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a  b  s  t  r  a  c  t

Zeolite  ZSM-5  (MFI)  due  to  its  excellent  hydrothermal  stability  and  high  catalytic  activity  for methanol
dehydration  to  dimethyl  ether  (MTD)  has  been  considered  for use  in  combination  with  a  methanol  syn-
thesis  catalyst,  such  as Cu/ZnO/Al2O3, in the  conversion  of  syngas  to  dimethyl  ether.  However,  the  decline
of dimethyl  ether  selectivity  and  catalytic  activity  over ZSM-5  by  the  formation  of hydrocarbons  and  coke
at  optimum  operation  temperature  of  Cu/ZnO/Al2O3 catalyst  impedes  industrial  application.  In this  work,
for the  first  time  the  effects  of alkaline  treatment  combined  with  partial  activation  on  the  catalytic  perfor-
mance  of  ZSM-5  catalysts  with  different  Si/Al  ratio  have  been  studied  for MTD  reaction.  The  relationship
between  the physicochemical  properties  and  catalytic  performance  has  been  assessed  from  the  combined
results  of XRD,  SEM,  N2 physisorption,  NH3-TPD,  elemental  analysis,  online-GC  and  other  characteriza-
tion  techniques.  The  results  show  that  at a reaction  temperature  of  300 ◦C and  WHSV  of  13  g  g−1 h−1,  all
the  parent  and  alkaline-treated  ZSM-5  after  full  activation  at 500 ◦C  exhibited  a  decline  of  dimethyl  ether
selectivity  and  methanol  conversion  over time.  Alkaline  treatment  improved  DME  selectivity  over  ZSM-
5  with  an  Si/Al  ratio  of  25, which  could  be ascribed  to  the  formation  of  extra  mesoporosity  enhancing
the  diffusion  capability  and  decreasing  the  probability  of secondary  reactions  of  DME  to hydrocarbons.
A  decrease  of  the activation  temperature  led to a  significantly  improved  DME  selectivity  for  all parent

and  alkaline-treated  ZSM-5  because  ammonium  cations  were  selectively  retained  in the structure  and
blocked  the  strong  acid  sites  that brought  about  side-reactions.  ZSM-5  with  Si/Al  ratio  of  25  modified
by  combining  alkaline  treatment  and  partial  activation,  due  to the  synergy  effect  of  moderated  acidity
and  enhanced  diffusion  capability,  exhibited  improved  catalytic  performance  with  almost  100%  DME
selectivity,  near  84% methanol  conversion  and  excellent  stability  during  4  days  of  reaction.
. Introduction

Dimethyl ether (DME) is an important chemical with traditional
pplications such as aerosol propellant, refrigerant and intermedi-
te for the production of dimethyl sulfate. In recent years, with
ncreasingly stringent environmental regulations and high crude
il prices, DME has been considered as an alternative fuel because
t can be produced from non-petroleum feedstocks and meanwhile

xhibits clean features such as low emission of NOx, SOx, par-
iculate matter and combustion noise. The emerging applications
nclude LPG substitute for home cooking and heating, gas turbine

∗ Corresponding author. Tel.: +31 30 2536762; fax: +31 30 2511027.
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©  2014  Elsevier  B.V.  All  rights  reserved.

fuel for power generation, alternative diesel fuel for transportation
of vehicles with pressure-ignition engines etc. [1–4]. In view of the
growing demand, more attention is paid to the synthesis of DME
by both industrial and academic communities.

There are currently two  main processes to produce DME  in
industry. One is a two-step synthesis process including the syngas
to methanol process over Cu/ZnO/Al2O3 catalyst followed by the
methanol dehydration to DME  (MTD) process over a solid acid cat-
alyst [5]. The alternative is a one-step synthesis process directly
from syngas to DME  (STD), over a hybrid catalyst comprising a
methanol-synthesis catalyst and a solid acid catalyst for methanol

dehydration [6]. The STD reactions are supposed to be composed
of methanol synthesis (1), methanol dehydration (2) and water gas
shift (3) reactions, with the overall reaction (4) as shown below.
Compared with the two-step process, one-step STD process allows

dx.doi.org/10.1016/j.apcata.2014.12.027
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
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 simple reactor design with low DME  product cost and favors the
inetics of the methanol synthesis, in particular for CO-rich syn-
hesis gas from coal or biomass, giving rise to high CO equilibrium
onversion and less demand on hydrogen [4,7].

