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a  b  s  t  r  a  c  t

The  conversion  of syngas  (CO +  H2)  to  hydrocarbons  in  gasoline  fraction  over  a hybrid  catalyst  composed
of  Cu-ZnO  and  Pd/ZSM-5  in a near-critical  n-hexane  solvent  was  investigated.  Methanol  was  synthe-
sized  from  syngas  over  Cu-ZnO;  subsequently,  was converted  to hydrocarbons  through  the  formation  of
dimethyl  ether  (DME)  over  Pd/ZSM-5.  The  yield  of hydrocarbons  increased  from  ca.  29%  to  ca.  54%  with
increasing  the  partial pressure  of  n-hexane  from  0 MPa to 1.5  MPa.  By  contrast,  the  yields of CO2 and  DME
decreased  with  increasing  the  partial  pressure  of  n-hexane.  A  decrease  in  the  particle  size  of  ZSM-5  as  well
eywords:
ear-critical phase
ybrid catalyst
yngas to hydrocarbons
d/ZSM-5
asoline fraction
ethanol to hydrocarbons

as an  increase  in a  Pd loading  led  to  the  selective  production  of  hydrocarbons  in the  gasoline  fraction.  The
hybrid  catalyst  containing  0.5 wt%  Pd/ZSM-5  with  ca. 100  nm  in  size  exhibited  51%  gasoline  fraction  yield
with  75%  CO  conversion.  The  catalyst  stability  was  also  improved  by  increasing  the  Pd  loading  during  the
reaction.

© 2013  Elsevier  B.V.  All  rights  reserved.
. Introduction

Because of a drastic increase in worldwide energy consumption,
he development of hydrocarbon production processes with carbon
esources alternative to crude oil has been highly desirable. Syngas
CO + H2), which can be produced from a variety of carbon resources
uch as natural gas, biomass, and coal, has been focused on as a raw
aterial for the production of fuels and chemicals. Syngas can be

onverted directly to hydrocarbons through the Fischer-Tropsch
ynthesis (FTS) [1–7]. Another way of uses of syngas is the produc-
ion of methanol. Methanol can be utilized for the production of
ydrocarbons through the methanol-to-hydrocarbons (MTH) reac-
ion using zeolites or zeolite-type catalysts. In the MTH  reaction,
ydrocarbon distribution is strongly dependent on the micropore
ize of zeolites, and the production of heavy hydrocarbons such as
iesel fraction hydrocarbons are strictly inhibited [8–12]. Thus, a
rocess of the methanol synthesis from syngas following the MTH
eaction would be effective on the selective production of light

ydrocarbons with the efficient utilization of the alternative carbon
esources.

∗ Corresponding author. Tel.: +81 93 695 3733; fax: +81 93 695 3398.
E-mail address: h-imai@kitakyu-u.ac.jp (H. Imai).

920-5861/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2013.10.037
By employing hybrid catalysts composed of a methanol synthe-
sis catalyst, e.g. Pd/SiO2, Cu-ZnO and Cr-ZnO, and a zeolite catalyst,
e.g. ultra-stable Y zeolite (USY) and beta zeolite, the direct synthe-
sis of light hydrocarbons in liquefied petroleum gas (LPG) fraction
from syngas has been developed [13–17]. In these LPG synthesis
processes, syngas can be primarily converted to methanol over the
metal-based catalyst. Subsequent conversion of methanol to hydro-
carbons readily takes place over the zeolite which neighbors the
metal-based catalyst in the hybrid catalyst. The rapid consump-
tion of methanol gives the methanol synthesis from syngas an
advantage over the reverse reaction of methanol to syngas over
the metal-based catalysts, leading to higher yield of hydrocarbons
than the calculated value based on the thermodynamic equilibrium
[13].

ZSM-5, a MFI-type aluminosilicate material, is well known as
a zeolite catalyst having the pore size and acid properties suit-
able for the production of gasoline-range hydrocarbons in the MTH
reaction [8–10]. Considering the selective production of specified
fuel hydrocarbons, the employment of a hybrid catalyst contain-
ing ZSM-5 would be suitable for the hydrocarbon production from
syngas. Furthermore, since olefins are primarily produced in the

MTH reaction, metal catalysts with high hydrogenation ability are
required for obtaining paraffins as a final product. It was reported
that Pd supported on zeolite efficiently converts olefins to paraf-
fins during the conversion of syngas to hydrocarbons [15]. Thus,

dx.doi.org/10.1016/j.cattod.2013.10.037
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2013.10.037&domain=pdf
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on-line gas chromatograph (Shimadzu GC-8A) equipped with a
thermal conductivity detector (TCD) and a packed column of acti-
vated charcoal. The light hydrocarbon products were analyzed with
another on-line gas chromatograph (Shimadzu GC-2014) equipped
68 T. Ma  et al. / Catalysis

d/ZSM-5 is expected to efficiently produce paraffins in gasoline
raction from methanol that is generated from syngas.

