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Abstract Alkylation of benzene with carbon dioxide and
hydrogen to produce toluene and xylene could increase the
added-value of surplus benzene as well as relieve
environmental problems like green-house effect. In this
work, the alkylation benzene with carbon dioxide and
hydrogen reaction was proceeded by using the mixture of
zinc-zirconium oxide and HZSM-5 as bifunctional
catalyst. The equivalent of Zn/Zr = 1 displays the best
catalytic performance at 425 °C and 3.0 MPa, and benzene
conversion reaches 42.9% with a selectivity of 90%
towards toluene and xylene. Moreover, the carbon dioxide
conversion achieves 23.3% and the carbon monoxide
selectivity is lower than 35%, indicating that more than
50% carbon dioxide has been effectively incorporated into
the target product, which is the best result as far as we
know. Combined with characterizations, it indicated that
the Zn and Zr formed a solid solution under specific
conditions (Zn/Zr = 1). The as-formed solid solution not
only possesses a high surface area but also provides a large
amount of oxygen vacancies. Additionally, the bifunctional
catalyst has excellent stabilities that could keep operating
without deactivation for at least 80 h. This work provides
promising industrial applications for the upgrading of
aromatics.

Keywords carbon dioxide, alkylation of benzene, solid
solution catalyst, bifunctional catalyst

1 Introduction

The unprecedented rise in greenhouse gas emission is
considered to be a major contributor to the global climate
change and ocean acidification [1]. The greenhouse gas of
most significance, CO,, is viewed as a breakthrough point
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in curbing climate warming. CO, is actually a non-toxic
and carbon source in abundance, which provides an
option to synthesize carbon-containing compounds [2-7].
For example, with the help of hydrogen, the conversion
of CO,, into high value-added and commercialized chemi-
cals can alleviate environmental problems caused by
excessive carbon emissions [8,9]. On the other hand, the
demand for more eco-friendly fuels has rigorous restric-
tions on the compositions of gasolines, leading to the
redundancy of benzene. Therefore, it is urgent to combine
the conversion of CO, with benzene to produce several
value-added products, among which toluene and xylene
are the most significant basic organic chemical raw
materials [10]. To name but a few, toluene is mainly used
as the organic solvent, gasoline additives and precursor of
benzoic acid while xylene is mainly used in the produc-
tion of polyester, resin, fiber, and coatings. In particular,
para-xylene is used in the production of 1,4-dicarboxy-
benzene and further for the synthesis of polyethylene
glycol terephthalate, which is a widely used thermoplastic
polyester with great economic potential [11,12].

The selective synthesis of para-xylene through benzene
alkylation with methanol has been extensively studied
recently [13—17]. The rate-determining step of the
reaction is to overcome the high energy barrier to the
conversion of methanol to methoxy (CH,;0%*) substances.
Thus, an efficient methylation reagent rapidly generating
surface CH,O* is necessary for benzene alkylation. Using
the greenhouse gas CO, combined with renewable H, as
methyl source is considered to be a better route [18]. In
the alkylation of benzene with carbon dioxide and
hydrogen (ABCH) reaction, the CO,/H, mixture as a
methylation reagent to rapidly produce CH,O* on metal
oxides is taken into account, followed by the
transportation of CH,O* species onto zeolite, which
affords the alkylation of CH;0* and benzene. Compared
with alkylation of benzene with methanol, ABCH could
efficiently employ CO, as methyl resource and the
existence of CO,/H, has the potential to accelerate the
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whole alkylation process. Additionally, the ABCH
reaction has advantages over other pathways for the
synthesis of xylene, such as succinct reaction route and
circumvented thermodynamic limitations.

