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Abstract Alkylation of benzene to value-added, high
octane number and low toxic toluene and xylenes provides
a way to lower benzene content in gasoline pool, and is
hence a method to promote fuel quality. On the other hand,
CO, accumulation in the atmosphere causes global
warming and requires effective route for its valorization.
Utilization of CO, as a carbon source for benzene
alkylation could achieve both goals. Herein, alkylation of
benzene with CO, and H, was realized by a series of low-
cost bifunctional catalysts containing zinc/titanium oxides
(Zn/Ti oxides) and HZSM-5 molecular sieves in a fixed-
bed reactor. By regulating and controlling oxygen
vacancies of Zn/Ti oxides and the acidities of HZSM-5,
benzene conversion and CO, conversion reached 28.7%
and 29.9% respectively, along with a total selectivity of
toluene and xylene higher than 90%. In this process, more
than 25% CO, was effectively utilized and incorporated
into the target products. Moreover, the mechanism of the
reaction was analyzed and the course was simultaneously
traced. CO, was transformed into methanol firstly, and
then methanol reacted with benzene generating toluene and
xylene. The innovation provides a new method for
upgrading of fuels and upcycling the emissions of CO,,
which is of great environmental and economic benefits.
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1 Introduction

Excessive emissions of CO, have become one of the main
culprits of environmental and climatic problems such as
global warming. Therefore, how to make full use of the
emissions of CO, is of great interest. At present, CO, is
mainly converted into non-renewable fuels or other
chemicals, via various methods like catalytic and electro-
chemistry methods [1-3]. Distinct from the abundance of
CO,, toluene and xylene, as indispensable industrial
chemicals, are short in supply in many regions. Research-
ers have been focusing on the conversion of CO, into
toluene and xylene [4—6], with the challenge wherein low
CO, conversion and toluene/xylene selectivity are often
confronted (Table S1, cf. Electronic Supplementary
Material, ESM). Recently, a sharp drop in benzene price
has been witnessed owing to a progressively stringent
guidelines for its entering into the gasoline pool. If benzene
and CO, could be co-converted into aromatics such as
toluene and xylenes, the aforementioned issues can also be
solved simultaneously. Compared with other toluene/
xylene production methods [7-9] and CO, conversion
methods [10], this route promises more advantages. Thus
far, there are relatively few studies or discussions devoted
to the alkylation of benzene with CO, and H, (ABCH
reaction).

A bifunctional catalyst is considered for ABCH reaction,
one active site of the catalyst provides a chance to
transform CO, and H, into an intermediate and the
intermediate reacts with benzene on the other active site. In
former studies involving conversion of CO, into aro-
matics, methanol was determined to be a key intermediate
in many circumstances [4,5,9]. Therefore, integrating
methanol synthesis from CO, and benzene alkylation to



Xiangyu Liu et al. Alkylation of benzene with carbon dioxide 385

produce catalyst in ABCH reaction is reasonable. In a
previous report, thenium supported on TiO, was coupled
with zeolites and used to catalyze the ABCH reaction in a
continuous stirred tank reactor (CSTR), over which a
toluene yield of 36% was obtained [11]. However, cost-
sensitive rhenium and the discontinuous CSTR restrict the
largescale applications, thus low-cost catalyst and easy-use
reactors are in need. The oxygen vacancies (OVs) of TiO,
acted as adsorption sites for CO,, and the catalytic activity
of TiO, was modified by doping with other metal oxides
aside from rhenium [12,13], among which ZnO as active
site for H, hetero-dissociation revealed to be the most
promising one in methanol synthesis from CO, [4,5,14].
As acid sites of zeolite are capable of catalyzing alkylation
reaction between methanol and benzene, mixing proper
zeolites such as ZSM-5 with synthesized metal oxides to
generate a bifunctional catalyst is considered to be feasible
for ABCH reaction, still, the relevant reports are
insufficient. In addition, for the catalysts used in ABCH
reaction, the true active sites and the structure-performance
relationship remain unclear.