O + 2H2 ↔ CH3OH (1)

CH3OH ↔ CH3OCH3 + H2O (2)

O + H2O ↔ H2 + CO2 (3)

CO + 3H2 ↔ CH3OCH3 + CO2 (4)

Various solid acid catalysts such as �-Al2O3 [5,8–13], niobia-
odified alumina [14], TiO2–ZrO2 [15], sulfated zirconia [16],
esoporous silicates [17,18], zeolites [5,10,19–27] and zeotypes

28–30] have been studied for methanol dehydration. Among these
atalysts, �-Al2O3 is a very attractive and intensely investigated
andidate since it is cost-effective and exhibits excellent thermal
nd mechanical stability, large surface area and high selectivity
oward DME. Compared with �-Al2O3, zeolites are considered as an
ven better choice due to their higher catalytic activity at low reac-
ion temperature and much better stability in the presence of water,

 product of this reaction. However, for a one-step process, unde-
irable by-products such as hydrocarbons and even coke are likely
o form on zeolites at an optimum temperature of about 260 ◦C
or the methanol synthesis catalyst Cu/ZnO/Al2O3, which will thus
ower the DME  selectivity and deactivate the catalyst [4,7,31]. Many
tudies have been carried out to understand the factors influencing
he catalytic performance of different zeolites in the methanol to
ydrocarbon (MTH) reactions [7,32–34]. It has been found that the
onversion and selectivity of MTH  are dependent on the strength
nd the density of the acid sites, as well as the pore structure of
eolite.

ZSM-5 is a most studied or used zeolite for methanol conver-
ion and other important catalytic processes in chemistry industry,
ue to its unique framework topology, very high hydrothermal
tability and easily modified physicochemical properties such as
cidity and texture [32,33,35,36]. ZSM-5 framework contains two
ntersecting channel systems, with one straight channel parallel to
0 1 0] and the other sinusoidal running parallel to [0 0 1] defined
y 10-membered ring openings of 5.3 Å × 5.6 Å and 5.1 Å × 5.5 Å,
espectively. The typical products of methanol conversion over
SM-5 include olefins, aromatics and paraffins in addition to DME,
ecause the channels are wide enough even for tetramethylben-
ene to diffuse and the intersections of the channels provide enough
olume for cyclization reactions and intermolecular hydride trans-
er reactions [32,33].

To achieve improved performance for DME  synthesis, research
as been focused on moderating the acidity of ZSM-5 because the
trong acid sites on ZSM-5 have been regarded as active sites for
he side-reactions and the main reason for the catalyst deactiva-
ion. The methods include deactivating ZSM-5 with ammonia or
lkyl amine followed with reactivation by thermal treatment [31],
nd modifying ZSM-5 with Na, Mg,  Al, Zr or Zn oxides by wet
mpregnation with metal salts solution [37–40]. These methods
emarkably improved DME  selectivity and catalyst stability due to
he removal of strong acid sites. On the other hand, work has been
arried out to alleviate diffusion limitation imposed by the small
icropores of ZSM-5 structure and consequently avoid the occur-

ence of secondary reaction and the formation of coke. For example,
ownaghi et al. [41] investigated the MTD  reaction on ZSM-5 nano-
rystals and found that methanol conversion and DME  selectivity
ould be enhanced by decreasing crystal size. Tang and Li et al.

42,43] showed that ZSM-5/MCM-41 composite molecular sieves
ould give good activity and selectivity over a large temperature
ange. Yang et al. [44] synthesized hierarchical mesoporous ZSM-

 zeolites by using small organic cations and mesosized cationic
eneral 504 (2015) 211–219

polymers and found it exhibited better stability than conventional
microporous ZSM-5. Based on these achievements, it could be
expected that a tailored ZSM-5 zeolite which combines moderate
acidity and enhanced diffusion capability would offer a significantly
optimized catalyst for STD process operating under commercially
relevant condition.

