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Abstract

A novel alkylation process of benzene with syngas was successfully developed to produce toluene and xylene over a bifunc-
tional catalyst containing zinc oxide (ZnO), zirconium oxide (ZrO,) and ZSM-5 zeolite. Different characterizations, such
as: SEM, TEM, XRD, XPS, FT-IR, NH;-TPD and N, adsorption—desorption were used to measure the structure of Zn/Zr
samples. ZnO was identified as the active component for the synthesis of methanol while ZrO, was the promoting component
which helped the good dispersion of ZnO in the system. The sample with 0.75 Zn/Zr molar ratio calcined at 500 °C exhibited
the best catalytic performance, resulting in benzene conversion of 34.7%, toluene and xylene selectivity of 68.8% and 18.0%
at 450 °C under 3.2 MPa. Based on the experimental results, the reaction mechanism was proposed as following: methanol
was firstly formed on the surface of ZnO/ZrO, from syngas, then it migrated onto ZSM-5 zeolite and reacted with benzene
to form toluene. Furthermore, xylene was obtained through consecutive reaction.
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1 Introduction

Aromatics are very important fundamental materials in petro-
chemical industry, wherein para-xylene (PX) is the most valu-
able xylene isomer which will be ultimately converted to poly-
ethylene terephthalate (PET) fibers, films and resins [1-3].
Although the alkylation of benzene with methanol or methane
to prepare toluene and xylene have been reported a lot, which
is still limited in small scale production and approximately
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70% of the world’s benzene, toluene and xylene is still from
petroleum naphtha [4-9]. Syngas which mainly contains
hydrogen and carbon monoxide can be produced from various
nonpetroleum carbon resources like coal, natural gas and bio-
mass. It has been widely used in numerous industry processes
and attracted great attention recently [10-16].

Bifunctional catalysts which had both catalytic hydrogena-
tion and alkylation function could be prepared if metals were
loaded on the ZSM-5 zeolite. ZSM-5 zeolite was widely used
for its high specific surface area, adjustable acidity and unique
pore structure [17-19]. Only a few works by using bifunc-
tional catalysts for the alkylation of benzene with syngas were
reported previously. Imia and Ou studied the alkylation of
benzene or toluene with syngas over Zn—Cr or Zn—Al loaded
on different types of zeolites, unfortunately the highest con-
version of benzene was only 15% [20, 21]. Xuebin reported
that Cu-based catalysts showed high activity for the reaction
and when the Cu content in catalysts was 11.0%, the conver-
sion of benzene can only reach 16.8% [22]. Therefore, how to
design and fabricate highly efficient catalyst for the alkylation
of benzene with syngas is of great importance.

As mentioned that methanol was mainly produced from
syngas with low equilibrium conversion, which means an
alkylation process of benzene with methanol coupled with
the synthesis of methanol would break the equilibrium and
the conversion of syngas. We figured out that the AerL was
—164.22 kJ/mol and Aer, was —99.02 kJ/mol for the reac-
tion of CgHg(g) + CO(g) +2H,(g) —> C,;Hy(g) + H,O(g), The
ideal conversion of benzene reached up to 98.83% at 450 °C
with the molar ratio of H,, CO and C¢Hg as 8:4:1. Herein,
that process was feasible in thermodynamics by calculation.

In present work, we explored a reaction coupling process
for directly converting syngas and benzene to alkylated ben-
zenes over a bifunctional ZnZr/ZSM-5 catalyst. A mixture
of zinc and zirconium oxides with different molar ratios and
calcination temperatures were prepared and applied to cata-
lyze the alkylation of benzene with syngas. Their structures,
properties and corresponding catalytic performances were
systematically investigated. And the reaction mechanism was
proposed with methanol as the intermediate. In all, this novel
and effective method could make full use of syngas without
any intermediate steps and the application of syngas will be
extended. Furthermore, the alkylation process of benzene with
syngas would satisfy the increasing demand of xylene and
solve the problems of benzene excess at the same time.