In this study, a series of low-cost bifunctional catalysts
containing ZnO/TiO, oxides and HZSM-5 molecular
sieves have been successfully prepared. The compositions
of catalysts were manipulated with respect to the elements
ratios of metal oxides and Si/Al ratios in HZSM-5 zeolites.
The characteristics of these catalysts were extensive
characterized using a panoply of techniques. The corre-
sponding reaction mechanism, especially the activation of
CO, and its further conversions, was monitored by in-situ
infra-red (in-situ IR) spectroscopy, in order to better
understand the process. These findings provide useful
ideas and techniques for developing new and more
effective catalysts used in ABCH reactions.

2 Experimental

2.1 Chemical reagents and materials

Zinc nitrate hexahydrate (AR) was provided by General-
Reagent company. Titanium (IV) oxysulfate-sulfuric acid
hydrate (AR), cetyl-trimethyl ammonium bromide (CTAB,
AR), sodium hydroxide (AR), sulfuric acid (AR,
99.8 wt-%), and benzene (AR) were provided by Aladdin
company. HZSM-5 (Si/Al=13.5, 30, 100) were purchased
from Nankai University Catalyst Plant. Mixed gas contain-
ing CO,, H, and nitrogen (N,) were purchased from Air
Liquide (China) Investment Co. LTD. All the reagents
were utilized directly without further purification.

2.2 Preparation of catalysts

2.2.1 Preparation of active components

TiO, and Zn/Ti oxides were prepared by hydrothermal
method. Typically, a certain amount of titanium oxysulfate

was dissolved in a beaker containing a small amount of
concentrated sulfuric acid (5 mL) in ultrafine water (150
mL) at room temperature. The obtained mixture was stirred
for 24 h, followed by adding designated amount of zinc
nitrate hexahydrate. Next, the solution was added into
another beaker containing CTAB solution at a rate of 1
drop per second. Subsequently, pH of the mixture was
adjusted to around 10 by 1.0 mol/L NaOH solution. The
product was further stirred for an additional 2 h before
transferred to a Teflon-lined autoclave to proceed hydro-
thermal synthesis at 473 K for 20 h. The final product was
collected through centrifugation, washed with water. The
obtained samples were dried in a vacuum oven at 363 K for
12 h, calcined in a muffle furnace at 773 K for 4 h
(temperature was elevated at ramp of 5 K/min) to acquire
Zn/Ti oxides. The oxides with different Zn/Ti molar ratios
were named Zn, Ti, wherein x means the molar ratios of Zn/
Ti. The preparation process of oxidized zinc was identical
to the above synthesis method except that sulfuric acid and
titanium sulfate are not required.

2.2.2 Preparation of tandem catalyst

Physical mixing method was adopted for the preparation of
the tandem catalyst, which was shown to enhance catalytic
activity compared with other mixing methods [9]. Zn/Ti
oxides and HZSM-5 zeolite with various Si/Al ratios were
grounded at the mass ratio of 1:1. The metal oxides and
zeolite mixture were pelleted into particles (20-40 mesh),
and calcined in a muffle furnace for 5 h at 773 K. The
mixtures were denoted as Zn, Ti-HZ5 (y) (“y” refers to the
Si/Al ratio of HZSM-5).

2.3 Characterizations

The surface compositions and chemical states of all
samples were measured and recorded by Thermo Escalab
250 for X-ray photoelectron spectroscopy (XPS), operat-
ing at 1486.6 eV monochromatic Al Ka source as well as
14 kV and 30 mA. The standard binding energy of Cls
peak of adventitious carbon contamination was adopted at
284.8 eV. The XPS original data was deconvoluted using
the Peak4.1 software via Gaussian-Lorentzian method.

X-ray powder diffraction (XRD) patterns were measured
on a D/max2550VB/PC Rotating Anode X-ray Powder
Diffractometer, with the Cu Ka (18 kW, 450 mA) as the
source of radiation, at the ramp of 8°/min and the step size
of 0.02°. The scanning range and angle measuring
accuracy of this instrument were 5°-80° and
A26<0.02°, respectively.

Temperature-programmed desorption of ammonia
(NH;-TPD) was measured on Chemisorb™2920 manu-
factured by Micromeritics. The catalyst sample was first
heated to 873 K at 10 K/min, in helium for 1 h. 109% NHj; in
helium was fed into the samples for saturation after the
sample was cooled to room temperature. Then samples
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were heated to 453 K in helium to remove the physically
adsorbed NH;. Desorption was carried out at the ramp of
10 K/min up to 993 K, meanwhile the thermal conductivity
detector signal was recorded.