Alkaline treatment is a post-synthesis modification process
that creates hierarchical zeolites by desilication, i.e. leaching sil-
icon from the framework. Although a wide range of approaches
including synthesizing nano-zeolites, zeolites with mesopore tem-
plate and zeolite composites have been developed in achieving
hierarchical structure, alkaline treatment has been thought of as
a promising method for industrial-scale implementation espe-
cially when health–safety–environment issues and production
costs are taken into account [45–47]. Mesoporous zeolites obtained
by desilication have shown improved performance in various
catalysis reactions. For instance, Svelle and Ryoo et al. reported
that alkaline-treated ZSM-5 showed longer catalyst lifetime with
increased resistance toward coking than conventional ZSM-5
for the methanol-to-hydrocarbons (MTH) reaction due to the
improved diffusivity [48,49].

Zeolite catalysts are generally synthesized in the presence of
Na+ cations sometimes together with organic templates. Na+-form
zeolite is usually obtained after the removal of organics by calci-
nation, then ion-exchanged to NH4

+-form, and finally activated to
H+-form by a thermal treatment at about 500 ◦C prior to catalysis.
It has been reported that the cation has an obvious influence on the
catalytic performance of ZSM-5 in the liquid-phase dehydration of
methanol to DME  [37]. NH4

+ and H+-form were much more active
than Na+-form, while the NH4

+-form exhibited higher methanol
conversion and DME  selectivity than that of H+-form. These find-
ings were explained by the difference of their acidity with the order
of H+-form > NH4

+-form > Na+-form.
In this work, we  have investigated the effect of alkaline treat-

ment and activation temperature on commercial NH4
+-form ZSM-5

zeolites with different Si/Al ratio for the MTD  reaction. The
relationship between catalytic performance and catalyst physic-
ochemical properties such as acidity and texture properties was
discussed based on the results of X-ray diffraction (XRD), scan-
ning electron microscope (SEM), N2 physisorption, CHN elemental
analysis, inductively coupled plasma (ICP), ammonia-temperature
programmed desorption (NH3-TPD), thermogravimetric analysis
(TGA), nuclear magnetic resonance (NMR) and gas chromatography
(GC). We  found that the ZSM-5 catalyst modified by the combina-
tion of alkaline treatment and partial activation showed enhanced
catalytic performance due to its moderated acidity and improved
diffusion capability.

2. Experimental

2.1. Catalyst preparation

The parent ZSM-5 zeolites in NH4
+-form were purchased from

Zeolyst company including CBV2314 (Si/Al = 12 at/at), CBV5524G
(Si/Al = 25 at/at) and CBV8014 (Si/Al = 40 at/at), which were des-
ignated as ZSM-5(n), n represents Si/Al atomic ratio. Alkaline
treatment was performed at a fixed condition according to the
literature [46], in which 0.5 g parent zeolite was  added to 30 ml  pre-
heated 0.2 M NaOH solution (p.a., Merck) at 65 ◦C with stirring for
30 min. This was  followed by filtration with demineralized water
until the pH of filtrate was  7 and drying at 120 ◦C overnight. Subse-

quently, ion-exchange was performed in an aqueous 1 M NH4NO3
(p.a., Acros) solution at 80 ◦C for 24 h, followed by filtration and
washing with demineralized water. Per gram of zeolite, 100 ml
NH4NO3 solution was  used. This procedure was  repeated three
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size distributions of the parent and alkaline-treated ZSM-5 cata-
lysts. The textural parameters of these catalysts are summarized in
Table 1. All parent samples displayed similar isotherms with high
uptakes of N2 at low partial pressure and a small hysteresis loop

Table 1
Textural property of parent and alkaline-treated ZSM-5 catalysts.

Samples ABET (m2 g−1) Aext (m2 g−1) Vmicro (cm3 g−1) Vtotal
* (cm3 g−1)

ZSM-5(12) 372 16 0.10 0.21
ZSM-5(12)-AT 361 29 0.11 0.23
ZSM-5(25) 409 34 0.10 0.27
ZSM-5(25)-AT 432 115 0.09 0.56
ZSM-5(40) 420 41 0.11 0.27
Y. Wei  et al. / Applied Catalys

imes to ensure complete removal of sodium ions. The obtained
amples were named as ZSM-5(n)-AT, AT represents alkaline treat-
ent.

