) methanol, and (C) a mixture of n-hexane and methanol at

(a) 200 °C (b) 250 °C; (c) 300 °C; (d) 350 °C; (e) 400 °C.

3614 cm ™!, corresponding to terminal Si(OH) and bridge
hydroxyl Si(OH)AI [28-30,39,40]. A broad band centered at
3477 cm™ ! is observed at the same time. Trombetta et al. [40]
attribute the appearance of this broad band to the interaction of
the acidic bridge hydroxyls of the zeolite with hydrocarbon
molecules and the corresponding formation of H-bonds.
Similar results are also given by Kotrel et al. [41] and by van
Bokhoven et al. [42]. Under methanol flow (Fig. 10B), the
band at 3477 cm ™' is not observed and the interaction between
methanol and zeolite hydroxyls does not involve hydrogen
bonding, since no new bands appeared in the v (OH)
region [28-30]. This is due to the continuous flow conditions
used. Furthermore, when the mixture stream of n-hexane
and methanol is consecutively passed through the activated
zeolite, a similar spectrum to that of methanol alone on the
zeolite can be seen (Fig. 10C). These observations suggest that
methanol is adsorbed on all acid sites prior to n-hexane when
the co-reactants of n-hexane and methanol are fed to the
zeolite.

3.4.2. Adsorption of methanol

Fig. 11 shows the difference spectra of methanol adsorption
on HZSM-5 zeolite at different temperatures. Methanol
adsorption is closely related to terminal silanol groups, AIOH
groups, and the bridge hydroxyls of HZSM-5 zeolite, as
seen from the negative features at 3744, 3667, and 3614 cm ™!
[28-30]. The adsorption on bridge hydroxyl groups at 100 °C
(Fig. 11a) gives the appearance of broad bands at 3560 and
3013cm™' (and at 2400-2500 and 1600-1700 cm™', not
shown in Fig. 11a). These bands can be assigned to the OH

vibrations of the hydrogen-bonded methanol and of the methyl
carboxonium ion (CH;0H,"), formed by the attraction of the
skeletal proton [29,30,43-45]. At the same time, some new
bands could also be observed at 2971, 2954, and 2855 cm ™
(Fig. 11a—c). The band at 2855 cm ™' could be assigned to
symmetric stretching vibrations of the CHjz group of the
adsorbed methanol, while the bands at 2954 and 2971 cm™!
could be due to asymmetric stretching vibrations of the CHj
group of hydrogen-bonded methanol and CH;OH,*, respec-
tively [44,45]. As the temperature increases from 100 to
150 °C, the increase in the 2971 cm ™! band indicates that more
methyl carboxonium ions are formed. In addition, two new
bands appear at approximately 3300 and 2840 cm ™' at 150 °C
due to the formation of DME [28,46], which is in good
agreement with the TPSR results in Fig. 6.

At 200 °C, a new v (C—H) band appears at 2980 cm ™' as a
poorly resolved shoulder on the high-frequency side of the
2971 cm ™' band in Fig. 11c. The 2980 cm™' band increases
accompanied by the appearance of a new band at 2867 cm ™
at temperatures higher than 250 °C (Fig. 11d—f). Both bands
can be assigned to surface methoxy groups formed at
Brgnsted acid sites [28,30]. Surface methoxy groups were
also successfully detected by solid-state '°C MAS NUM
spectroscopy for the methanol conversion on various solid
acid catalysts [29,34]. According to Campo et al. [44] and
Benito et al. [45], surface methoxy species can be formed
through methanol or DME adsorption on the acidic site of the
catalyst. The FT-IR results suggest that only a small fraction
of CH;0H," or CH;OHCH;" have been transferred into the
methoxy groups at 200 °C, and that most adsorbed species
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could transform into surface methoxy groups with tempera-
ture increase. These surface methoxy groups can still be
detected at 350 °C.

4. Discussion
4.1. The effect of methanol on the conversion of n-hexane

The comparison of the coupled transformation of n-hexane
and methanol with the conversion of nr-hexane alone on
HZSM-5 zeolite at 400 °C shows that the initial conversion of
n-hexane is enhanced with methanol as co-reactant (Fig. 1).
In the coupled reaction, methanol always shows a rather high
conversion even at the shortest contact times employed (not
shown in Fig. 1). The easy conversion property of methanol
indicates that methanol molecules are first transformed into
intermediate species on the acid sites, which is supported by
the FT-IR results (Fig. 10). The band at 3477 cm ™', due to
hydrogen-bonding between n-hexane and hydroxyl groups of
HZSM-5, could only be observed under n-hexane flow
(Fig. 10A) and is absent in co-feed mixture flow and
methanol flow (Fig. 10B and C). This may be caused by the
proton affinity difference between n-hexane and methanol
[47,48], which predicts that methanol is more strongly
bonded by protonic sites. In this sense, the enhancement of
the n-hexane activity can probably be attributed to the
methanol transformation in the coupled system prior to the n-
hexane adsorption and conversion, which means that the
intermediate species or products from the methanol conver-
sion are responsible for the improvement of the n-hexane
activity.