The concentration and proportion of elements were
quantitatively determined by inductively coupled plasma
atomic emission spectrometer (ICP-AES) manufactured in
Agilent, USA.

The surface morphology and particle size analysis of the
samples were obtained by a GeminiSEM 500 field-
emission scanning electron microcopy (FE-SEM). Plati-
num plating of the instrument was constructed before
testing the sample.

Electron paramagnetic resonance (EPR) was measured
with Emx-8/2.7 electro-spin resonance spectrometer of
Broker (the U.S.), which detects free radicals, transition
metals, oxygen defects and other information of the
samples.

In-situ IR spectroscopy was performed to discover the
catalytic mechanism of the procedure. The spectra were
recorded by ThermoFisher Nicolet iS50 equipped with a
deuterated triglycine sulfate detector. The absorbance was
obtained by collecting 32 scans at 4 cm™ resolution.

To ameliorate the different degrees of light absorption
and light scattering, Raman spectrum of laser sources with
different wavelengths was used to detect the phases at
different depths [15], whereby, the surface and bulk phase
structures of the catalysts were detected at 325 and 785 nm.

2.4 Catalytic evaluation

ABCH reaction was completed in a fixed bed reactor
employing a 316 stainless-steel tube. The catalyst (1 g) was
put into the constant temperature area of the stainless-steel
tube, and the rest of the tube was filled with quartz. The
molar ratio of H,:CO,:C4Hg in whole feed was estimated
about 12:4:1. Before the reaction, catalysts were reduced at
698 K in H, for 1 h. After reduction, reaction gas (H,:CO,
= 3:1) was fed into the reactor at 150 mL/min under the
control of mass flowmeter and benzene at 0.03 mL/min
was also pumped in. The pressure of the system was kept at
3.0 + 0.02 MPa via a back-pressure valve and temperature
was kept at 698 K £ 3 K via a temperature controller.
Agilent 8890 GC provided online real-time analysis for
gaseous state products every two hours, and gave offline
detection of liquid state products when cooling down. The
conversion of benzene, and the selectivity of toluene and
xylene or other aromatics were used as the indexes to
evaluate the reaction performance. The calculation formula
is as follows:

Conv(benzene)mol-%

_ benzene in feed—benzene in liquid product

benzene in feed

x 100%, (1)

Select(i)mol-%

i in liquid product—i in feed

~ benzene in feed—benzene in liquid product
x 100%, @)

where i are toluene, xylene and other aromatics.

3 Results and discussion
3.1 Characterization of metal oxides and coupling catalysts

Figure 1 shows the XRD pattern of TiO, samples with
various Zn contents. It implies that Zn doping influenced
the morphology of TiO, obviously. Without the incorpora-
tion of zinc, TiO, displayed typical brookite structure
(PDF#76-1935), showing peaks at 25.2°, 26.0° and 31.0°,
etc. When a large quantity of TiO, was transformed into
anatase (PDF#73-1764), immediately was incorporated by
a small amount of ZnO (Zn/Ti= 0.01). The peaks at 25.8°,
36.4° and 37.5° disappeared, afterwards they were
replaced by peaks at 25.4°, 38.0° and 62.8°, respectively.
Anatase was observed to be the only phase if Zn/Ti= 0.1.
With further increasing the amount of Zn, such as Zn/Ti=
0.3 and Zn/Ti= 0.5, the characteristic peaks of the anatase
phase became weaker and ZnO phase (26 = 35.3°, 62.8°)
gradually became highlighted. Continuously adding Zn
(Zn, ¢Ti), peaks at 56.7°, 35.4° and 32.5° then emerged,
indicating the formation of Zn,Ti;Og [16—18]. As a whole,
the addition of Zn element led to the phase of TiO, change
from brookite to anatase structure or Zn,Ti;Og, and the
excess zinc exists in the form of ZnO.