Bifunctional catalysts composed of metal oxides and
molecular sieve are mainly used for the the ABCH
reaction. Recently, Ting et al. reported Re/Ti0, integrated
H-MOR [19], Re/TiO, integrated H-f [20], and
Pt/MoO/TiO, [21] integrated H-MOR as bifunctional
catalysts in a batch reactors to catalyze the alkylation
reactions of various aromatics. However, the cost of
rhenium and the restrictions of batch reactors are not
suitable for large-scale industrial production. Besides,
Zuo [22] and Miao [23] reported the catalytic methylation
of toluene using CO, and H, over a mixture of ZnZrO,-
ZSM-5 catalyst for the synthesis of para-xylene on fixed-
bed reactors. More recently, Liu et al. [24] also detailed
the alkylation of benzene over a mixture of ZnO/TiO, and
HZSM-5 catalyst on a fixed-bed reactor, discussing the
effect of molecular sieve acidity on the reaction. The
catalysts used in the reaction of benzene/toluene with
CO, and H, are believed to play two major roles, in
which metal oxides contribute to the activation of carbon
dioxide into intermediates, and molecular sieves are used
to catalyze the alkylation of aromatics with intermediates.
The main issues remaining to be solved are to find and
develop inexpensive and non-toxic catalysts, to increase
the conversion of benzene and CO, to the greatest
possible extent, to inhibit CO, methanation and benzene
de-aromatization and to increase the effective utilization
of CO, to the greatest possible extent, as well as explo-
ring the complete reaction mechanism of the reaction.

In this work, a highly active bifunctional catalyst
composed of Zn/Zr metal oxide and HZSM-5 was
developed by co-precipitant and physical mixing. It
shows that Zn/Zr metal oxide enables the formation of a
solid solution only under specific compositions. The as-
formed solid solution owns the most oxygen vacancies,
which is beneficial for the activity and CO, utilization.
Moreover, the mechanism studies of reaction also
demonstrate that carbon dioxide chemisorption on the
oxygen vacancies generates carbonate/bicarbonate
species undergoing stepwise hydrogenation to give
formate (HCOO*), CH,O*, and methanol, which are
rapidly transferred to the acidic site of HZSM-5 to
produce target products such as toluene and xylene by
reaction with benzene.

2 Experimental

2.1 Chemical reagents and materials

Zn(NO;),"6H,0, Zr(NO,),"5SH,0, (NH,),CO,, and
benzene (analytically pure) were provided by Aladdin
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company. HZSM-5 zeolite (Si/Al = 30) was purchased
from Nankai University Catalyst Plant. Mixed gas
containing CO,, H,, and N, (N,:H,:CO, = 1:3:1) was
purchased from Air Liquide (China) Investment Co. LTD.
All the reagents were utilized directly without further
purification.

2.2 Preparation of catalysts

Zn Zr oxides were prepared by the co-precipitant method.
Briefly, certain amounts of Zn(NO,),"6H,0 and
Zr(NO,;),-5H,0 were dissolved in distilled water, and
then (NH,),CO; aqueous solution was added dropwise to
the aforementioned solution under vigorous stirring till
pH = 7. After being aged at 70 °C for 3 h, the precipitate
was centrifuged and washed with distilled water. Next,
the acquired products were dried at 110 °C for 12 h,
followed by calcination at 500 °C for 6 h. These Zn/Zr
oxides are named as Zn Zr in the following, wherein the
“x” represents the Zn/Zr molar ratio (0.5, 1.0, 2.0).

In the catalytic evaluation of the ABCH reaction, the
bifunctional catalyst containing Zn Zr oxides and HZSM-
5 zeolites was prepared by physical mixing method.
Typically, Zn, Zr and HZSM-5 were mixed by grinding
using a mass ratio of 1:1. Then the obtained mixture was
granulated into 2040 mesh particles and calcined in
500 °C for 5 h with a ramping rate of 2 °C-min~! in a muf-
fle furnace. The mixture is expressed as Zn Zr-ZSM-5.

2.3 Characterizations

X-ray diffraction (XRD) was measured on D8 Advance
(German Brook AXS Co., Ltd.), which was operated at
100 mA and 40 kV using Cu/Ka (4 = 1.5418 A) as X-ray
source. The diffraction patterns within 26 ranging from
5° to 80° were collected with a scanning speed of
10 (° )'min~'.