2 Experimental
2.1 Synthesis of ZnO-Zr0, Samples

All the chemical reagents used in experiments were in
analytical grade and deionized water was used in all

experiments. The anhydrous zinc acetate, isopropanol and
monoethanolamine were purchased from Shanghai Titan
Scientific company. The zirconium acetyl acetonate was
purchased from Shanghai Dibo Bio-technology company.
Benzene was purchased from Shanghai Lingfeng chemical
reagents company and syngas (mole ratio H,:CO:N,=2:1:1)
was purchased from Shanghai Jiajie special gas company.

The mixture of zinc and zirconium oxides (Zn/Zr) were
prepared by sol-gel method [23, 24]. Typically, anhydrous
zinc acetate (Zn(CH;COO),) was dissolved in isopropanol
(400 mL). Then zirconium acetyl acetonate (C,,H,304Zr)
was added to the above solution dropwise. Subsequently,
monoethanolamine (40 mL) was added to the solution used
as complexing agent. The mixture was stirred at 55 °C for
1 h. The obtained clear yellow sol was aged for 48 h at 25 °C
and then heated at 200 °C for 24 h. Finally, the brown pow-
ders were calcined in furnace at 500 °C for 2 h. The prepa-
ration of pure ZnO and ZrO, sol were similar to the said
preparation with the addition of only anhydrous zinc acetate
or zirconium acetyl acetonate. The calcined samples were
remarked as ZnZr-ratio-temperature. For example, ZnZr-
0.75-500 sample means the Zn/Zr molar ratio of the metal
precursor was 0.75 and the calcination temperature was
500 °C. Zn-500 sample means only anhydrous zinc acetate
was used as metal precursor and the calcination temperature
was 500 °C.

2.2 Preparation of Bifunctional Catalyst

The catalyst was typically prepared by physical mixing.
The mass ratio of the two components (metal and ZSM-5
zeolite) was 1:1 in this work, wherein ZSM-5 zeolite (Si/
Al=12.5) was purchased from the Catalytic Plant of Nankai
University. These two components were mixed in a mortar.
Then the well-mixed powders were pelleted into particles of
20—40 meshes (425-850 pm). Then the shaped catalyst was
calcined in furnace at 500 °C for 6 h and this catalyst was
remarked as ZnZr/ZSM-5 catalysts.

2.3 Catalytic Reaction Tests

The alkylation reaction of benzene with syngas was per-
formed in a fixed-bed reactor with a stainless steel tube
(10 mm i.d.) customized by Swagelok company. The cata-
lyst (1 g) with quartz sands of the same volume were mixed
and then loaded in the middle of reaction tube and heated
to the target temperature. The catalyst was reduced under
500 °C by H, for 2 h. Subsequently syngas flow was intro-
duced into the reactor by a mass flow controller (D0S-1D/
ZM, Beijing Sevenstar Electronics Company) in a gas hourly
space velocity (GHSV) of 12,000 cm?(S.T.P.)/(gcat h). The

@ Springer



3620

Y.Baietal.

syngas with a H,:CO:N, molar ratio of 2:1:1 was employed
in this work and N, was used as an internal standard for the
calculation of CO conversion. At the same time a co-feed of
liquid benzene in a liquid hourly space velocity (LHSV) of
3 h™! by a high pressure constant flow pump (P100, Shang-
hai Wufeng Technology Company) was introduced. In this
work, the syngas pressure and the reaction temperature were
3.0 MPa and 450 °C, respectively.

The effluent liquid was collected every 2 h and ana-
lyzed by off-line chromatographs till the composition was
steady. The condensed liquid products were collected and
analyzed by off-line gas chromatographs (GC6820), which
were equipped with a DB-WAX column (30 m) produced
by Agilent connecting to a FID detector. The gaseous phase
products were separated by on-line gas chromatographs
(GC9160) which were equipped with a TDX-01 packed col-
umn (2 m) connecting to a TCD detector and a FID detector
produced by Shimadzu. The conversion of benzene (Cg) and
CO conversion (C), the selectivity of toluene (St) which
is based on the benzene ring, the selectivity of CO, (S¢o,)
and CH, (Scy,), the molar quantity of carbon which is trans-
ferred to benzene ring Q1 and to gaseous products Q2 were
defined as follows:

Cp = (A—B)/A x 100% =1

CO, in the effluent. The selectivity of other aromatic and
gaseous products is similar.