The chemical states of compositional elements were
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Fig. 1 XRD patterns of metal oxides with the different zinc contents.
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Fig. 2 XPS spectrums of (a) Ti 2p; (b) Zn 2p; (c) O 1s orbitals.

inspected by XPS as depicted in Fig. 2. Ti 2p XPS peaks at
458.6 and 464.3 eV [19,20] were rather symmetrical
without any shoulder peaks for Ti** or Ti** located
between 456457 eV [19-22], indicating Ti in most
samples exists as Ti*". In addition, this also means that the
introduction of Zn did not affect the binding energies (BEs)
of Ti. Figure 2(b) shows the Zn 2p XPS spectra, in all

samples the spin-orbit split 2p1/2 and 2p3/2 peaks were
observed at about 1045 and 1021 eV, respectively [23,24].
There is no obvious difference of peak positions in
Fig. 2(b). Meanwhile, a small and broad shoulder appears
at the lower BEs, as observed in ZnO (1043.5 e¢V) and
Zng Ti (1044.5 eV), which was due to the occurrence of
metal vacancies [25].
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The XPS spectrum of Ols is illustrated in Fig. 2(c).
Three peaks appear around 530.0, 531.6 and 533.0 eV,
corresponding to O1, O2 and O3 species respectively. The
appearance of the O1 species near 530.0 eV was attributed
to lattice oxygen in ZnO and TiO, lattice [26]. O1
indicated that oxygen from metal oxide lattice in the state
of O* occupied the majority of the surface oxygen. The
acromion of O2 species (near 531.6 eV) and O3 species
(near 533.0 eV) were attributed to the presence of lower-
charged oxygen ions (surface ~OH) and chemisorbed
oxygen, both resulting from the OVs on the oxide surface
[21,26,27]. Moreover, the sample doped with 10% Zn
possessed the highest oxygen vacancy (OV) content (up to
about 27.2%). Notably, the XPS peaks of oxygen were
gradually shifted to higher BEs with the increase of Zn
content. This phenomenon possibly stemmed from the
high electronegativity of Zn (compared to Ti), which
weakened the constraint exerted on its electrons from
oxygen nuclear [28-30].

OVs are generally believed to be the active sites for CO,
conversion [31,32]. In this study, OVs were further
measured by EPR then EPR signals responded to unpaired
electrons in oxygen defects, and the results are shown in
Fig. 3. Significant changes of signal value were observed
in neither TiO, nor Zng (; Ti, while those signals of Zn, ; Ti,
Znq oTi, and ZnO appeared at g = 1.993, indicating the
existence of OVs [33]. Moreover, Zng;Ti samples
possessed the largest content of OVs, which was consistent
with the XPS results.

The texture properties were studied via SEM and
nitrogen adsorption-desorption. The SEM micrographs
are displayed in Fig. 4. HZSM-5 shows a coffin-like shape,
with inerratic particle size (about 2 pum) and smooth
surface. For tandem catalysts consisting of both metal
oxides and HZSM-5, the metal oxides in irregular forms
were attached to the surfaces of HZSM-5 or aggregated
with each other. Nitrogen adsorption-desorption data of
catalyst samples are summarized in Table 1. Pure TiO,
shows a BET surface area of 22 m*/g, which increased with

g=1.993
TiO,
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g

Fig. 3 EPR spectrums of several metal oxides with the different
zinc contents.

the addition of Zn, reaching the maximum at 151 m?/g
when Zn/Ti= 0.5, then the surface area gradually dropped
to 40 m?/g for ZnO. The surface area of mixed Zn, Ti-HZ5
catalysts showed a similar changing trend with that of
metal oxides.

In addition, ICP-AES and XPS were used to analyze the
bulk and surface compositions of mental oxides. Zn; oTi
showed a similar Zn/Ti ratio in surface and bulk, yet the
surface Zn/Ti ratios of other samples were significantly
higher than those of the bulk, indicating that the surface
was enriched with Zn. This difference was attributed to the
morphologies as described in XRD results, further
testifying that the interaction between Zn and Ti changed
with their relative compositions.