High resolution transmission electron microscope
(HRTEM) and energy dispersive spectrum (EDS) data
were recorded using a JEM-2100 transmission electron
microscope.

N, physisorption experiments were carried out on
ASAP 2020 (Micromeritics, USA). The calcined sample
(approximately 100 mg) was degassed at 593 K under
vacuum (< 0.1 Pa) for 24 h prior to measurement. N,
adsorption was proceeded at 77 K using liquid nitrogen as
coolant to obtain the corresponding adsorption—desorp-
tion isotherms. The specific surface area was calculated
by the Brunauer—-Emmett-Teller (BET) method. Surface
areas and volumes of micropores were determined by the
t-plot method.

Inductively coupled plasma atomic emission
spectrometer (ICP-AES, manufactured in Agilent, USA)
was used to determine the accurate Zn/Zr ratios of the
Zn Zr catalysts.

Raman spectra were performed on a Renishaw Micro
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Raman spectrometer, the surface and bulk phase stru-
ctures of the catalysts were detected at 325 and 785 nm.

X-ray photoelectron spectra (XPS) were acquired on an
ESCALAB 250 spectrometer (Thermo Fish Scientific, Al
Ka, hv = 1486.6 eV). The binding energy was corrected
by Cls orbital, which was set at 284.8 eV. The software
XPSpeak41 was used for data analysis. ‘Exposed 02’
was defined as the multiplication of surface O atom ratio,
surface area and surface O2 ratio to estimate the absolute
content of the available oxygen vacancies. Specific
calculation values were shown in Table S1 (cf. Electronic
Supplementary Material, ESM).

The H, temperature-programmed reduction (H,-TPR)
experiments were carried out on a Micromeritics
Chemisorb 2720 analyzer. The oxide tested was heated to
250 °C in a stream of Ar at a heating rate of 10 °C-min ™!
for half an hour to remove the adsorbed impurities. After
cooling to 50 °C, the gas was switched to a 10% H,/Ar
flow (10 mL-min~") and the sample was heated to 900 °C
at a heating rate of 10 °C'min~'. The signal was recorded
by a thermal conductivity detector (TCD).

In-situ infrared spectroscopy experiments were
measured using a Thermo Fisher Nicolet iS50
spectrometer equipped with an MCT detector and a high
temperature reaction chamber with a CaF, window. The
spectra were collected in the range of 4000—1300 cm™! by
accumulating 32 scans at a 4 cm™ ! resolution.

2.4 Catalytic evaluation

In a representative catalytic evaluation of ABCH reaction,
1 g catalyst pellets were loaded into a 304 stainless steel
tube and the rest was filled with quartz sands. Before each
test, the catalyst was firstly pre-treated with H, at 450 °C,
1 atm (1.013x10° Pa) for 1 h. Then the pressure was
adjusted to 3.0 MPa by a backpressure valve and the
temperature was switched to 425 °C. Afterwards, CO,/N,
and H, flow was introduced using mass flow controllers.
Meanwhile, benzene was also injected into the reactor
using a high pressure constant flow pump, bringing about
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an approximate molar ratio of 12H,:4CO,:1C/Hy,
corresponding to a gas hourly space velocity of
9000 mL-h~!-g_ ! and liquid hourly space velocity of
1.8 h™!. The gas phase was analyzed using an on-line
Agilent 8890 gas chromatograph equipped with a flame
ionization detector connected to a PLOT-Q capillary
column (30 m) and a TCD detector connected to a TDX-
02 packed column (2 m). The liquid phase was collected
and weighed every 2 h, analyzed by an off-line Agilent
8890 gas chromatograph equipped with a flame ionization
detector equipped to a DB-WAX capillary column (30 m).