2.4 Catalyst Characterization

Scanning electron microscopy (SEM) images were
obtained from a FEI Nova Nano450 SEM microscope at
1.00 kV. Transmission electron microscopy (TEM) images
were obtained from a FEI Tecnai G2 F30 transmission
electron microscope operating at 300 k'V.

X-ray diffraction (XRD) patterns were carried out on a
RIGAKU powder diffractometer employing CuKa radia-
tion (A=0.15406 nm) at 40 kV and 40 mA.

X-ray photoelectron spectrometer (XPS) were acquired
on an ESCALAB 250Xi (Thermo Fish Scientific, Al Ka,
hv=1486.6 eV). The binding energy was corrected by Cls
orbital, which was at 284.8 eV.

Zn and Zr contents were measured by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES,
Agilent 725ES ICP-AES).

Infrared (IR) spectra were recorded on a Nicolet 5DX
Fourier transform infrared (FT-IR) spectrometer using KBr
pellets technique in the range of 4000 cm™'-400 cm™".

Benzene peak area X correction factor

Y Peak area X correction factor

Toluene peak area X correction factor

Sy =C/(A-B) x 100% =

D rxv.es.cos Peak area X correction factor

Ql = A x [CgSp + 2C5(Sxy + Ses) + 3CpSco.]

N, peak area X correction factor — CO peak area X correction factor

Ceo = (G —H)/G x 100% =

N, peak area X correction factor

Q2 =G x C¢o — QI

CO, peak area X correction factor

I =HX -
CO peak area X correction factor

Sco, = 1/02 x 100%

CH, peak area X correction factor

Temperature-programmed desorption of ammonia
(NH;-TPD) were measured by a Micromeritics Chemisorb
2720 analyzer. All samples were evacuated at 500 °C for
1 h in He flow and then they were cooled down to 35 °C
and saturated with 10% NH;—He for 30 min, after which
He was introduced again and the samples were heated to

-1
><Q2

SCH4 =

ZCHA, DME.CH,0H.C,—c, Peak area X correction factor

0,

Wherein, A and G (G:A =4:1) represent the molar
quantity of benzene and CO in the influent. B, C, H and I
represent the molar quantity of benzene, toluene, CO and
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150 °C for 30 min to remove the physical adsorption of
NH;. The signal was quantified by a TCD at heating rate
of 10 °C/min.
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The texture properties were acquired by nitrogen
adsorption—desorption equipment on a Micromeritics
ASAP-2020V3.00H analyzer. All samples were outgassed
at 180 °C for 12 h under vacuum to remove moisture and
volatile impurities before the measurements. Correspond-
ing isotherms were measured at — 196 °C on Micromerit-
ics ASAP-2020V3.00H analyzer.

In situ diffuse reflectance in fourier transform spectros-
copy (In situ DRIFTS) were measured on a Nicolet iS50
spectrometer with a MCT detector and a high-tempera-
ture reaction chamber with ZnSe windows. The catalysts
were reduced under a flow of 10% H, in Ar before each
test. The DRIFTS spectra were collected in the range of
4000 cm™'-650 cm ™.

3 Results and Discussion
3.1 Morphology and Microstructure of Catalysts

SEM and TEM images of ZnZr-0.75-500 and ZnZr-0.75-800
were shown in Fig. 1, corresponding high-resolution TEM
(HRTEM) images were shown in the inset of each TEM
Figure. For ZnZr-0.75-500 and ZnZr-0.75-800 samples,
two obvious phases were observed in SEM images which
belonged to ZnO and ZrO,, respectively. For the samples

Fig.1 a SEM and b TEM
images of ZnZr-0.75-500. ¢
SEM and d TEM images of
ZnZr-0.75-800