In order to further explore the reasons for this
phenomenon, Raman spectroscopy was used to character-
ize the phase structure and Fig. 5 shows the results. As for
the pure TiO,, Raman peaks of two wavelengths typically

Table 1 Nitrogen adsorption and desorption results and Zn/Ti ratios of different samples

a) Zn/Ti ratio a) )
saple 8 ey e Swiee Bai N N w4
TiO, 22 0.16 3.98 0 0 |[Ti0,-HZ5 180 0.23 1.82 158
Zng.o, Ti 45 0.20 3.81 0.04 0.01 |Zngo Ti-HZ5 183 0.29 1.82 138
Zng,Ti 63 0.33 291 0.25 0.11 |{ZnyTi-HZ5 184 0.29 1.84 121
Zny 5 Ti 104 0.24 5.75 n.d? 0.34 |ZnysTi-HZ5 225 0.33 1.82 121
Zng sTi 151 0.30 5.02 n.d¥ 0.54 |IZng sTi-HZ5 244 0.29 1.83 93
Zny oTi 115 0.28 5.04 0.96 1.05 |Zn, (Ti-HZ5 202 0.27 1.82 87
ZnO 40 0.02 8.02 00 oo |[ZnO-HZ5 142 0.14 1.84 102
7-AlL,O4 176 0.31 2.65 n.d? n.d® |HZSM-5 313 0.14 1.84 n.d?

a) Diameter of most holes by BJH method; b) surface: Zn/Ti ratio measured by XPS, bulk: Zn/Ti ratio measured by ICP-AES; ¢) approximation of specific surface area

of HZS not covered by oxide: A4 = Aggr, — Aggri; HZS means HZSM-5; d) None tests taken.
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Fig. 4 SEM patterns of several catalysts: (a) HZSM-5(30), (b) TiO»-HZ5(30), (¢) Zng.o; Ti-HZ5(30), (d) Zn, 1 Ti-HZ5(30), and (e) Zn, (Ti-HZ5(30).
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Fig. 5 Raman spectroscopies of several metal oxides with the different zinc contents used different laser sources: (a) 325 nm and (b) 785 nm.

rose from brookite crystal phase, which was appropriately
allocated to the modes of A, (247,412 and 636 cm™), By,
(322 and 501 cm™), B, (366, 395, 460 and 583 cm™) and
Bs, (287 and 545 cm™), respectively [34]. But for Zng ¢, Ti
and ZngTi, Raman peaks of brookite disappear, sub-
stituted by the anatase characteristic peaks. In Zn, ¢; Ti and
Zn Ti, for the wavelength of 325 nm, peaks at 399 cm™
[Big], 519 em™ [By,], and 630 cm™ [E,] were observed,
while for the wavelength of 785 nm, peaks at 399 cm™
[Big], 519 cm™ [By,] and 640 cm™' [E,] were observed,
among which [B,] and [E,] were attributed to the partial

modes of six Raman active modes peaks of anatase TiO,
[35-37]. It should be emphasized, the characteristic peak at
322 ecm™ [E, phonon mode] using 325 nm standing for
ZnO was also observed in Zn; ¢Ti, Zng Ti and Zng ¢ Ti,
but the peak at 332 cm™ using 785 nm found in ZnO was
not detected in other samples [15,16,38,39]. This demon-
strates there were several ZnO phase on the surface of Zn/
Ti oxides rather than in the bulk. That exactly agrees with
the results of ICP-AES and XPS in Table 1. In contrast, the
surface layer of Zn; ¢Ti sample was composed of three
crystal types (322 cm™' owing to ZnO [16]; 399, 519 and
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630 cm™' due to anatase [35-37]; 718 cm™ [A,, phonon
mode] was attributed to Zn,Ti;Og [16]), which revealed
that the surface Zn/Ti ratio of Zn; ¢Ti sample was distinct
from others.

The acidities were examined by NH3-TPD. As revealed
in Fig. 6, two peaks were seen between 100 K and 773 K,
denoting to NH; desorbed on weak and strong acid sites of
HZSM-5. Compared with HZSM-5(30), the introduction
of metal oxide weakened the total acidity, especially for the
strong acid sites. The total acidity dropped drastically with
the increase of Zn loading, due to the coverage of acid sites
within HZSM-5 by metal oxides [40,41]. Simultaneously,
metal oxides also weakened the strength of the strong acid
sites (the peak reduces from 644 K to about 598 K) and
enhanced the strength of the weak acid sites (the peak
heightens from 459 K to around 473 K). Moreover, Si/Al
ratios showed significant effects on the acidities, in which
catalyst with a lower Si/Al ratio possessed a higher acidity.