Reaction processes using solid catalysts in near- and super-
ritical solvents have received considerable attention in the fields
f organic synthesis [18–21] and biomass conversion [22–26] in
he recent decades because a reaction rate can be significantly
mproved in the solvents. Supercritical hydrocarbon fluids have
een applied to the FTS to increase the hydrocarbon yield and to
uppress the generation of undesired products due to the efficient
xtraction of products from catalysts [27–31]. In a manner similar
o the FTS reaction in the supercritical phase, the LPG synthesis from
yngas using a hybrid catalyst in a near-critical solvent of n-hexane
as been studied [32]. Efficient removal of heat generated during
he reaction by the near-critical fluid leads to improvements in the
tability of the catalyst as well as the selectivity for light hydrocar-
ons. In this paper, the term “near-critical” is used to connote the
egion close to the critical temperature and pressure of n-hexane.

In this study we investigated the catalytic activity of a hybrid
atalyst composed of Cu-ZnO and Pd/ZSM-5 in a near-critical n-
exane solvent in the conversion of syngas to hydrocarbons via
ethanol. During the experimental trials, the reaction in the near-

ritical phase was compared with those in conventional phases to
larify the effect of the near-critical solvent on the catalytic activity
nd product distribution. We  also investigated the effects of the
cid amount and particle size of ZSM-5 as well as Pd loading on the
ydrocarbon yield.

. Experimental

.1. Catalyst preparation

A hybrid catalyst was prepared by physically mixing the
55–710 �m pellets of a Cu-ZnO methanol synthesis catalyst of
.5 g with those of a Pd/ZSM-5 catalyst of 0.5 g. Cu-ZnO was a com-
ercial catalyst (MK-121, TOPSØE). Pd/ZSM-5 was prepared by

mpregnation method with a 4.557 wt% Pd(NH3)2(NO3)2 aqueous
olution and commercial ZSM-5 with the SiO2/Al2O3 molar ratio of
3 (CBV2314, Zeolyst) or 80 (CBV8014, Zeolyst). Commercial NH4

+-
ype ZSM-5 was calcined at 823 K for 3 h to become proton-type
SM-5. Proton-type ZSM-5 was immersed in the Pd(NH3)2(NO3)2
queous solution with a supported Pd weight at room temper-
ture overnight. The resultant was evaporated at 333 K, dried at
93 K for 3 h, and calcined at 823 K for 3 h. In addition, a MFI  zeo-

ite was hydrothermally synthesized by using an aluminosilicate
el with the SiO2/Al2O3 ratio of 23 and tetrapropylammonium
ydroxide (TPAOH) as a structure-directing agent (SDA) at 443 K for
4 h, according to the previous report [33]. The obtained Na+-type
FI  zeolite was transformed to a proton-type MFI  zeolite by ion-

xchange treatment with 2.2 M NH4NO3 aqueous solution followed
y calcination at 823 K for 3 h.

.2. Characterization

The structure of the catalysts was examined by X-ray diffrac-
ion (XRD, Rigaku XRD-DSC-XII). The diffractometer was  operated
t 40 kV and 20 mA  using Cu-K� radiation source. XRD patterns
ere recorded at 6 degree/min over the angular range of 5–50◦.

he SiO2/Al2O3 ratios of the samples were determined by X-ray
uorescence analysis (XRF, Rigaku ZSX101E). The BET surface area
nd micropore volume were estimated from nitrogen adsorption
sotherms at 77 K with a Micromeritics ASAP 2010 instrument. Prior

o the analyses, the sample was treated at 573 K for 3 h under nitro-
en flow in order to remove adsorbed compounds. External surface
rea (SEXT) was estimated by the t-plot method. Field-emission
canning electron microscopic (FE-SEM) images of the catalysts
 228 (2014) 167–174

were obtained on an S-5200 microscope (Hitachi) operating at
10–15 kV.