3 Results and discussion

3.1 Characterization of metal oxides and bifunctional
catalysts

The XRD patterns of the Zn Zr oxides are illustrated in
Fig. 1. Pure ZrO, prepared by co-precipitation is mainly
the monoclinic ZrO, (m-ZrO,) phase with some
tetragonal ZrO, (t-ZrO,) phase [25], displaying diffrac-
tion peaks at 28.3°, 31.6°, 34.1°, 35.3°, 50.1°, and 59.4°
(Fig. 1(a)). With the addition of Zn, ZrO, changes from
the mixed phase to the t-ZrO, dominated phase as eviden-
ced by diffraction peaks at 30.2°, 50.7°, and 60.2°. ZnO
phase can be unambiguously discerned in all Zn-contai-
ned samples and XRD intensities of ZnO phase at 31.8°,
34.5°, and 36.3°are gradually conspicuous with more Zn
content, except for Zn, jZr which solely presents an m-
ZrO, phase, implying the successful formation of the
ZnO-Zr0O, solid solution. Figure 1(b) is obtained by
zooming in the 28°-38° interval with the highest peak
intensity in Fig. 1(a). The peak position of the (101) plane
on ZrO, is at 30.24°, while the peak position shifts to
30.45° for samples with Zn additions. The peaks at other
positions also switch to higher diffraction angles to the
same degree, indicating the reduction in the interplanar
spacings of Zn Zr oxide. As reported, the radius of Zn**
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Fig. 1 XRD patterns of Zn,Zr oxides: (a) 10°-80°; (b) 28°-38°.
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(0.74 A) is smaller than that of Zr** (0.82 A) [26], thus,
the movements towards high diffraction angles substan-
tiate the successful incorporation of Zn into the structures
of ZrO, which according to Bragg’s law [27,28]. This
indicates that there are bimetal oxide solid solutions for
all Zn/Zr samples, yet, it is more abundant in Zn, ,Zr compa-
red to others pertaining to the absence of ZnO phase.

To further prove the formation of solid solution for
Zn, (Zr, Fig. 2 shows the HRTEM image. The interplanar
spacing of Zn, (Zr is about 0.29 nm (Fig. 2(c)), which is
attributed to the t-ZrO,. Elemental mapping analysis
confirms that Zn and Zr are homogenously dispersed
without obvious phase segregations. This also confirms
that Zn, (Zr exists in solid solution, unlike other samples.

Table 1 lists the textural properties of various Zn Zr
oxides. The specific surface area of pure ZrO, and ZnO is
comparatively smaller, which is 15 and 26 m>g’,
respectively. However, the surface areas increase slightly
after Zn addition, which are about 36 m*g™! for all Zn Zr
samples despite of various Zn/Zr ratios. The Zn/Zr ratios
in the bulk phase measured by ICP-AES were close to the
feed ratios, while the Zn/Zr ratios on the surface
measured by XPS were significantly higher than those in
the bulk phase, demonstrating the enrichment of Zn on

(b)
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the catalyst surface during the preparation process.
Raman spectroscopy was used to further investigate the
structure of the ZnZr oxides (Fig.3). Raman
spectroscopy with different laser sources could detect
phases of different thickness, owing to light absorption
and light scattering effects. The Raman peaks at 305, 333,
383, 477, 536, 560, 617, and 636 cm™' are obviously
resolved for m-ZrO, under a 325 nm light source [29],
indicating the predominant existence of m-ZrO,. Besides,
a peak at 269 cm™! regarded as the characteristic of t-
ZrO, is also detected [30], demonstrating the hybrid
nature of ZrO, in this research, which is in consistent
with the XRD results. After the introduction of zinc, a
typical peak at 564 cm™' substituted all original peaks,
denoting to the transformation into cubic ZrO, phase. For
the 785 nm, no obvious peaks can be found in ZrO,
possibly due to the low sensitivity of longer wavelengths.
However, after the introduction of zinc, the Raman peaks
at 269, 316, 474, and 640 cm ™" are obviously resolved for
t-ZrO, under a 785 nm light source. These results indicate
that ZrO, is the tetragonal phase within the main body of
Zn Zr but the surface changed into cubic ZrO, phase with
the help of Zn. It should be emphasized, the peak at
322 cm™! standing for ZnO using 325 nm was not very

70.293 nm
B -ZrO,(101)

Fig.2 (a—c) Zn, (Zr oxide HRTEM and (d-f) the corresponding EDS-mapping images that correspond to the image (b) and (d) O,

(e) Zn, (f) Zr.