3.2 Catalytic evaluation

3.2.1 Determination of reaction conditions

For alkylation of benzene with syngas, many studies have
shown that the reaction was the coupling of synthesis gas
to methanol and the alkylation of benzene with methanol.
As mentioned above, in previous studies, ABCH reaction
was regarded as a tandem reaction composed of methanol
synthesis via CO,/H, and alkylation of benzene with
methanol, which was similar with what happened in
alkylation of benzene with syngas [9,27,42]. In the first
step, low temperature was conducive for CO,/H, to form
methanol owing to thermodynamic reasons (Egs. (1) and
(2), Fig. S1, cf. ESM) [43,44]. Nonetheless, the reaction of

Total acid content Samples
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Zn,, o, Ti-HZ5(100)
0.50 mmol/g,” ’

Zn, Ti-HZ5(13.5)

0.34 mmol/
Zn, ,Ti-HZ5(30)
0.39 mmol/;
Zn, | Ti-HZ5(30)
0.45 mmol/g
Zn, , Ti-HZ5(30)
0.60 mmol/;
HZ5(30)

| 1 | " | " 1 "
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Temperature/K

Intensity

Fig. 6 NH;-TPD patterns of catalysts with different Zn/Ti and
Si/Al ratios.

reverse water gas shift (RWGS) dominates under high
temperatures and CO becomes the main products.

CO2 + 3H2—>CH3OH + HzO

AHZ‘)SK = —-49.5 kJ/mOl (1)

C02 + Hz" CO + H20 AH298K = +41 2 kJ/mOl (2)

On the contrary, alkylation of benzene was carried out at
comparable higher temperatures [9,26,45,46]. However,
conditions benefiting benzene conversion are detrimental
for methanol synthesis. As a balance between benzene
conversion and CO selectivity, the optimal reaction
conditions were suggested to be: 698 K, 3 MPa, H,:CO,
=3:1, gas hourly space velocity (GHSV) = 9000 h™', liquid
hourly space velocity (LHSV) = 1.8 h™' (Figs. S2-S5,
Table S2, cf. ESM) via a series of experiments.

3.2.2 Effects of metal oxides

Table 2 shows the distribution and selectivity of liquid
products, clearly, benzene could hardly be converted in the
absence of Zn. Benzene conversions displayed a “volcano-
type” trend as Zn content grew, it climbed from 1.1% to
23.8%, then dropped to 13.5%, when Zn/Ti was zero, 0.1
and oo, respectively. As for the selectivity, toluene made
up the majority of the products with the selectivity within
77.4%—88.5% and xylenes were the second-largest
product, accounting for 4.7%—18.2% of the products.
Ethylbenzene and Cq, were the main side products in the
liquid phase, accounting for less than 10% in most
samples. Para-xylene (PX) constituted about 25% in all
xylenes, which was a thermal equilibrium composition.
Generally, xylene selectivity showed the same tendency as
that of benzene conversion, while the toluene selectivity
changed oppositely.

Besides, the parameter ‘phenyl ring efficiency’ was
especially introduced (Table 2) to represent the utilization
efficiency of phenyl rings from benzene. The results
indicated that a high phenyl ring utilization rate (more than
95%) could be obtained in all tests, which means the
phenyl rings of benzene are successfully utilized in the
alkylation process, side reactions like over hydrogenation
of benzene and thermal cracking were largely avoided.

Table 3 shows the evaluation results of the gas phase
products. CO, conversion was basically maintained at
20%-30% and gradually increased with the introduction of
Zn, which was because Zn promoted the activation of
hydrogen and the activated hydrogen faciliated the
conversion of CO, [14,31,33,43]. Carbon monoxide,
methane, and a small number of C,—C4 hydrocarbons
were the primary components, while methanol or dimethyl
ether were not observed. Apparently, CO selectivity rose
and methane selectivity declined with Zn addition, which
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Table 2 Distribution and selectivity of liquid alkylation products of catalysts with different Zn/Ti ratios ®

Catalyst Conversion/% Selectivity/% Phenyl ring yield ®
Benzene Toluene Xylene EBZ © Co, PX/X 9 1%