Temperature programmed ammonia desorption (NH3-TPD)
profiles were recorded on BELCAT-B (BEL Japan). The sample was
pretreated under a He flow at 723 K for 1 h, and then cooled down
to 373 K. Ammonia was allowed to make contact with the sample
at 373 K for 1 h. Subsequently, the sample was evacuated to remove
weakly adsorbed ammonia at 373 K for 30 min. Finally, the sample
was heated from 373 K to 883 K at a raising rate of 10 K/min in a He
flow. The desorbed ammonia was monitored on a TCD.

Temperature programmed hydrogen desorption (H2-TPD) pro-
files were recorded on BELCAT-B (BEL Japan). The sample was
pretreated under a He flow at 473 K for 5 h, and then reduced under
10 vol% H2 balanced by He at 573 K for 10 h. After cooling down to
323 K, a mixed gas composed of 10 vol% H2 and He balance flowed
into the sample for 1 h. Finally, the sample was  heated from 323 K to
923 K at raising rate of 10 K/min in a He flow. A mass spectrometer
was used to monitor the desorbed hydrogen (m/e = 2).

2.3. Catalytic reaction test

A pressurized flow type of reaction apparatus with a fixed-bed
reactor was used for this study. The experimental set-up scheme is
shown in Fig. 1. The apparatus was equipped with an electronic
temperature controller for a furnace, a vaporizer of a solvent, a
stainless tubular reactor with an inner diameter of 6 mm,  thermal
mass flow controllers for gas flows and a back-pressure regulator. A
solvent was  pumped into the reactor by a high-pressure pump. 1 g
of a hybrid catalyst was  loaded in the reactor, and inert glass sand
was placed above and below the catalyst. The length of the catalyst
bed was  about 6.0–6.5 cm.  The catalyst was reduced in a flow of
a mixture of 5% hydrogen and 95% nitrogen with 100 mL  min−1 at
573 K for 3 h. After the reduction of the catalyst, the catalyst was
cooled down to 473 K. Syngas (60% H2, 32% CO, 5% CO2, and 3%
Ar) and n-hexane as a solvent were introduced into the catalyst to
make the total pressure inside reach to 4.0 MPa  in a He flow, and
then the catalyst was heated up to 553 K. The partial pressure of
syngas, Psyngas, of 2.5 MPa  was retained, and the partial pressure of
n-hexane, Pn-hexane, was varied from 0 MPa  to 1.5 MPa. The catalyst
weight to the flow rate ratio (W/F-syngas) was  9.7 g-cat h/mol-syngas.
CO, CO2 and CH4 of the reaction products were analyzed with an
Fig. 1. Scheme of experimental set-up.
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Fig. 2. Product yield resulting from conversion of syngas to hydrocarbons over
hybrid catalyst composed of Cu-ZnO and 0.5 wt%  Pd/ZSM-5 as a function of par-
tial pressure of n-hexane. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g Cu-ZnO

F
c
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ith a flame ionization detector (FID) and a capillary column
f Porapak-Q. The products liquefied by condensation at room
emperature were analyzed with an off-line gas chromatograph
Shimadzu GC-2014) equipped with an FID detector and a cap-
llary column of TC-1. For the analyses of the liquefied products,
ecahydronaphthalene (C10H18) was used as an internal standard.

.4. Calculation method

The conversion of CO was defined as

O conversion (%) =
(

1 − COout (mol)
CO in feed (mol)

)
× 100

The yield of C-containing products was defined based on the
tomic carbon. The yield of CO2 was defined as

O2 yield (C-%) = CO2 (mol)
CO in feef (mol)

× 100

The yield of DME  was defined as

ME  yield (C-%) = DME  (mol) × 2
CO in feed (mol)

× 100

The yield of hydrocarbon was defined as

n yield (C-%) = Cn (mol) × n

CO in feed (mol)
× 100

. Results and discussion

.1. Conversion of syngas to hydrocarbons over hybrid catalyst in
ear-critical phase

The catalytic activity of a hybrid catalyst composed of Cu-ZnO
nd Pd/ZSM-5 in a near-critical n-hexane solvent was investigated
n the conversion of syngas to hydrocarbons via methanol. 0.5 wt%
d was supported on ZSM-5 with the SiO2/Al2O3 ratio of 23. Fig. 2
hows product yields resulting from the syngas conversion over the
ybrid catalyst. The partial pressure of n-hexane was  varied from