4.2. The effect of intermediate species from methanol
conversion on the transformation of n-hexane

TPSR measurements showed that the initial temperature of
n-hexane cracking for n-hexane alone is much higher than that
of the coupled reaction system (Fig. 4), suggesting that
methanol could greatly improve the n-hexane activity on
HZSM-5 zeolite catalyst. The temperature for the rapid
consumption of methanol and DME is lowered to 310 °C for
the coupled reaction (Fig. 6). However, the initial cracking
temperature (220 °C) of n-hexane is much lower than the
temperature at which methanol and DME are rapidly
consumed. Therefore, the improvement of n-hexane activity
might result from the intermediate species that arises from the
conversion of methanol or DME below 310 °C. This
improvement by the intermediate species was also proved by
the catalytic tests over the catalyst with pre-adsorbed methanol
between 200 and 350 °C (Fig. 9).

The infrared measurements of adsorbed methanol on the
HZSM-5 zeolite catalyst suggest that the adsorbed species are
surface methoxy groups when methanol contacts with the
activated zeolite at 200-350 °C and that the chemisorbed
methoxy groups exist up to 350 °C (Fig. 11). This is in good
agreement with results reported by Wang et al. [31,34], who
suggested that the active species are methoxy groups when
methanol is passed through a zeolite catalyst bed at 200-
250 °C. Kazansky and Senchenya suggested that surface
methoxy groups are covalent in their ground state and more
closely resemble the carbenium ion with partly positive charge
when they act as the transition states at high reaction
temperature [49]. Ono and Mori [35] also claimed that these
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internal methoxy species are a kind of incipient methylcarbe-
nium cation. The ionic character of methoxy groups at higher
temperature was also emphasized by Hutchings et al. [5S0]. The
enhancement of the n-hexane initial activity may thus stem
from the participation of methoxy groups as active sites when
methanol is used as co-reactant. In the present work, it seems
more likely that the ionic methoxy groups attack n-hexane
molecules more readily than the Brgnsted acid sites on the
zeolite surface.

Furthermore, we observed that the improvement of the n-
hexane activity with pre-adsorbed methanol on the zeolite is
different at different reaction temperatures. This temperature
dependency might be attributed to two of the following factors:
one is the change of ionic character of the methoxy groups and
the other is the variation of amount of methoxy groups with
temperature. The slight conversion increase at 200 °C could be
due to the formation of a small quantity of methoxy groups with
covalent character. With increasing temperature, most of the
adsorbed methanol species transform into surface methoxy
groups, as shown in Fig. 11. Their ionic character becomes
more prominent according to the results given by Kazansky and
Senchenya [49], meaning that their ability to activate n-hexane
become stronger at high temperature than at low temperature.
Further increasing temperature, desorption of methoxy groups
and their interconversion would occur more readily. Therefore,
the methanol-coupled n-hexane conversion is closely related to
the surface methoxy species. All factors described above thus
determine the most prominent coupling effect at 250 °C as
shown in Fig. 9.

Fig. 3 shows that the initial formation rate of methane is
different in the three reaction systems, suggesting that the
mechanism of methane formation in the coupled system may
be different from the other reaction systems. For the
formation of methane from methanol, one possible explana-
tion has been given by Fougerit et al. [51], who suggested that
methane results from a direct hydride transfer between
methoxy species and DME (or methanol) or/and from a
secondary reaction. They also indicated that a demethylation
of coke molecules would be possible. Tsoncheva and
Dimitrova [52] and Schulz et al. [53] came to the same
conclusion. In this work, the result is obtained by
extrapolating to zero contact time, where methane formation
from secondary reactions or demethylation of coke molecules
should be negligible. Therefore, the initial formation of
methane could be mainly from the interaction of methoxy
groups and DME or methanol when the contact time tends to
zero. For the reaction of n-hexane alone, methane appears just
as the product of n-hexane monomolecular cracking. For the
mixture of n-hexane and methanol as feed, the FT-IR results
in Figs. 10 and 11 show that active sites are first occupied by
methanol molecules and then transformed to surface methoxy
groups. As a result, the monomolecular cracking of n-hexane
is greatly suppressed due to the competitive adsorption of
methanol, exhibiting the promotion effect of n-hexane
conversion in the coupled system as confirmed by catalytic
and TPSR results. This improvement may be from methoxy
groups due to methanol adsorption and transformation. This

improvement may also be responsible for the highest initial
formation rate of methane.