.2. Catalytic testing

The catalytic testing was performed in a fixed-bed quartz
eactor (4 mm i.d.). 40 mg  ammonium form of parent and alkaline-
reated ZSM-5 catalyst particles (212–425 �m)  were loaded and
n situ activated in a flow of 33 ml/min N2 at 300, 350, 400 or
00 ◦C for 2 h. Methanol (≥99.9%, Sigma–Aldrich) was  fed with

 flow of 0.011 ml/min using an HPLC pump and evaporated
t 177 ◦C through 33 ml/min carrier gas N2. The weight hourly
pace velocity (WHSV) was 13 g of methanol per gram catalyst
er hour (g g−1 h−1), if not otherwise mentioned. The reaction
as carried out at 160 or 300 ◦C and atmospheric pressure. The

eaction products were analyzed using an on-line gas chromatog-
aphy (Varian Bruker 450-GC) equipped with a capillary column
PoraPLOT-U) and flame ionization detector (FID). Methanol con-
ersion (Xmethanol), DME  selectivity (SDME) and ethylene selectivity
Sethylene) were defined as:

methanol = Fmethanol, in − Fmethanol, out

Fmethanol, in
× 100%

DME = 2FDME, out

Fmethanol, in − Fmethanol, out
× 100%

ethylene = 2Fethylene, out

Fmethanol, in − Fmethanol, out
× 100%

here Fmethanol, in, Fmethanol, out, FDME, out and Fethylene, out are the
olar flows of methanol at inlet, outlet and the molar flows of DME

nd ethylene at outlet, respectively.

.3. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were obtained using
 Bruker-Axs D8 series 2 with a Co K�1,2 source (� = 0.179 nm).
orphology was determined with a Tecnai FEI XL 30SFEG SEM at

5 kV. The porosity of the samples was studied using N2 physisorp-
ion isothermal, which were recorded with a Micromeritics Tristar
000 at −196 ◦C. Prior to the physisorption measurements, the sam-
les were dried overnight at 300 ◦C in flowing nitrogen. The t-plot
ethod [50] was applied to obtain the micropore volume and the

xternal surface area. Pore size distributions were obtained from
he adsorption branch using the BJH-method [51]. NH3-TPD was
erformed with a Micromeritics Autochem II. About 100 mg  of sam-
le was dried with a heating ramp of 10 ◦C min−1 to 600 ◦C and kept
here for 60 min  after which the sample was cooled down to 100 ◦C.
fter saturating the sample with ammonia, a 60 min  dwell time was
pplied to obtain a stable baseline. Subsequently the temperature
as increased to 600 ◦C with a heating rate of 5 ◦C min−1. 27Al MAS
MR  experiments were performed at room temperature on a Var-

an VNMRS spectrometer using a 4 mm probe. The 27Al chemical
hift was referenced to 1 M Al(NO3)3 in H2O. TGA experiments were
arried out on a Perkin Elmer Pyris 1 TGA from room temperature
o 800 ◦C with a heating rate of 5 ◦C min−1 under a flow of argon

nd oxygen. The Al and Si contents of these catalysts were deter-
ined by inductively coupled plasma (ICP) analysis using a Philips

U 7000 ICP-AES-spectrometer. The CHN elemental analysis was
onducted on an Exeter Analytical CE440 elemental analyser.
Fig. 1. Powder X-ray diffraction patterns of parent and alkaline-treated ZSM-5 cat-
alysts.

3. Results and discussion

3.1. Physicochemical properties

Fig. 1 shows the powder X-ray diffraction patterns of parent
and alkaline-treated ZSM-5 catalysts with different Si/Al ratio.
These results demonstrate that during the alkaline treatment the
crystal structure of these catalysts was well preserved and no
new phase was  formed. Moreover, we  observed that after alkaline
treatment the crystallinity of ZSM-5(25)-AT and ZSM-5(40)-AT dis-
tinctly decreased according to the intensity of the diffraction peak
at 2� = 9.24◦, while ZSM-5(12)-AT exhibited similar crystallinity to
that of the parent zeolite. It indicates that ZSM-5(25) and ZSM-
5(40) suffered more severe leaching of the framework atoms than
ZSM-5(12) during the treatment in NaOH solution.

SEM images presented in Fig. 2 show that both ZSM-5(12)
and ZSM-5(25) contained cubic-like crystallites of 0.5–1.0 �m in
size agglomerated into large particles, while ZSM-5(40) consisted
of agglomerated small grain-like crystallites of ∼50 nm in size.
After alkaline treatment, ZSM-5(12)-AT showed well preserved
morphology and aggregation with high mass yield of 86%, while
ZSM-5(25)-AT and ZSM-5(40)-AT exhibited more irregular mor-
phology and less compact aggregation with relative lower yield of
53% and 57%, respectively, which could be ascribed to the occur-
rence of desilication reaction during the alkaline treatment. These
observations are in good agreement with the XRD analysis results.