 MPa  to 1.5 MPa  with the syngas partial pressure of 2.5 MPa  con-
tant. The critical pressure and critical temperature of n-hexane
re 507.5 K and 3.01 MPa, respectively. The total pressure in the
eaction system of 4.0 MPa  was kept with He as a carrier gas dur-
ng the reaction. CO conversion decreased from ca. 90% to ca. 74%
s the partial pressure of n-hexane increased from 0 to 1.5 MPa.
he employment of supercritical fluids resulted in decreasing CO

onversion in the FT synthesis due to lower diffusion efficiency
f syngas compared with that in gas phase [13,30,34]. It is indi-
ated that the near-critical fluid also suppressed the diffusion of
yngas during the reaction to decrease the CO conversion in this

ig. 3. Hydrocarbon distributions resulting from conversion of syngas to hydrocarbons ov
at.,  1.0 g hybrid catalyst (0.5 g Cu-ZnO and 0.5 g Pd/ZSM-5); temp., 553 K; Ptotal = 4.0 MPa
and  0.5 g Pd/ZSM-5); temp., 553 K; Ptotal = 4.0 MPa  (balanced by He); Psyngas = 2.5 MPa
or 1.0 MPa; W/F  = 9.7 g-cat h/mol-syngas; H2/CO = 1.9.

study. Hydrocarbon yield was drastically increased by co-feeding
n-hexane with syngas to the catalyst, and increased from ca. 29%
to ca. 54% with the increase in the partial pressure of n-hexane
from 0 to 1.5 MPa. Hydrocarbon distributions at 6.5 h after the reac-
tion started are shown in Fig. 3. By employing the near-critical
fluid (Pn-hexane = 1.5 MPa), hydrocarbons with carbon numbers of
5–9 were efficiently produced, while the selectivities of ethane
and propane decreased. In contrast to the hydrocarbon yield, DME
yield was decreased from 33% to 0.8% by the employment of the
near-critical solvent. In order to compare the catalytic properties
of the hybrid catalyst in the near-critical fluid with those in a
supercritical fluid, the partial pressure of n-hexane was increased
to 3.0 MPa, while the partial pressure of syngas was decreased to
1.0 MPa  to keep the total pressure at 4.0 MPa. Surprisingly, DME  and
CO2 were little detected, and hydrocarbons were dominantly pro-
duced although the CO conversion decreased due to the decrease in
the partial pressure of syngas. The employment of n-hexane as the
near-critical solvent improves the heat transfer during the reaction,
leading to the increase in the LPG yield through the conversion of

methanol [32]. It is suggested that the introduction of n-hexane
as the near-critical solvent improved the conversion of DME  to
hydrocarbons due to the good heat transfer in the near-critical
phase.

er hybrid catalyst composed of Cu-ZnO and 0.5 wt% Pd/ZSM-5. Reaction conditions:
 (balanced by He); Psyngas = 2.5 MPa; W/F  = 9.7 g-cat h/mol-syngas; H2/CO = 1.9.
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The yield of CO2 decreased with increasing the partial pressure
f n-hexane. CO2 is generated through the water-gas shift (WGS)
eaction of CO with H2O over Cu-ZnO. Supercritical fluids in the
T processes extracts H2O generated during the reaction from the
atalyst, while the extraction capability of the fluids to H2O is pro-
ortional to the partial pressure of the fluids due to low affinity
f H2O to organic solvents [29,35]. It is thus suggested that the
ear-critical fluid helped the emission of H2O from the surfaces of
he catalyst, leading to the suppression of the WGS  reaction over
u-ZnO. Considering the use of high-pressure equipment (super-
ritical system), it generally costs much to set up apparatuses which
an be safely operated under sever conditions. Thus, processes
ith the near-critical n-hexane fluid are expected to be economical
ue to easier handling of apparatuses for the selective production
f gasoline-range hydrocarbons from syngas via methanol using
ybrid catalysts.

.2. Effect of acid amount of ZSM-5 on catalytic activity

Product distribution in the MTH  reaction is strongly dependent
n physicochemical properties of zeolites including acid amount,
ore size and crystal size. In order to investigate the effect of the
cid amount of ZSM-5 in the hybrid catalyst on the catalytic prop-
rties, the syngas conversion to hydrocarbons was  conducted over
ybrid catalysts containing ZSM-5 with different SiO2/Al2O3 ratios.
he results obtained in the reaction are shown in Fig. 4. The CO
onversion increased with increasing the Al content of ZSM-5. In
ddition, the increase in the Al content of ZSM-5 increased the yield
f the hydrocarbons, while the yield of DME  drastically decreased.
he trends resulting from the reaction are consistent with those
btained using beta zeolite in the LPG synthesis [32]. Fig. 5 shows
H3-TPD profiles of the 0.5 wt% Pd/ZSM-5 catalysts. The peaks
hich appeared at higher temperature (573–873 K) correspond to