In Section 3.2.2, we noticed a different methane evolution
with temperature in the three reaction systems. For methanol,
the methane (m/e = 16) signal stays constant between 200 and
350 °C (Fig. 7b). This indicates that methane originates only
from the interaction of methoxy groups and DME (or
methanol). In the case of n-hexane alone (Fig. 7a), only trace
amounts of methane are produced below 390 °C, meaning that
no monomolecular n-hexane cracking occurs in this tempera-
ture range. However, when the mixture feed is used, the
evolution of methane shows a maximum at 310 °C (Fig. 7c)
instead of a constant value in the methanol transformation; no
methane generation occurs in the n-hexane reaction. These
observations predict that the methane production is improved
with methanol coupling. It is therefore apparent that the rather
high methane fraction detected in the coupled system must be
attributed to the interactions between methoxy groups and n-
hexane.

According to experimental studies [54-56] and theoretical
calculations [49,57,58], there probably exist two ways of
interaction between methoxy groups and n-hexane, viz. the
protonation reaction and the hydride transfer. The two reactions
are different in the formation of characteristic products [11,13].
Methane can be produced from both reactions, while the C,
products and H, are only formed in the protonation reaction,
and the evolutions of such H, and C, products are expected to
show the similar tendency to that of methane. The TPSR results
shown in Fig. 8 suggest that the evolutions of C, products and
H, under the mixture flow did not exhibit a maximum as
methane does. At the same time, it is worthy to note that the
evolution profiles of m/e = 2 (H,) and m/e = 26 (C, products) in
the coupled system only exhibit the same tendency as those in
the methanol alone system at low temperature, meaning that
only methanol is responsible for the initial evolutions of H, and
C, products in the coupled system. Thus, there appears to be no
evidence from the TPSR results for the protonation reaction
between n-hexane and methoxy groups to occur at low
temperature. Therefore, the interaction of methoxy groups and
n-hexane quite likely occurs through the hydride transfer
reaction (Eq. (1)):

C¢Hi4 + CH;—0O-Z — C¢H;3—0—Z + CH4 (1)

4.3. The effect of products from methanol conversion on the
transformation of n-hexane

The catalytic results also show a change in the initial
formation rates of the C,—C, alkanes (Fig. 2). According to the
alkane cracking and methanol conversion mechanisms, two
routes can be envisaged for the initial formation of an alkane:
direct formation by monomolecular cracking of n-hexane and
bimolecular hydride transfer between alkane and alkene.
Moreover, the apparent rate of the bimolecular mechanism is
larger than that of the monomolecular mechanism
[14,15,20,21]. In this work, the monomolecular cracking can
only occur in the reaction of n-hexane alone. For the coupled
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transformation, this route can be excluded because methanol
will be adsorbed on all acid sites prior to n-hexane and
immediately transformed into surface methoxy groups. In this
case, two pathways can be considered for the reaction of
methoxy groups: one pathway involving initial activation of n-
hexane by the methoxy groups, and the other involving the
interaction between methanol (or DME) and methoxy groups.
As noted above, the latter is so fast that the alkene products,
which are the major products of methanol conversion, may be
quickly formed in the reaction system. These alkenes can
further enhance the conversion of n-hexane via bimolecular H-
transfer following the improvement by the methoxy groups.
Therefore, it is clear that the abundant bimolecular H-transfer
reactions between n-hexane and the C3—C, alkenes, stemming
from methanol transformation, result in faster formation rates
of C3—C, alkanes in the coupled reaction than in the individual
reactant reaction. These observations suggest an additional
contribution of alkene products from methanol conversion to
the enhancement of n-hexane conversion after the improvement
of methoxy groups. An exceptional case occurs in ethane
formation, where the initial formation rate of ethane is the
fastest in the n-hexane alone system. Considering the difficult
formation of a primary ethylcarbenium ion from ethene
[12,13,59], we can rule out the bimolecular pathway between
ethene and n-hexane in the coupled system.