Fig. 3 shows the N2 physisorption isotherms and BJH pore
ZSM-5(40)-AT 429 80 0.09 0.57

Here the value is italicised bold in order to facilitate the reading when comparation
beween the parents or between alkaline-treated samples are needed.

* P/P0 = 0.995.
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treatment, the strong acid site amount of ZSM-5(12)-AT and ZSM-
5(25)-AT had a slight increase, while that of ZSM-5(40)-AT had a
distinct increase compared with the parent zeolites. The increase

Table 2
The acid sites density and Si/Al ratio of the parent and alkaline-treated ZSM-5
catalysts.

Samples Acid sites density (mmol g−1) Si/Al atomic
ratiob

Weaka Stronga Totala

ZSM-5(12) 0.04 0.80 0.82 11.9
ZSM-5(12)-AT 0.03 0.82 0.85 11.3
ZSM-5(25) 0.29 0.31 0.60 26.4
ZSM-5(25)-AT 0.33 0.33 0.66 15.8
ZSM-5(40) 0.21 0.25 0.46 39.8
ZSM-5(40)-AT 0.32 0.34 0.66 23.9
ig. 2. SEM images of parent and alkaline-treated ZSM-5 catalysts with the yield (wt
nd  (f) ZSM-5(40)-AT.

t P/P0 between 0.5 and 0.9. These results indicate that the parent
SM-5 have high microporosity and also a little inter-crystal meso-
orosity possibly related to the aggregation of the crystals. After
lkaline treatment, isotherm and BJH pore size distribution of ZSM-
(12)-AT were similar to that of ZSM-5(12). The external surface
rea increased from 16 to 29 m2 g−1, while the total pore volume
howed little change. It indicates that there was very limited extra
orosity formed, which was due to the Si/Al ratio being well below
he range of 25–50 that is reported to be necessary to introduce

esoporosity [52]. The isotherms of ZSM-5(25)-AT and ZSM-5(40)-
T as compared with that of the parent materials exhibited a similar
ptake of N2 at low pressure and a distinctly enhanced uptake of
2 at higher pressure with a hysteresis loop. The BJH pore size dis-

ribution curves exhibited pores ranging from 3 nm to 250 nm.  The
xternal surface area, sometimes referred to the mesoporous sur-
ace area, increased from 34 to 115 m2 g−1 and 41 to 80 m2 g−1, the
otal pore volume increased from 0.27 to 0.56 cm3 g−1 and 0.27
o 0.57 cm3 g−1, while the micropore volume slightly decreased
rom 0.10 to 0.09 cm3 g−1 and 0.11 to 0.09 cm3 g−1, respectively.
hese results indicate that the alkaline treatment created extra
esoporosity and macroporosity over ZSM-5(25) and ZSM-5(40)

ithout obvious loss of the microporosity.

NH3-TPD measurements were carried out to characterize the
cidity of these catalysts. As shown in Fig. 4, the ammonia desorp-
ion curves were typically divided into two peaks in the range of
t: (a) ZSM-5(12), (b) ZSM-5(12)-AT, (c) ZSM-5(25), (d) ZSM-5(25)-AT, (e) ZSM-5(40)

100–250 and 250–550 ◦C representing the weak and strong acid
sites of HZSM-5, respectively [38]. The acid site amounts have
been quantified as shown in Table 2. For parent ZSM-5, both total
and strong acid site amount decreased with increasing Si/Al ratio
in the order of ZSM-5(12) > ZSM-5(25) > ZSM-5(40). Upon alkaline
Here the value is italicised bold in order to facilitate the reading when comparation
beween the parents or between alkaline-treated samples are needed.

a Determined by NH3-TPD.
b Determined by ICP analysis.
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ig. 3. Nitrogen physisorption isotherms (left) and BJH pore size distribution curve
SM-5  catalysts.

f acid density over ZSM-5(40)-AT could be due to the increase
f the framework Al content caused by the preferential extraction
f framework silicon over aluminum during the alkaline treatment
53], which is supported by the decreased Si/Al atomic ratio accord-
ng to the ICP analysis results listed in Table 2. Noteworthy, the acid
trength of strong acid sites over ZSM-5(12)-AT decreased as com-
ared with that of ZSM-5(12), which was indicated by the position
f ammonia desorption peaks center that decreased from 405 to
95 ◦C after the alkaline treatment.