H3 desorption from catalytically active acid sites [36,37]. The acid
mount of ZSM-5 was strongly dependent on the Al content of ZSM-
, and the acid amounts estimated from the NH3-TPD profiles were
.67 mmol  g−1 and 0.26 mmol  g−1 for 0.5 wt% Pd/ZSM-5 with the

ig. 4. Product yield resulting from conversion of syngas to hydrocarbons
ver hybrid catalysts composed of Cu-ZnO and 0.5 wt% Pd/ZSM-5 with dif-
erent SiO2/Al2O3 ratios. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g
u-ZnO and 0.5 g Pd/ZSM-5); temp., 553 K; Psyngas = 2.5 MPa; Pn-hexane = 1.5 MPa;
/F  = 9.7 g-cat h/mol-syngas; H2/CO = 1.9.
Fig. 5. NH3-TPD profiles of 0.5 wt% Pd/ZSM-5 samples with different SiO2/Al2O3

ratios.

SiO2/Al2O3 ratio of 23 and that with the SiO2/Al2O3 ratio of 80,
respectively. The conversion of methanol or DME  to hydrocarbons
should depend on the amount of acid sites of zeolite catalysts. The
large amount of the acid sites is probably required for the complete
conversion of methanol to hydrocarbons via DME  at low tempera-
ture below 573 K, compared with the MTH  reaction carried out at
temperatures of 623–723 K. Therefore, ZSM-5 with the higher Al
content was advantageous to yielding hydrocarbons from syngas
via methanol or DME.

The generation of CO2 was mitigated during the reaction when
the Al content of ZSM-5 in the hybrid catalyst decreased (Fig. 4).
The smaller amount of H2O could be generated over ZSM-5 with the
SiO2/Al2O3 ratio of 80 than over ZSM-5 with the SiO2/Al2O3 ratio
of 23 due to the insufficient conversion of DME  to hydrocarbons,
resulting in the suppression of the CO2 generation through the WGS
reaction.

3.3. Effect of particle size of ZSM-5 on catalytic activity

The effect of the particle size of Pd/ZSM-5 on the catalytic
activity was  investigated using ZSM-5 with different particle sizes.
Fig. 6 shows XRD patterns and SEM images of commercial ZSM-5
(CBV2314, Zeolyst) and hydrothermally synthesized ZSM-5 using
tetraorthosilicate as a silica source and TPAOH as an SDA. Both
samples exhibited the typical patterns assigned to the MFI struc-
ture (Fig. 6A). The FE-SEM images revealed that commercial ZSM-5
(ZSM-5-CM) was composed of cuboid blocks with an average size of
ca. 600 nm,  while hydrothermally synthesized ZSM-5 (ZSM-5-HT)
was composed of cubic crystallites about 100 nm in size (Fig. 6B).
The physicochemical properties of both the ZSM-5 samples are
summarized in Table 1. The SiO2/Al2O3 ratio of 32 for ZSM-5-HT
was similar to that of 23 for ZSM-5-CM. The surface area (SBET)
of ZSM-5-HT (373 m2 g−1) was also close to that of ZSM-5-CM
(363 m2 g−1). By contrast, the external surface area (SEXT) of ZSM-5
increased due to a decrease in the particle size.

Fig. 7 shows the product yields of ZSM-5-CM and ZSM-5-HT in
the syngas conversion to hydrocarbons via methanol. The CO con-
version was independent of the particle size of the ZSM-5 sample.
In addition, the yields of CO2, DME  and the hydrocarbons gen-
erated over the hybrid catalyst containing ZSM-5-CM were very
similar to those of the hybrid catalyst containing ZSM-5-HT. These
results indicate that the particle size of the zeolite influences lit-

tle the catalytic activity of the zeolite for the methanol conversion
to hydrocarbons. By contrast, the product distribution, especially
the hydrocarbon distribution, was  strongly dependent on the par-
ticle size of ZSM-5. Fig. 8 shows hydrocarbon distributions over
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Fig. 6. XRD patterns (A) and SEM images (B) of commercial ZSM-5 (CBV2314) (ZSM-5-CM) and hydrothermally synthesized ZSM-5 (ZSM-5-HT).

Table 1
Physicochemical properties of commercial and hydrothermal synthesized ZSM-5 catalysts.