8| VS e
o 1.00 kv | 2.0

calcined at 500 °C, the interplanar spacing of 0.28 nm
and 0.25 nm belonged to (1 0 0) and (1 0 1) plane of ZnO
(JCPDS cards 36-1451) phases and the interplanar spacing
of 0.37 nm and 0.36 nm belonged to (1 1 0) and (0 1 1)
plane of monoclinic ZrO, (JCPDS cards 50-1089) phases.
With the increasing temperature to 800 °C, the interplanar
spacing of 0.28 nm and 0.36 nm belonged to (1 0 0) plane
of ZnO (JCPDS cards 36-1451) phases and (0 1 1) plane
of ZrO, (JCPDS cards 50-1089) phases respectively, which
was consistent with XRD results that better crystallinity of
ZrO, was formed. Also, these images revealed that grain size
increased with increasing calcination temperature.

3.2 XRD Characterization of Samples

The influence of different Zn/Zr molar ratios and calcina-
tion temperatures on the structure of samples were shown
in Fig. 2. There were no clear reflections of ZnO (JCPDS
cards 36-1451) at 0.5 or lower Zn/Zr molar ratio but only
tetragonal ZrO, (JCPDS cards 50-1089) of the samples cal-
cined at 500 °C, indicating that the particle size of ZnO was
small or amorphous or highly divided ZnO were formed
compared with Zn-500. With the increasing of Zn/Zr molar
ratio (0.75 or higher), the ZnO reflections generally appeared
and became sharper and stronger, which was consistent with
the lattice fringes of ZnO shown in HRTEM images. Further
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Fig.2 XRD patterns of Zn/Zr samples with different molar ratio at
different calcination temperature
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Fig.3 XPS patterns of 0.5 Zn/Zr molar ratio at 500, 600, 800 °C for
Zn and Zr species

increasing the calcination temperature, whatever the molar
ratio of Zn and Zr was, the main crystal system of ZrO, was
changed from tetragonal to monoclinic ZrO, (JCPDS cards
37-1484) and all of them showed better crystallinity.

3.3 XPS Characterization of Samples

The X-ray photoelectron spectrums (XPS) of 0.5 Zn/Zr
molar ratio samples at different calcination temperatures
were shown in Fig. 3. For all samples, two main character-
istic peaks of Zn and Zr were shown. The peaks at 1022.3 eV
of Zn 2p5;, and 1045.2 eV of Zn 2p,, in the near-surface of
the samples originated from ZnO. The peaks at 182.2 eV
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of Zryys5, and 184.5 eV of Zr, 3, in the near-surface of the
samples originated from ZrO,, which was consistent with
the XRD results [25-27].

The atomic ratio of different catalysts in bulk (ICP-AES)
and on the surface (XPS) were summarized in Table 1. The
actual atomic ratios of Zn and Zr in the bulk were nearly
close to the charge ratio but not close to the atomic ratio in
the near-surface. Based on the XRD results, hexagonal ZnO
was mainly formed in the near-surface indicated by the zinc
enrichment from XPS results. Therefore, the structure that
a well dispersed ZnO on the surface of ZrO, was formed.

3.4 FT-IR Analysis of Samples

IR spectrums of the samples were shown in Fig. 4 from
4000 cm™~! to 400 cm™!. For all samples, the peaks at
3450 cm™! were assigned to the bending vibrations of the
M-O-H bonds and the peaks at 1600 cm™' were assigned to
the stretching vibrations of H,O molecules which were not
removed completely after sol-gel method [28]. For ZnZr-
0.75-500, the most intensive reflections at 3450 cm™! of
O-H bonds were exhibited in Fig. 4. Zhang reported that
O-H bonds were beneficial for the formation of CH;OH
which was the most important intermediate for the alkyla-
tion of benzene with syngas [29]. And that was consistent
with the catalysts evaluation results that the highest benzene
conversion was achieved with ZnZr-0.75-500. The peak at
1500 cm™! was due to organic compounds used as metal
precursor materials, and the intensity became weaker with
the increasing of calcination temperature which meant the
residual organics in the samples were removed [30, 31]. The
peak at 1400 cm™! was assigned to the bending vibrations of
surface M—O-H bond. The peak at 700 cm™' was attributed
to Zn-O-Zr bond. The highly intense peaks at 800 cm™' and
500 cm™! for ZnZr-0.75-800 were attributed to symmetric
and asymmetric stretching vibrations of O—Zr—O bonds and
Zn—0-Zn bonds respectively, which is consistent with XRD
results. Amorphous ZnO was formed at lower temperature
and hexagonal ZnO with high crystallinity was formed when
calcination temperature was increased to 800 °C [32, 33].