. Catalytic performance

Catalytic performance of parent and alkaline-treated ZSM-5
atalysts for methanol dehydration was investigated after full
ctivation at 500 ◦C and at reaction temperatures of 160 and

00 ◦C, respectively. At 160 ◦C, all these catalysts showed stable
ethanol conversion within 4 h of reaction time. As shown in

ig. 5, the methanol conversion decreased with increasing of Si/Al
atio in the sequence of ZSM-5(12) > ZSM-5(25) > ZSM-5(40). The
ved from the adsorption branch of isotherms (right) of parent and alkaline-treated

alkaline-treated ZSM-5 exhibited a slight increase of catalytic activ-
ity as compared with that of parent zeolites, which can be ascribed
to the increase of acid site density as evidenced by NH3-TPD.
Moreover, methanol conversion shows a dependence on strong
acid site density in contrast to total acid site density (Fig. 6). This
result suggests that weak acid sites are inactive for methanol dehy-
dration at this temperature. As shown in Fig. 5, at 300 ◦C, all the
catalysts displayed higher catalytic activity with similar methanol
conversion of about 84% close to the equilibrium conversion [54].
The methanol conversion had a slight decay concomitant with the
color of catalyst turning dark with increasing the reaction time,
which indicates the occurrence of catalyst deactivation.

At 160 ◦C, it was found that DME  selectivity over all these cat-
alysts was  100% and no by-products were found in the effluent.
However, the DME  selectivity dropped below 100% at 300 ◦C with

the appearance of hydrocarbons such as light olefins in the efflu-
ent as shown in Fig. 7. The parent zeolites, ZSM-5(40)/ZSM-5(25)
had high/medium initial DME  selectivity decreasing with time on
stream (TOS), while ZSM-5(12) had low initial DME  selectivity
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Fig. 4. NH3-TPD desorption profiles of parent and alkaline-treated ZSM-5 catalysts.

F
c

s
e
s
c

Fig. 6. Methanol conversion plotted against strong and total acid site density (acti-

the retention time of DME  and thus decreased the probability

F
1

ig. 5. Methanol conversion over fully activated parent and alkaline-treated ZSM-5
atalysts (activation temperature: 500 ◦C; WHSV: 13 g g−1 h−1).

ubstantially increasing with TOS. The by-products, for instance,

thylene exhibited an opposite selectivity trend with time-on-
tream of the DME  selectivity. Methanol-to-hydrocarbons involves
omplex reaction networks in which methanol is firstly dehydrated

ig. 7. DME  and ethylene selectivity over fully activated parent and alkaline-treated ZSM
3  g g−1 h−1).
vation temperature: 500 ◦C; reaction temperature: 160 ◦C; WHSV: 13 g g−1 h−1; the
lines are drawn to guide the eye).

to DME  and then DME  is converted to light olefins, aromatics and
even coke. This indicates that secondary reactions occurred with
the formation of hydrocarbons, which lowered DME  selectivity
as also described previously by Vedrine and co-workers [55]. The
strong acid sites are likely responsible for the occurrence of the
side reactions of MTH  at this temperature. In line with this, on
account of the higher strong acid site density, the lower Si/Al ratio
resulted in a lower DME  selectivity. The previous findings reported
by Schulz indicated that three stages are involved in the MTH  reac-
tion: initiation, acceleration and retardation [56]. Accordingly, it
can be speculated that DME  selectivity decreasing with TOS  cor-
responded to the regime of initiation/acceleration, during which
some hydrocarbons accumulated on the catalysts and promoted
the MTH  reaction, while DME  selectivity increasing with TOS corre-
sponded to the regime of retardation, during which coke deposited
on strong acid sites and deactivated the MTH  reaction.