Sample SiO2/Al2O3
a Sizeb (nm) SBET

c (m2 g−1) SEXT
d (m2 g−1) Vmicro

e (cm3 g−1)

ZSM-5-CM 23 600 363 54 0.13
ZSM-5-HT 32 100 373 115 0.11
ZSM-5-CM 80 – 440 183 0.13

a Estimated from XRF measurement.
b Average particle size estimated from FE-SEM observations.
c
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SBET, surface area estimated by N2 adsorption method.
d SEXT, external surface area estimated by N2 adsorption method.
e Vmicro, micropore volume estimated by N2 adsorption method.

he hybrid catalysts with ZSM-5-CM or ZSM-5-HT at 6.5 h of the
eaction time. The selectivity of hydrocarbon fractions (C5–C9)
ssociated with gasoline increased from 44% to 65% with decreasing
he particle size of ZSM-5, while those of methan, ethane and

ropane decreased with decreasing the particle size. In the MTH
eaction, the crystal size of zeolites does not significantly influ-
nce the selectivity of various hydrocarbon products. However, a
ecrease in the crystal size retards the deposition of carbonaceous

ig. 7. Product yield resulting from conversion of syngas to hydrocarbons over
ybrid catalysts composed of Cu-ZnO and 0.5 wt%  Pd/ZSM-5 with different particle
izes. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g Cu-ZnO and 0.5 g Pd/ZSM-
);  temp., 553 K; Psyngas = 2.5 MPa; Pn-hexane = 1.5 MPa; W/F  = 9.7 g-cat h/mol-syngas;
2/CO = 1.9.
species in the pores and cavities of zeolites due to the high mass
transfer of reactants as well as products, leading to the improve-
ment of the catalyst life [33]. On the other hand, it was reported
that the carbonaceous species formed in the cavities of the zeolite
induced an effect of transition-state shape selectivity due to the
reduction of the pore and cavity spaces, promoting the formation
of smaller olefins [38,39]. ZSM-5-HT composed of smaller parti-
cles than those of ZSM-5-CM exhibited the selective production
of the hydrocarbons in the gasoline fraction. In ZSM-5-HT, hydro-
carbons generated in the pores of the zeolite could more readily
transfer out of the pores during the reaction due to the shorter
pore channels in comparison with ZSM-5-CM. It is assumed that
the further oligomeration of the products in the pores could be
suppressed in ZSM-5-HT, resulting in keeping large cavity spaces.
Thus, the efficient transfer of larger hydrocarbons than the LPG and
dry gas fractions to out of the pores could take place in ZSM-5-
HT. On the other hand, in the cavities of ZSM-5-CM, the transfer
of the large hydrocarbons was  suppressed by the carbonaceous
species deposited, promoting the formation of the small hydrocar-
bons through the cracking of the large hydrocarbons.

3.4. Effect of mixing way of Cu-ZnO with Pd/ZSM-5 on catalytic
properties

In order to investigate the effects of the catalyst preparation
method on the catalytic properties, the hybrid catalysts were
prepared by two different methods: powder mixing and granule
mixing. In the powder mixing, after Cu-ZnO of 0.5 g and Pd/ZSM-5
of 0.5 g were physically mixed with a mortar, the mixed pow-
der was pelletized, crushed, and then sieved to particles with
355–710 �m.  In order to distinguish the physical mixing method of
each pelletized particle of Cu-ZnO and Pd/ZSM-5 described in the

experimental section from the powder mixing, the usual prepa-
ration method is denoted as granule mixing in Fig. 9. The hybrid
catalyst prepared by the granule mixing exhibited a slightly higher
CO conversion, higher CO2 yield and lower DME  yield than that
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ig. 8. Hydrocarbon distributions resulting from conversion of syngas to hydroca
article  sizes. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g Cu-ZnO and 0.5 g
2/CO = 1.9.

repared by the powder mixing in the conversion of syngas to
ydrocarbons in the near-critical n-hexane fluid (Fig. 9). In addition,
he catalyst prepared by the granule mixing gave the higher yield
ca. 33%) of gasoline fraction hydrocarbons (C5–C9) than the cata-
yst prepared by the powder mixing. On the catalyst prepared by
he powder mixing, hydrogen dissociated on Cu-ZnO could readily
ransfer to the neighboring Pd/ZSM-5, resulting in the formation of
H4 through the hydrogenation of CO and CO2 on the Pd particles.
oshie et al. reported that a hybrid catalyst prepared by the granule
ixing showed a high selectivity and activity in the hydrocarbon

ynthesis from CO2 [40].