3.5 NH,-TPD

Catalyst acidity plays an important role in the catalytic per-
formance in the alkylation of benzene with syngas [34]. The
acid quantity of the ZSM-5 zeolite and ZnZr/ZSM-5 cata-
lysts were summarized in Table 1. Compared to ZSM-5 zeo-
lite, the strong acidity of ZnZr/ZSM-5 catalysts decreased
a lot by the introduction of Zn and Zr, which was caused by
the coverage of strong acidity. The weak acidity and strong
acidity nearly remained constant with the change of Zn/Zr
molar ratio and calcination temperature.
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Table 1 Metal composition

; Catalyst ZnZr  ZnZr Seert Vel Weak acidity ~ Strong acidity Total acidity ¢
and texture properties as well - - -
as the acidity of catalysts with Bulk Surface (mz/g) (mL/g)  (mmol/g)
different Zn/Zr molar ratio at
different calcination temperature ~ Zn-500 / / 6 0.04 / / /

Zr-500 / / 10 0.01 / / /

ZnZr-0.5-500 0.47:1  1.17:1 35 0.04 0.26 0.10 0.36
ZnZr-0.75-500  0.73:1  1.35:1 45 0.07 0.29 0.10 0.39
ZnZr-1-500 1.02:1  1.52:1 30 0.05 0.31 0.11 042
ZnZr-1.5-500 1.48:1  1.90:1 27 0.04 0.34 0.12  0.46
ZnZr-0.75-600  0.74:1  1.21:1 16 0.03 0.28 0.09 0.37
ZnZr-0.75-800  0.74:1  1.09:1 3 0.01 0.26 0.10 0.36
ZSM-5 / / 310 0.17 0.29 044 0.73

#Sggr is calculated by Brunauer-Emmett-Teller (BET) method

PV 1 18 calculated from the adsorption branch at P/Py=0.99

“By physical mixing of Zn/Zr and ZSM-5, the acidity was measured and the pure ZSM-5 (H type) acidity
is higher because there are only 0.5 g zeolite in 1 g other samples

— ZnZr-0.75-800
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Fig.4 IR spectra of Zn/Zr samples with different molar ratio at differ-
ent calcination temperature

3.6 Texture Properties

The texture properties were shown in Table 1. For ZnZr-0.75-
500, the specific surface area and total pore volume exhibited
the maximum of 45 m*/g and 0.07 mL/g. A further increase
of the calcination temperature resulted in a decrease in spe-
cific surface area and total pore volumes because that better
crystallinity and larger particle size were formed based on
XRD results. It should be noted that pure ZnO or ZrO, sam-
ples showed a relatively smaller specific surface area than
those of bi-metal. ZnO was identified as the active compo-
nent for the synthesis of methanol, therefore ZrO, was attrib-
uted to be a promoting component which will provide a rela-
tively higher surface area and distribution of ZnO [35, 36].

3.7 Catalysts Evaluation

All experiment was carried out under 450 °C,
3.0 MPa. Syngas (molar ratio of H,:CO:N, is 2:1:1)

100 4 Co+ L
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Benzene conversion / %
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Fig.5 Effect of Zn/Zr molar ratio and calcination temperature on the
performance of ZnZr/ZSM-5 catalysts (all experiment was carried out
under 450 °C, 3.0 MPa. Syngas (molar ratio of H,:CO:N, is 2:1:1)
GHSV =12,000 cm3(S.T4P.)/(gcat h). Benzene LHSV=3 h~!. Molar
ratio of CO to benzene is 4:1.)

GHSV =12,000 cm3(S.T.P.)/(gcat-h). Benzene
LHSV =3 h™!. Molar ratio of CO to benzene is 4:1.