Table 1 Textural properties and surface compositions of the catalysts
Al b Vo femdg Zn/Zr molar ratio

Sample BET g pore nm pore/ g Bulka) Surfaceb)
Zr0, 15 14.09 0.05 - -
Zny sZr 38 10.67 0.10 0.46 1.34
Zn, Zr 39 11.80 0.09 0.84 2.82
Zn, Zr 36 23.90 0.21 1.45 4.61
Zn0O 26 31.09 0.19 - -

a) Zn/Zr molar ratios in the bulk were determined by ICP-AES; b) Zn/Zr molar ratios on the surface were determined by XPS.
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Fig.3 Raman spectroscopies of Zn Zr oxides used different laser sources: (a) 325 nm; (b) 785 nm.
significant while the peak at 332 cm™! using 785 nm was 30
not detected in other ZnZr samples [31,32]. This . Zn0
demonstrates there were several tiny ZnO phases on the ‘ 230 590
surface of Zn Zr oxides rather than in the bulk because of b Znyn
the surface enrichment effect. That exactly agrees with =
the results of ICP-AES and XPS in Table 1. g NN 7y
H,-TPR experiments were carried out to investigate the =
reduction of Zn Zr catalysts and the interactions between S ZnysZr
the different components. As shown in Fig. 4, pure ZrO, 430 778
shows a hydrogen consumption peak at about 490 °C, A_/J_’/J:@

corresponding to the reduction of Zr*" to Zr** [33]. The
addition of Zn caused a significant shift in the surface
reduction process towards lower temperatures. The Zn, Zr
oxides show a hydrogen consumption peak at about 330
°C, while ZrO, gives a hydrogen consumption peak at
about 490 °C. It indicates that Zn Zr is more readily
reduced and the catalyst is predominantly present as an
oxide under the reaction conditions.

The surface elemental content and the chemical valence
of the metal in the Zn Zr oxides were investigated by
XPS spectroscopy as depicted in Fig. 5. Figure 5(a)
shows the Zn 2p XPS spectrum. Due to the spin split of
the Zn 2p orbital, the XPS spectrum splits into two spin
splitting peaks of Zn 2p,,, and Zn 2p,,, at around 1044.7
and 1021.7 eV [34,35], respectively. The peak of Zn 2p,,
shifts towards a lower binding energy when the content of
Zn increases, indicating a stronger interaction between
ZrO, and ZnO at lower ZnO content [36]. Figure 5(b)
shows the Zr 3d XPS spectrum. The XPS spectrum splits
into two spin splitting peaks of Zr 3ds,, and Zr 3d,, at
182.1 and 184.4 eV, respectively. The peak at 182.1 eV
for Zr 3d,,, in the pure ZrO, sample is attributed to the
Zr*" cation. The peak p0s1t10ns for Zr were generally
consistent in all samples. Figure 5(c) shows the O 1s XPS
spectrum. The oxygen vacancy on the metal catalyst can
be deduced from the O 1s pattern. Three peaks locating at
530.2, 531.4, and 532.3 eV representing the O1, O2 and
O3 species [37] respectively are fitted into the O 1s XPS
spectra. The peak at 530.2 eV belongs to oxygen (O1) in
the ZnO and ZrO, lattice [38], indicating oxygen in the

100 200 300 400 500 600 700 800 900
Temperature/°C

Fig. 4 H,-TPR of of Zn Zr oxides.

form of O~ within the oxide lattice which occupies most
of the surface oxygen. O2 at 531.4 eV and O3 at 532.3 eV
are assigned to less charged oxygen anions and
dissociatively chemisorbed oxygen, respectively, which
are regarded as oxygen vacancies and surface defects
[39]. The contents of lattice oxygen (O1) are 78.7% in
ZnO and 79.8% in ZrO,, the other two oxygen species
only make up 20%. For Zn, (Zr, the total O2 and O3
increase to 30.3%, while O1 decreases to 69.7%. This
indicates there are more oxygen vacancies in Zn, ,Zr and
the interaction between Zr and Zn is more intense.