.5. Effect of palladium loading on ZSM-5 on catalytic properties

Pd on the zeolite plays roles in the efficient hydrogenation of
lefins to paraffins in the syngas conversion to hydrocarbons [15].

ince olefins are primarily produced in the methanol conversion to
ydrocarbons, Pd is required for the synthesis of saturated hydro-
arbons through the hydrogenation. Fig. 10 shows H2-TPD profiles
f the 0.3 and 0.5 wt% Pd/ZSM-5 samples and the ZSM-5 sample.

ig. 9. Influence of mixing way  of Cu-ZnO with Pd/ZSM-5 on conversion of syngas
o  hydrocarbons in near-critical phase over hybrid catalysts composed of Cu-
nO  and 0.5 wt% Pd/ZSM-5. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g
u-ZnO and 0.5 g Pd/ZSM-5,); temp., 553 K; Psyngas = 2.5 MPa; Pn-hexane = 1.5 MPa;
/F  = 9.7 g-cat h/mol-syngas; H2/CO = 1.9.
 over hybrid catalyst composed of Cu-ZnO and 0.5 wt%  Pd/ZSM-5 with different
M-5); temp., 553 K; Psyngas = 2.5 MPa; Pn-hexane = 1.5 MPa; W/F  = 9.7 g-cat h/mol-syngas;

The adsorption of H2 on ZSM-5 was almost negligible as a result of
the observation of no peak derived from desorbed H2 molecules. By
contrast, on the Pd/ZSM-5 samples, a broadened peak was observed
in the range from 673 K to 773 K, indicating that H2 molecules were
adsorbed on only the Pd sites. The amount of the adsorbed H2
was estimated from the profiles to be 0.017 mmol g−1 for 0.3 wt%
Pd/ZSM-5 and 0.018 mmol  g−1 for 0.5 wt% Pd/ZSM-5, respectively.
Thus, ZSM-5 with the increased Pd loading is capable of preventing
the oligomerization of coke precursors through the hydrogenation
of the coke precursors to paraffins.

In order to clarify the effects of Pd on the catalytic activity in
the syngas conversion, the reaction was carried out employing var-
ious Pd loadings on ZSM-5 prepared by the hydrothermal treatment
in the hybrid catalyst. The results are shown in Figs. 11 and 12.
The hybrid catalyst containing ZSM-5 exhibited 82% CO conver-
sion at 0.5 h after the reaction started. The CO conversion gradually
decreased after the reaction started until the conversion reached to
ca. 65% at 4 h of the reaction time. By employing the hybrid catalyst
composed of Cu-ZnO and Pd supported on ZSM-5, the deactivation
became slow, although the initial CO conversion was  almost the
same (ca. 80%) regardless of the Pd loadings (Fig. 11). The effect
of the Pd loadings on the CO conversion was consistent with that
obtained in the LPG synthesis over hybrid catalysts composed of

Cu-ZnO and Pd/beta [16]. In addition, the hybrid catalysts contain-
ing Pd/ZSM-5 exhibited the higher CO conversion at 6.5 h than that
with ZSM-5, while the CO conversion at 6.5 h of 0.3 wt% Pd/ZSM-5

Fig. 10. H2-TPD profiles of Pd/ZSM-5-HT samples with different Pd loadings.



T. Ma et al. / Catalysis Today 228 (2014) 167–174 173

Fig. 11. CO conversion over hybrid catalysts composed of Cu-ZnO and Pd/ZSM-5-
H
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Fig. 12. Product yield resulting from conversion of syngas to hydrocarbons over
hybrid catalysts composed of Cu-ZnO and Pd/ZSM-5-HT with different Pd loadings.

F
a

T  with different Pd loadings. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g
u-ZnO and 0.5 g Pd/ZSM-5); temp., 553 K; Psyngas = 2.5 MPa; Pn-hexane = 1.5 MPa;
/F  = 9.7 g-cat h/mol-syngas; H2/CO = 1.9.

as similar to that of 0.5 wt% Pd/ZSM-5. In the MTH  reaction, rapid
eactivation occurs due to the deposition of carbonaceous species
esulting from the oligomerization of primarily formed unsaturated
roducts on the surface or inside pores of the zeolite [41]. The
ydrogenation of the unsaturated products to saturated hydrocar-
ons over Pd/ZSM-5 would retard the oligomerization to suppress
he deactivation.