Upon alkaline treatment, ZSM-5(12)-AT and ZSM-5(25)-AT
exhibited higher DME  selectivity, while ZSM-5(40)-AT exhibited
somewhat lower DME  selectivity. The increase of DME  selectiv-
ity over ZSM-5(25)-AT is ascribed to the increase of mesoporosity,
which reduced the intra-crystalline diffusion path length, lower
of secondary reactions to hydrocarbons and coke [41,42]. Sim-
ilar improvement on selectivity over mesoporous zeolites has
also been found in other catalytic systems. For example, in the

-5 catalysts (activation temperature: 500 ◦C; reaction temperature: 300 ◦C; WHSV:
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Fig. 8. Effect of activation temperature on DME and ethylene select

racking of n-octane, Seo and co-workers found that alkali-
reatment on ZSM-5 zeolite enhanced selectivity to primary
racking products due to the fast transport from the mesoporous
eolite particles [57]. Xu and co-workers found that alkaline-
reated ZSM-5 exhibited improved stability in the aromatization
nd isomerization of 1-hexene due to the fast diffusion of desired
roduct avoiding further conversion to coke [58]. Meanwhile,
he change of the acidity by the alkaline treatment should also
e taken into account. As suggested by the NH3-TPD results in
ig. 4, the slightly lowered acid strength of the strong acid sites
ossibly led to the improvement of DME  selectivity over ZSM-
(12)-AT which exhibited limited extra mesoporosity. The increase
f strong acid site density is the proposed reason of the decrease of
ME  selectivity over ZSM-5(40)-AT, despite its obviously increased
esoporosity.
The effect of activation temperature on the catalytic perfor-

ance at 300 ◦C was studied first over ZSM-5(25). As shown in
ig. 8, the activation had been carried out at 500, 400, 350 and 300 ◦C
ndividually. A distinctly improved DME  selectivity and decreased
thylene selectivity was achieved with decreasing activation tem-
erature, during which methanol conversion was  kept at about
4% which is close to the equilibrium conversion. The effect of the
ctivation temperature on the physicochemical properties of ZSM-
(25) has been further characterized. 27Al MAS  NMR  (Fig. S1) results

ndicate that the framework aluminum atoms were well preserved
n the structure during the activation because all the parent and

ctivated catalysts exhibited a similarly intense signal at about

 = 55 ppm ascribed to the tetrahedrally coordinated framework
luminum, while only ZSM-5(25) activated at 500 ◦C addition-
lly exhibited a very weak signal at about ı = 0 ppm belonging to

ig. 9. Comparison of methanol conversion (left)/DME selectivity (right) over fully and pa
ture:  160 ◦C (left)/300 ◦C (right); WHSV: 13 g g−1 h−1; TOS: 4 h).
ver ZSM-5(25) (reaction temperature: 300 ◦C; WHSV: 13 g g−1 h−1).

octahedrally coordinated extra-framework aluminum possibly
extracted by the activation at elevated temperature [59]. CHN ele-
mental analysis (Table S1) showed that the N contents (wt%) of
ZSM-5(25) activated at 300 and 500 ◦C were 0.5 and <0.1 respec-
tively, which indicates that the ammonium cations were partially
retained in the activated catalysts depending on the activation
temperature. Accordingly, we  proposed that the improvement of
the DME  selectivity was  due to the selective blocking of strong
acid sites by the retained ammonium cations, which drastically
reduced the formation of hydrocarbons and coke [31]. Furthermore,
the catalytic performance of the parent and alkaline-treated cat-
alysts partially activated at 300 ◦C were investigated at reaction
temperatures of 160 and 300 ◦C. Compared with the fully acti-
vated catalysts, all the partially activated catalysts as shown in
Fig. 9 exhibited a decreased methanol conversion at 160 ◦C, but an
obviously enhanced DME  selectivity near 100% with methanol con-
version close to 84% at 300 ◦C. As it has been found that methanol
conversion at 160 ◦C is linearly dependent on strong acid site den-
sity, these results thus further prove that the partial activation is
effective in selective removal of the strong acid sites that brought
about the MTH  side-reaction at high temperature for all these cat-
alysts.