From all the above analysis, it can be seen that the
addition of Zn promotes the transformation of surface
ZrO, into cubic phase. Zn, ,Zr solid solution shows a
core—shell like structure consisting a cubic ZrO, shell
enriched by ZnO, and an m-ZrO, core, while other
samples contain agglomerated ZnO or segregation phases.
Due to the special structure of Zn, Zr, it exhibits more
oxygen vacancies as evidenced by XPS.

3.2 Catalytic evaluation

3.2.1 Effects of metal oxides

Table 2 shows the experimental results on the distribution
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Fig. 5 XPS spectrums of (a) Zn 2p; (b) Zr 3d; (c) O 1s orbitals.

and selectivity of the liquid phase products in ABCH over
bifunctional catalysts afforded by the mixture of Zn Zr
oxides and HZSM-5. In Table 2, the benzene conversions
are 22.1% and 5.7% for ZnO-ZSM-5 and ZrO,-ZSM-5,
respectively, while Zn Zr-ZSM-5 shows a significant
increase in benzene conversion. Benzene conversion of
Zn, sZr-ZSM-5 is 41.8% and it increases to 42.9% in
Zn, ,Zr-ZSM-5 with excess zinc, then it reduces to 39.1%
in Zn, Zr-ZSM-5. In terms of selectivity, toluene
occupies the majority of the products, accounting for
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68.8%—93.3%, followed by xylene which is 2.6%—-20.8%.
The selectivity of toluene is higher than that of xylene,
possibly resulting from the consecutive alkylation nature
of xylene synthesis. The main by-products in the liquid
phase are ethylbenzene and C,,, which account for less
than 10%. The utilization of the benzene is also above
90%, indicating that the phenyl ring is successfully
involved in the alkylation process, and side reactions are
fully suppressed (such as benzene hydrogenation and
thermal cracking).

Table 3 shows the product distributions of gas phase.
The lowest CO, conversion is 10.9% for ZrO,-ZSM-5,
while the CO, conversions of the rest catalysts are rather
close, which are about 25%. The CO selectivities of ZnO-
ZSM-5 and ZrO,-ZSM-5 were 72.0% and 84.1%
respectively, while the CO selectivity of Zn Zr-ZSM-5
shows a significant decrease. The CO selectivity of
Zn, (Zr-ZSM-5 is 35.8% and the effective CO, utilization
is as high as 50.9%. The remaining by-products are
mainly methane and a small amount of C,—C, hydrocar-
bons, with no methanol or dimethyl ether observed.
Concerning the relative higher benzene conversion and
lower CO selectivity, it can be inferred that Zn, ,Zr
displays a better alkylation ability mainly via the refra-
ined reverse water gas shift reaction, which inhibits the
transformation of CO, into CO, instead by more methanol
intermediates [40]. The carbon balance values in Table 3
indicate that the catalyst system has a low carbon build-
up and good catalyst stability during the reaction.