4.4. The effect of n-hexane on the conversion of methanol

The TPSR results shown in Fig. 6 suggest that the
equilibration among methanol, DME, and water in the
methanol-alone system will be maintained up to 350 °C.
Beyond this temperature, the methanol and DME profiles show
sharp decreases in intensity. Moreover, this temperature region
coincides with the appearance of a second water peak and
aliphatic hydrocarbons. This is in good agreement with results
reported by some authors [35,51,60,61]. According to these
authors, the conversion of methanol is an autocatalytic process
with an induction period. As soon as the first C—C band is
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formed, the rate of methanol consumption is rapidly
accelerated. Compared with the conversion of methanol alone,
the temperature at which methanol and DME are rapidly
consumed starts at 310 °C in the coupled system, which
suggests an acceleration of methanol conversion by the species
from the conversion of n-hexane. Considering the mechanism
of methanol conversion, some authors suggested the ‘‘hydro-
carbon pool” mechanism [24-27], with an induction period
needed for pool formation. In the present study, participation of
methanol into the n-hexane conversion and the interaction
between two reactants leads the methanol conversion to occur
in other possible ways parallel to the C—C bond assembly with
the aid of hydrocarbon pool. This multi-route conversion could
be used to explain the acceleration of methanol conversion in
the coupled system. Further studies on the detailed mechanisms
for the acceleration of methanol conversion in the coupled
system will be reported in our next study.

4.5. Proposed reaction pathway of n-hexane activation
with methanol as co-reactant

The improved conversion of n-hexane (Sections 3.1-3.3)
predicts that activation and transformation of n-hexane occurs
in a particular way in the coupled reaction system. The FT-IR
results (Section 3.4) had provided information on the
competitive adsorption of n-hexane and methanol. The strong
methanol adsorption, accompanied by the character of
intermediate species and product generation, allow us to
propose the following reaction mechanism to correlate all
observations.

The conversion of n-hexane in the coupled reaction
comprises an initial step in which the hydride transfer reaction
starts with an attack of n-hexane by the surface methoxy groups
from methanol transformation. As shown in Scheme 1a, this
attack results in stretching and strong polarization of the C-O
bond and formation of the adsorbed nonclassical [C¢H3—H-
CH3]" carbonium ion. Decomposition of this activated
complex results in elimination of a methane molecule and

(a) HyC—
H CH
H-C b j 3
L5 ™ }C\E-- - AN
]i[ CH3 Hg(‘ H/“ -H\+ HEC\ / \+ CHS
CH;0H - CgHyy i p HC G-y
8RR 8 8 R G
it Al Si si Al Si L 0 Q
b A
N u Si Al Si
/\
Si Al Si
(b) HyC—
CH
HiC\_ }C\j e H,C
HiC.  CH Coespyr Hoo N
H N HC 77y HC /\¢/ ©CH;
& _Cas CH Gy v YZcH HC  C-q
AN - : L — i + C3Hg
Si Al S 2R \ / CHs -0 0
=1 &l S L d- si Al Si
Q0
TARNA
si Al Si

Scheme 1. An adsorbed methoxy species (a) and an adsorbed propoxy species (b) derived from methanol activating the feed n-hexane molecule through the

bimolecular H-transfer route.
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formation of the corresponding carbeniumion [C¢H;3]". Atthe
same time, the acceleration of methanol conversion due to the
n-hexane activation would lead to the fast formation of alkene
products. These alkenes will further enhance the conversion of
n-hexane via bimolecular hydride transfer reaction, which may
be an important step responsible for chain propagation of n-
hexane conversion in the coupled system. As an example, the
hydride transfer reaction between propene and n-hexane is
described in Scheme 1b, which results in the formation of a
propane molecule and the corresponding carbenium ion
[CeHisl™

5. Conclusions

Coupling of the conversion of n-hexane and methanol
brought a great improvement of the n-hexane transformation. A
high initial conversion rate and low starting reaction
temperature of n-hexane were proved by the pulse catalytic
tests and TPSR measurements. Methoxy groups, as the most
important intermediate, absent in the transformation of pure n-
hexane and generated by methanol adsorption and conversion
over the zeolite surface, were found with FT-IR. In the
temperature range of 200-350 °C, a predominant coupling
effect could be observed. This temperature dependence
corresponded to the generation and evolution of methoxy
groups with temperature. Methane appeared as characteristic
product in the coupling reaction system. In addition, the initial
formation rates of propane and butane improved with methanol
incorporation into the reaction.

A mechanism is proposed to explain the possible reaction
route of this coupling reaction system. The intermediate species
and products from the methanol conversion worked as the
active sites for the n-hexane conversion. They are responsible
for the initial activation and chain propagation of n-hexane via
bimolecular hydride transfer. These proposed reaction routes
also explain the acceleration of the methanol conversion in the
coupled system.
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