The catalyst stability of ZSM-5(25) and ZSM-5(25)-AT both par-
tially activated at 300 ◦C has been further investigated at reaction
temperature of 300 ◦C for prolonged time. As shown in Fig. 10, with
increasing the reaction time, ZSM-5(25)-AT exhibited preservation

of DME  selectivity near 100% and methanol conversion around
84%, while ZSM-5(25) displayed a decline of DME  selectivity and
methanol conversion. CHN elemental analysis (Table S1) proved
that the existence of carbon and nitrogen species in both spent

rtially activated ZSM-5 catalysts (activation temperature: 300 ◦C; reaction temper-



218 Y. Wei  et al. / Applied Catalysis A: G

Fig. 10. Methanol dehydration performance over partially activated ZSM-5(25)
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nd ZSM-5(25)-AT (activation temperature: 300 ◦C; reaction temperature: 300 ◦C;
HSV: 13 g g−1 h−1).

atalysts, which was in line with the weight loss between 300
nd 800 ◦C calculated from the TGA curves (Fig. S2). The color of
he spent ZSM-5(25)-AT showed no perceivable change, whereas
hat of the spent ZSM-5(25) visually turned darker, which indi-
ate that a more severe coking caused by the MTH  side reactions
ccurred over ZSM-5(25). It further proves that the extra meso-
orosity facilitated the diffusion of the products and contributed to
he alleviation of the formation of hydrocarbons and coke [41,42].
o further differentiate the catalytic activity of these two  catalysts,
he stability experiments were also carried out at higher WHSV. At

HSV = 28 g g−1 h−1 (Fig. S3), the results are fully in line with the
esults at WHSV = 13 g g−1 h−1, but still the methanol conversion
as close to equilibrium. At WHSV = 112 g g−1 h−1 (Fig. S4), ZSM-

(25)-AT showed higher activity than ZSM-5(25) with methanol
onversion remote from equilibrium. However, the two  catalysts
isplayed similar stability, the reason of which has not been further

nvestigated. The improved activity for the alkaline-treated sample
an be explained by two factors. The first one is the increase of the
cid site density due to the preferential extraction of framework sil-
con atoms. The second one is the improved mass transfer due to the
ormation of mesoporosity, which increases the accessibility to the
ctive sites [60]. These results demonstrate that alkaline treatment
eads to higher accessibility and acidity that showed up as higher
tability at lower WHSV and higher activity at very high WHSV.
t the same time, the enhanced catalytic performance over par-

ially activated ZSM-5(25)-AT also manifests that combining partial
ctivation and alkaline treatment is an effective method to pre-
are ZSM-5 catalysts with both moderated acidity and improved
iffusion capability for the MTD  reaction.

. Conclusion

The effects of alkaline treatment and activation temperature
ver a series of commercial NH4

+-form ZSM-5 catalysts with Si/Al
atio of 12, 25 and 40 has been investigated for the methanol dehy-
ration to DME  reaction. When fully activated at 500 ◦C, all the
arent and alkaline-treated catalysts exhibited 100% DME  selec-
ivity and stable catalytic activity at 160 ◦C, but decline of DME
electivity and methanol conversion at 300 ◦C as a result of the for-
ation of hydrocarbons and coke. The parent catalysts with lower
i/Al ratio on account of their higher strong acid site density showed
 lower DME  selectivity at 300 ◦C. Compared with the parent mate-
ials, the alkaline-treated catalysts showed altered DME  selectivity
s a result of the change of acidity and texture properties. The

[
[
[

eneral 504 (2015) 211–219

improvement or deterioration over ZSM-5(12)-AT and ZSM-5(40)-
AT are tentatively ascribed to the decrease or increase of strong acid
sites that brought about the MTH  reaction. The improved selec-
tivity to DME  over ZSM-5(25)-AT indicates that the formation of
extra mesoporosity enhanced diffusion capability and decreased
the probability of secondary reactions of DME to hydrocarbons
and coke. Decreasing the activation temperature of the NH4

+-ZSM-
5 precursors significantly improved DME  selectivity for all the
parent and alkaline-treated ZSM-5 because the remaining ammo-
nium cations in the structure selectively blocked the strong acid
sites and avoided the occurrence of side-reactions. Applying par-
tial activation at 300 ◦C, ZSM-5(25)-AT compared with ZSM-5(25)
showed an improved stability with almost 100% DME  selectiv-
ity and nearly 84% methanol conversion for 4 days of reaction at
reaction temperature of 300 ◦C and WHSV of 13 g g−1 h−1. ZSM-5
modified by combining alkaline treatment and partial activation
could be promising as part of an integrated catalyst for produc-
ing DME  directly from synthesis gas due to the moderated acidity,
enhanced diffusion capability as well as the simple and effective
preparation method. The tailoring of both acidity and accessibility
of zeolites using the approach described in this paper could be of
wider use to the adsorption and catalysis community.
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