All experiment was carried out under 450 °C,
3.0 MPa. Syngas (molar ratio of H,:CO:N, is 2:1:1)
GHSV =12,000 cm3(S.T.P.)/(gcat'h). Benzene
LHSV =3 h~!. Molar ratio of CO to benzene is 4:1. (Except
for ZnZr-0.75-500 catalyst where there is no introduction
of benzene).

Tables 2 and 3 listed the catalytic performances of vari-
ous catalysts. Toluene and xylene were the primary products
and ethylbenzene was the main by-product in liquid phase
for all catalysts in Fig. 5. Syngas was converted to CO,, CH,,
DME (dimethyl ether), CH;OH, C,—C, alkanes and olefins
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Table 2 Product distributions

oL Catalysts Aromatic  Carbon to Benzene Selectivity (%)
of liquid phases produced under ring yield* benzene conversion
ZnZx/ZSM-5 catalysts ring® (%)
% % Toluene Xylene Ethylbenzene Co,
Zn-500/ZSM-5 96.3 44.3 15.9 81.9 12.3 4.0 1.8
Zr-500/ZSM-5 95.5 78.1 2.7 70.4 55 24.1 0.0
ZnZr-0.5-500/ZSM-5  96.9 63.1 26.2 70.3 16.7 7.2 5.8
ZnZr-0.75-500/ZSM-5 96.2 47.4 34.7 68.8 18.0 6.6 6.6
ZnZr-1-500/ZSM-5 97.1 51.2 334 68.5 17.1 8.2 6.2
ZnZr-1.5-500/ZSM-5  95.3 59.9 33.0 69.1 22.6 39 4.4
ZnZr-0.75-600/ZSM-5  95.5 39.9 29.7 71.9 17.5 53 53
ZnZr-0.75-800/ZSM-5  96.7 339 24.5 75.4 15.0 4.9 4.7

#Aromatic ring yield =

The mass of aromatic ring effluent
L 8 DU 5 100%

QI

bCarbon to benzene ring = oy

The mass of benzene in the influent

X 100% (Q1 and Q2 are defined in Sect. 2.3)

Table 3 Product distributions of

h duced und Catalysts Carbon to gase- Conversion %  Selectivity %

gaseous phases produced under ducts?

ZnZr/ZSM-5 catalysts ous procucts

% CcO CO, CH, DME CH;OH C,C,

Zn-500/ZSM-5 55.7 10.7 39.1 415 14 0.1 17.9
Zr-500/ZSM-5 21.9 0.8 6.2 92.1 0.1 0.5 1.1
ZnZr-0.5-500/ZSM-5 36.9 14.1 544 313 00 0.1 14.2
ZnZr-0.75-500/ZSM-5  52.6 252 245 498 0.2 0.8 24.7
ZnZr-1-500/ZSM-5 48.8 22.7 312 375 00 0.1 31.2
ZnZr-1.5-500/ZSM-5 40.1 18.6 372 389 00 0.1 23.8
ZnZr-0.75-600/ZSM-5  60.1 24.8 19.6 443 0.1 0.2 35.8
ZnZr-0.75-800/ZSM-5  66.1 234 11.7 419 0.0 0.1 46.3
ZnZr-0.75-500 100.0 1.2 129  59.1 1.1 10.6 16.3

4Carbon to gaseous products =

in Table 3. For Zr-500/ZSM-5, the benzene conversion was
only 2.7% without the addition of Zn species, which will
increase to 15.9% over Zn-500/ZSM-5. Therefore, ZnO was
the active component for the synthesis of methanol. From
Fig. 1, the (1 0 1) plane of ZnO phrase which was only
observed at 500 °C was more beneficial for the alkylation.
By the introduction of Zr species, bi-metal samples showed
higher catalytic activity than pure ZnO because ZrO, was
the promoting component which helped the good dispersion
of ZnO in the system and increased the specific surface area.