Fig. 12 shows the product yields of the hybrid catalysts con-
aining ZSM-5, 0.3 wt% Pd/ZSM-5 and 0.5 wt% Pd/ZSM-5. The yield
f the hydrocarbons (gasoline, LPG and dry gas) was increased
y employing Pd/ZSM-5 as a component of the hybrid catalyst.
oreover, the yield of the hydrocarbons in the gasoline fraction

ncreased from 25% to 33% with the increase in the Pd loadings from
 wt% to 0.5 wt%, while the yield of the dry gas fractions decreased
ith increasing the Pd loadings. The increase in the Pd loadings
ould improve the mass transfer of the products during the reac-

ion because the hydrogenation over Pd leads to suppressing the

locking of the pores and cavities of the zeolite by the carbona-
eous species. Therefore, the transfer of the gasoline fractions out
f the zeolite intracrystallites was promoted with increasing the
d loadings; simultaneously, the hydrocracking of the products to

ig. 13. Conversion of syngas to hydrocarbons over the hybrid catalyst consisting of Cu-Zn
nd  0.5 g Pd/ZSM-5); temp., 553 K; W/F  = 9.7 g-cat h/mol-syngas; H2/CO = 1.9; Psyngas/Pn-hexane =
Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g Cu-ZnO and 0.5 g Pd/ZSM-
5);  temp., 553 K; Psyngas = 2.5 MPa; Pn-hexane = 1.5 MPa; W/F  = 9.7 g-cat h/mol-syngas;
H2/CO = 1.9.

small fractions was suppressed. The decrease in the yield of the dry
gas fractions with increasing the Pd loading also indicates that the
direct hydrogenation of CO to methane was  not accelerated even
when Pd was employed as a hydrogenation catalyst. In addition,
the CO2 yield was  almost the same regardless of the Pd loadings,
although the larger amount of H2O was generated over Pd/ZSM-5
compared with ZSM-5 alone as a result of the methanol conversion
to hydrocarbons. These results indicate that Pd hardly contributed
to the WGS  reaction during the syngas conversion to hydrocarbons.

3.6. Catalytic stability of hybrid catalyst in near-critical and gas
phases

As shown in Fig. 13, in the conversion of syngas to hydrocar-

bons in the near-critical phase of n-hexane, the hybrid catalyst
consisting of Cu-ZnO and 0.5 wt%  Pd/ZSM-5 exhibited the higher CO
conversion with the lower selectivity of CO2 in comparison with the
reaction in the gas phase under the conditions at 553 K and 4.0 MPa.

O and 0.5 wt% Pd/ZSM-5. Reaction conditions: cat., 1.0 g hybrid catalyst (0.5 g Cu-ZnO
 2.5 MPa/0 MPa (gas phase); Psyngas/Pn-hexane = 2.5 MPa/1.5 MPa (near-critical phase).
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he CO conversion of ca. 65% was kept until 30 h of the reaction in
he near-critical phase. Similar to the reaction in the near-critical
hase, in the gas phase, the CO conversion was kept with a con-
tant value of 58% during the reaction although the CO2 selectivity
lightly increased at the initial stage of the reaction.

The deactivation of the catalyst can be mitigated through bet-
er heat and mass transfer, leading to prolonging the longevity of
atalyst. Owing to the advantages mentioned above, the reaction
ystem with a hybrid catalyst consisting of Cu-ZnO and Pd/ZSM-5
n a near-critical phase is promising for commercial application of
he synthesis of gasoline fraction hydrocarbons from syngas.

. Conclusions

The catalytic performances of hybrid catalysts composed of Cu-
nO and Pd/ZSM-5 in the syngas conversion to hydrocarbons via
ethanol in a near-critical n-hexane solvent have been studied.

he near-critical fluid was effective in the selective production of
ydrocarbons in gasoline fraction during the syngas conversion
ver the hybrid catalyst. In addition, the employment of the near-
ritical solvent led to depressing the formation of CO2 during the
eaction.

The characteristics of Pd/ZSM-5 influenced the synthesis of the
ydrocarbons in the syngas conversion. An increase in the acid
mount of ZSM-5 was effective on the generation of hydrocarbons
n the syngas conversion to hydrocarbons at lower temperature
han those applied in the MTH  reaction. Hydrocarbon distribution
as strongly dependent on the particle size of ZSM-5 and Pd load-

ng. A decrease in the particle size of ZSM-5 and an increase in the
d loading improved the yield of hydrocarbons in gasoline frac-
ion with high catalytic stability. It is likely that the improvement
f the mass transfer due to the decrease of the particle size and
he hydrogenation of unsaturated hydrocarbons over Pd suppress
he deposition of carbonaceous species. Subsequently, the pore and
avity spaces in the zeolite can be retained, leading to the smooth
ass transfer of large hydrocarbons out of the intracrystallites.

herefore, Pd/ZSM-5 composed of nano-sized particles is effective
n the selective production of gasoline fractions from syngas via
ethanol with the near-critical fluid.
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