Figure 6 reveals the relationship between catalytic
performances and the exposed O2. The horizontal
coordinates of the graph represent the exposed O2, the
samples contain more oxygen vacancies also show more
exposed O2, while the vertical coordinates show the
conversion of carbon dioxide or benzene as well as the
benzene ring utilizations. As can be seen from the graph,
within the range of exposed O2 = 1-7, there is a linear
relationship between the activity of the catalyst and the
02 exposed by the oxide, the conversion of benzene and
CO, increases almost linearly with exposed O2. Based on
all the above findings, it can be concluded that for
Zn, (Zr, the addition of a suitable amount of ZnO to ZrO,
forms a Zn/Zr solid solution with Zn enriched cubic ZrO,
shell and m-ZrO, core, this specific structure results in
more oxygen vacancies. Oxygen vacancies were
responsible for the adsorption and activation of CO,
[40,41], leading to more intermediates and less CO,
which further promotes the catalytic performances. The
moderate addition of ZnO also acts as an active site to
provide dissociated hydrogen for CO, hydrogenation, as
reported previously [40]. The imbalanced Zn/Zr ratios of
other Zn Zr samples contain less solid solution and lead
to ZnO clusters or hybrid ZrO, phases, which are unable
to form abundant oxygen vacancies as active sites for the
CO, conversion, showing unsatisfied catalytic results.
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Table 2 Conversion of benzene and composition of the liquid phase®
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Conversion/% Selectivity/%
Catalyst Phenyl ring yield”/%
Benzene Toluene Xylene EBZY Co, PX/XY
Zr0,-ZSM-5 5.7 93.3 2.6 3.2 1.0 232 98.9
Zn,, sZr-ZSM-5 41.8 69.1 20.4 4.1 6.4 245 90.7
Zn, (Zr-ZSM-5 429 68.8 20.8 4.4 6.0 245 90.5
Zn, (Zr-ZSM-5 39.1 71.7 18.6 3.9 5.8 24.5 91.4
Zn0-ZSM-5 22.1 85.6 9.7 2.7 2.1 23.9 95.6

a) Reaction conditions: temperature = 425 °C, pressure = 3 MPa, H,:CO, = 3:1, GHSV = 9000 mL~g’1 ‘AL, LHSV=1.8h7};

Phenyl ring in th duct
b) Phenyl ring yield = cny_ g 1n F16 product _

Meffluent

MFeed

means para-xylene/xylene.

Table 3 Conversion of CO, and composition of the gaseous phase?

Phenyl ring in the reactant (1 = Convpenz) Myenz + Y, Convpen, X Select; X M;

{

); ¢) EBZ means ethylbenzene; d) PX/X
Mpenz

Selectivity/%
Catalyst CO, conversion/% Co, efficiency®/% Carbon balance/%
CO CH, C, C, Cye EBZ+C,,
Z1r0,-ZSM-5 10.9 84.1 1.6 0.1 0.0 0.1 1.2 12.9 99.5
Zn sZr-ZSM-5 25.8 42.8 0.5 0.1 0.5 0.4 11.1 44.7 97.4
Zn, (Zr-ZSM-5 23.3 35.8 0.4 0.0 0.4 0.2 12.3 50.9 96.9
Zn, (Zr-ZSM-5 25.2 46.4 0.5 0.2 0.6 0.5 9.8 422 97.9
Zn0O-ZSM-5 24.7 72.1 0.8 0.1 0.5 0.6 2.6 234 98.6
a) Reaction conditions were the same as those in Table 2;
b) CO, efficiency= CO; transferred into toluene and xylene _ Feedpen, Conv(1 X Selectiol +2 X SeleCtxyl)'
converted CO, Feedco, X Convco,
120 120
B Benzene conversion R?=0.7 @® CO, conversion R>=0.4
A Total efficiency R2=0.9 W Phenyl ring yield R*=0.8
ZrO
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Fig. 6 Relationship between exposed O2 and catalytic activity of Zn, Zr oxides.

3.2.2 Stability tests

The catalytic stability of Zn, jZr-ZSM-5 in the alkylation
of benzene and CO, with H, was studied. The reaction
conditions are the same as Table 2. It is apparent from
Fig. 7 that the conversion and selectivity of the composite
catalyst do not change significantly, indicating that the

composite catalyst possesses a good stability in an 80 h
test.
3.3 Investigation of reaction mechanism

To further explore the reaction pathways, in-situ infrared
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spectroscopy was used to monitor the surface species
produced in the reaction (Fig.8). Peak attribution is
confirmed in Table S1. The reaction conditions for the
experiment (a) were 325 °C, 0.6 MPa, and the reaction
gas (H,:CO, = 3:1) was introduced at a rate of 10 mL-min™!
into the in-situ cell containing the catalyst. In Fig. 8, the
results show the appearance of characteristic peaks for
CH,O* (2826 and 2933 cm ) as well as for HCOO*
(2882, 1382, 1370, and 1585 cm') indicating the
formation of HCOO* and CH;0* on the oxide by the
mixture of carbon dioxide and hydrogen. The bands at
2882 cm ! and 2826 cm! are chosen to study the
dynamics of HCOO* and CH,0* at 325 °C (Fig. S1).
Both intermediates grew rapidly at first and then
gradually leveled off.