The benzene conversion reached the maximum 34.7%
with the highest CO conversion of 25.2% at 0.75 Zn/Zr molar
ratio, while the corresponding toluene selectivity and xylene
selectivity was 68.8% and 18.0%, respectively. By increas-
ing the calcination temperature from 500 °C to 800 °C, the
benzene conversion was reduced from 34.7% to 24.5%. The
changing trends of benzene conversion and CO conversion
were consistent with the change of specific surface area.
Based on XRD results, better crystallinity and larger particle
size were formed at higher temperature with lower specific
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01+Q2

X 100% (Q1 and Q2 are defined in Sect. 2.3)

area which were both unfavorable for the alkylation reac-
tion. Moreover, much higher Zn content would be unbenefi-
cial for the alkylation because of the decreasing of specific
surface area. The main crystal phase of ZrO, was changed
from tetragonal to monoclinic when the temperature was
increased from 600 °C to 800 °C. Therefore, tetragonal ZrO,
would provide a relatively higher surface area and better
distribution of ZnO than monoclinic ZrO,.

The reaction that benzene reacted with syngas to form tol-
uene, as well as toluene reacted with syngas to form xylene
were a consecutive reaction. Since ZnO was supposed to
be responsible for methanol formation while ZSM-5 was
responsible for the alkylation of benzene with methanol
related species. The selectivity to aromatic products related
to benzene was irrelevant to Zn/Zr molar ratio and calci-
nation temperature. However, the selectivity to gaseous
products related to CO was greatly dependent on the Zn/
Zr molar ratio and calcination temperature. More methanol
was formed with the increasing of CO conversion, resulting
in the increasing of benzene conversion.
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Fig.6 Time on stream of a ZnZr-0.75-500/ZSM-5 catalyst. b ZnZr-
1.5-500/ZSM-5 catalyst. ¢ ZnZr-0.75-800/ZSM-5 catalyst (all experi-
ment was carried out under 450 °C, 3.0 MPa). Syngas (molar ratio
of H,:CO:N, is 2:1:1) GHSV =12,000 cm3(S.T.P.)/(gcat h). Benzene
LHSV =3 h~!. Molar ratio of CO to benzene is 4:1.)

As shown in Fig. 4, the higher benzene conversion was
also attributed to the most intensive peak of O—H bonds
which were beneficial for the formation of methanol with
the same conclusion reported by Zhang [29]. In some pre-
vious works, density functional theory (DFT) has been
used to calculate the energy barriers and investigate the
reaction mechanism. For syngas conversion to methanol,
the energy barrier was 255.06 kJ/mol over MogP;—Si;04
cluster, 284.3 kJ/mol over Rh/y—Al,O; catalyst on D(RH4)
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Fig.7 A In-situ DRIFTS spectra of ZnZr-0.75-500/ZSM-5. B In-situ
DRIFTS spectra of ZnZr-0.75-500/ZSM-5 between 3000 cm™! and
2800 cm™! of Fig. 7(A)c. (a) Syngas (15 ml/min, H,:CO:N,=2:1:1,
mole ratio) was introduced to an in-situ cell (200 °C and 1 atm) for
15 min. Then the cell was swept by argon for 5 min and measured for
IR spectra. (b) Saturated methanol vapor carried by argon was intro-

surface and 177.66 kJ/mol over Ni catalyst, wherein the
rate-limiting step was the formation of CHO* from CO
hydrogenation [29, 37, 38]. For alkylation of benzene with
methanol, the achieved energy barriers for the formation
of methoxy group and the methylation of benzene with
methoxy group over ZSM-5 zeolite were 149 kJ/mol and
97 kJ/mol, respectively [39]. In all, it is reasonable to
believe that the rate-limiting step was syngas conversion
to methanol with a higher energy barrier than alkylation of
benzene with methanol. And that may explain why surface
area plays a key role for the alkylation of benzene with
syngas because there are more active sites on a larger Zn/
Zr surface. The time on stream behavior over the catalysts
was shown in Fig. 6. There hasn’t significant change of the
catalytic performance with varied Zn/Zr molar ratio and
calcination temperature in 80 h, which suggested that the
catalysts were highly stable.