To further explore the reaction pathway of benzene
alkylation with CO,, the mechanism of the evolution of
Zn, (Zr-ZSM-5 in the reaction at 0.6 MPa and 325 °C
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X
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g Benzene conversion
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Fig. 7 Stability of Zn, ;Zr-ZSM-5 catalyst in ABCH reaction.
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was investigated by in-situ infrared spectroscopy (Fig. 9).
A mixture of CO, and H, gas (10 mL-min!, H,:CO, =
3:1) was first passed into the reaction cell of unreacted
Zn, (Zr-ZSM-5 catalyst for 30 min, followed by a purge
with argon for 10 min (experiments (al, a2)), where
HCOO* and CH,;O0* peaks appeared. Subsequently,
the gas was switched to benzene saturated argon
(10 mL-min™") into the in-situ cell (experiments (b1, b2))
and the characteristic peaks for HCOO* and CH,;0*
species faded and disappeared completely, indicating that
the HCOO* and CH,O* had been consumed by benzene.
Benzene saturated mixture of CO, and H, were
simultaneously passed into the reaction cell (experiments
(c1, c2)), but no production from alkylbenzene was
detected during this process, probably due to the low
amount of alkylbenzene produced.

Experiments such as the in-situ infrared described
above demonstrated that the ABCH proceeded in two
steps (Fig. 10). Carbon dioxide chemisorbed on oxygen
vacancies to produce carbonate/bicarbonate species,
which then underwent progressive hydrogenation to give
COOH*, CH,;0* and finally methanol, and these
intermediate species were rapidly transferred to the acidic
site of HZSM-5 to produce target products such as
toluene xylene by reaction with benzene.

4 Conclusions

In summary, a bifunctional catalyst composed of Zn Zr
and ZSM-5 was developed for ABCH reaction to toluene
and xylene directly through a tandem catalysis process.
Zn/Zr solid solution owning a cubic ZrO, shell rich in Zn

(b) 1585

Absorbance

1800 1600 1400

Wavenumber/cm™

1200 1000

Fig.8 Time-resolved in-situ infrared spectra of Zn,,Zr under 0.6 MPa CO, + H, (H,:CO, = 3) atmosphere at 325 °C:
(a) wavenumber 3200-2600 cm™; (b) wavenumber 1800—1000 cm™".
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Fig. 10 Reaction mechanism diagram.

and monoclinic ZrO, core was formed with a Zn/Zr ratio
of 1:1. The unique structure grants it abundant oxygen
vacancies which result in fabulous reaction performances,
displaying benzene conversion of 42.9% and total toluene/
xylene selectivity of 90.0%. In addition, benefiting from
the special structure, more than 50% of carbon dioxide
was effectively utilized and incorporated into the target
product as a consequence of refrained reverse water gas
shift reaction. The bifunctional catalyst Zn Zr/ZSM-5
also exhibited excellent stability, and no catalyst

deactivation was observed in 80 h long-term stability test.
More importantly, the mechanism study reveals that
carbon dioxide chemisorbs on the oxygen vacancies of
ZnZr to form carbonate/bicarbonate species, which
subsequently undergo stepwise hydrogenation to give
HCOO* and CH,O*. These intermediates are rapidly
transferred to the acidic site of HZSM-5 to produce target
products. This report provides a very promising strategy
for the utilization of CO,, by which we can realize more
conversion of CO, to value-added chemical synthesis.
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