Above all, the best catalytic performance was achieved
by 0.75 Zn/Zr molar ratio and the calcination temperature
was 500 °C due to its highest specific surface area, most
intensive O—H bonds and the structure of highly divided
ZnO on the surface of ZrO,. Other catalysts showed worse
catalytic performance due to their lower specific surface
area, lower active sites on metals and higher crystallinity.

3.8 Mechanism

In order to gain insights into the mechanism and detect the
intermediate, the ZnZr-0.75-500 catalysts were prepared
without the addition of ZSM-5 zeolite and only the syngas
was introduced to the system without benzene. In Table 3,
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2927 em”
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N
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duced to and in-situ cell (200 °C and 1 atm) for 15 min. Then the cell
was swept by argon for 5 min and measured for IR spectra. (c) Satu-
rated benzene vapor carried by syngas (15 ml/min, H,:CO:N,=2:1:1,
mole ratio) was introduced to an in-situ cell (200 °C and 1 atm) for
15 min. The cell was swept by argon for 5 min, and measured for IR
spectra
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Fig.8 Proposed mechanism of alkylation of benzene with syngas

methanol had been proposed as the intermediate for the
alkylation of benzene with syngas which was detected in
our experiments [40, 41]. By the introduction of ZSM-5 zeo-
lite, the CO conversion increased from 1.2% to 25.2% while
the selectivity of methanol decreased a lot from 10.6% to
0.8% at the same time, which indicated that the intermediate
methanol was formed mainly on the surface of ZnO/ZrO,.

In-situ DRIFTS spectra of ZnZr-0.75-500/ZSM-5 was
shown in Fig. 7 to study the reaction pathway. Under the
syngas ambience (Fig. 7A(a)) the peaks at 2958 cm~! and
2858 cm™! were assigned to the stretching vibration of
C-H bonds while 1640 cm™" were assigned to the bending
vibration of C—H bonds of the methoxy groups on zeolite.
They all became weaker after the introduction of benzene
(Fig. 7A(c)) [42, 43]. And the new peaks at 2927 cm™!
and 2877 cm™! (Fig. 7B) were assigned to the symmetri-
cal stretching vibration of C—H bonds of toluene or methyl,
which is further confirmed by the liquid phase products.
Under the methanol ambience (Fig. 7A(b)), the spectrum
was nearly the same as syngas, further illustrated that metha-
nol was the key intermediate in the alkylation of benzene
with syngas. Above all, methoxy groups on the zeolite were
of great importance for the reaction.

Based on the experimental results, the reaction mecha-
nism was proposed as following in Fig. 8: First, CH;OH
was formed on the surface of ZnO/ZrO, from syngas. Sec-
ond, CH;OH migrated onto the ZSM-5 zeolite reacting with
the acid sites on ZSM-5 zeolite, forming methoxy group
which participated in the reaction cycle. Finally, toluene was
formed by the alkylation of benzene with methoxy group.

4 Conclusions

In summary, the present work designed a bifunctional
ZnZx/ZSM-5 catalyst for a coupling process of directly
converting syngas and benzene to alkylated benzenes. The
highly efficient catalyst containing zinc oxide (ZnO), zir-
conium oxide (ZrO,) and ZSM-5 zeolite for the alkylation
of benzene with syngas was prepared through the simple
method as sol-gel and physical mixing. The influence of

@ Springer

different molar ratio of zinc (Zn) to zirconium (Zr), and
calcination temperatures on the structure and catalytic
performance of the samples were systematically investi-
gated. ZnZr-0.75-500/ZSM-5 was found to be the optimal
catalyst for the alkylation with the benzene conversion of
34.7%, toluene and xylene selectivity of 68.8% and 18.0%
at 450 °C under 3.0 MPa at GHSV of 12,000 cm’(S.T.P.)/
(gcat-h) and LHSV of 3 h™!. The reaction mechanism was
proposed, in which methanol was the intermediate and it
was firstly formed on ZnO/ZrO, and then migrated onto
ZSM-5 zeolite to react with benzene. This work not only
provided a feasible route to produce toluene and xylene
from the alkylation of benzene with syngas, but also
opened a new way for syngas chemistry.
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