TiO,-HZ5(30) 1.1 86.0 6.8 4.5 2.7 24.4 99.8

Zno o Ti-HZ5(30) 8.4 88.5 6.7 2.7 2.1 245 98.3

Zn,  Ti-HZ5(30) 23.8 77.4 16.1 2.8 3.7 244 94.9

Zn, 3Ti-HZ5(30) 22.4 76.0 18.2 2.1 3.7 25.1 95.1

Zn sTi-HZ5(30) 16.8 80.4 11.0 3.6 5.0 23.9 96.4

Zn, (Ti-HZ5(30) 15.2 79.2 11.4 5.0 4.4 245 96.7

Zn0-HZ5(30) 13.5 81.3 6.7 5.6 6.5 24.4 97.0

HZSM-5(30) 1.3 86.8 4.7 8.3 0.2 23.1 99.7

a) Reaction conditions: temperature = 698 K, pressure = 3 MPa, H,:CO,=3:1, GHSV = 9000 h'!,LHSV=18h!; Phenyl ring yield =

Meffluent MEeed .

Phenyl ring in the product
Phenyl ring in the reactant

= / ¢) EBZ means ethylbenzene; d) PX/X means p-xylene/xylene.

(1—ConViens ) Mpen, + Z ConViey, X Select M; | Mpen,’

Table 3 Gaseous phase compositions and conversions of CO,”

Selectivity of product/%

Catalyst CO, Conv/% CO, efficiency/% ®
co CH, C, Cs Cay EBZ + Co,
Ti0,-HZ5(30) 12.0 29.7 60.2 2.7 4.6 0.0 0.4 2.3
Zng 0; Ti-HZ5(30) 23.9 31.4 47.0 3.6 7.0 0.9 1.1 9.0
Zny 1 Ti-HZ5(30) 25.7 35.0 21.7 2.6 8.5 3.0 3.8 25.4
Zny 3 Ti-HZ5(30) 27.5 50.0 14.1 2.5 7.1 3.9 29 21.4
Zny sTi-HZ5(30) 28.9 55.5 12.5 1.4 7.3 5.1 32 14.9
Zn, oTi-HZ5(30) 30.3 59.8 5.7 1.9 9.6 73 2.93 12.8
ZnO-HZ5(30) 21.9 62.9 3.1 1.1 8.9 4.8 47 14.6

a) Reaction conditions were the same as those in Table 2;

CO, transferred into toluene and xylene  Feedpep, Convye,, (1 x Select,y + 2 x Selectyy;)

b) CO, efficiency = converted CO,

was possibly owing to that ZnO acted as active sites for
RWGS [47]. To quantitively measure how many carbon
atoms in CO, can be used to produce toluene and xylene,
the parameter of ‘CO, efficiency’ was introduced as shown
in Table 3. Zng Ti-HZ5(30) possessing the highest CO,
conversion also showed the highest CO, efficiency, while
CO, was mainly transformed to byproducts like CO and
methane, which led CO, efficiency less than 20% in other
samples.

To analyze the structure-performance relationships of
various Zn/Ti oxides, catalytic results and OVs were
analyzed on correlation as shown in Fig. 7. It can be seen
that conversions of benzene and CO, increased almost
linearly with OVs. As previously reported, OVs were
responsible for the adsorption and activation of CO,
[14,31], thus it was reasonable to attribute the promotion of
conversion to the enhancement of OVs. The interaction
between Zn and Ti was adjusted by changing Zn/Ti ratios,
resulting in transformation of Zn/Ti oxide crystals from
brookite to anatase. Compared with brookite, anatase

Feedcoz X COIIVCOZ

possessed more OVs and OVs were intensified by doping
with proper amount of ZnO, improving CO, adsorption.
Besides, ZnO as active sites also offered hetero-dissociated
hydrogen that was used for hydrogenation of COs,.
However, ZnO also act as catalysts for RWGS reactions,
so too many ZnO strongly effected the main reaction. As a
result, ZnyTi was the most active sample owing to the
highest OVs content and proper surface-enriched ZnO,
which rose from its unique structure and proper composi-
tions, as evidenced in XRD, XPS and Raman spectrums.

3.2.3 Effects of Si/Al ratios

Acidity of HZSM-5 has a great relationship with the ratio
of silicon to aluminum. The impacts of Si/Al ratios on
ABCH reaction were investigated using combination of
different HZSM-5 and Zn, ; Ti. Table 4 and Table 5 show
the compositions of gaseous state and liquid state products,
respectively. According to the evaluation results, it can be
clearly found that HZSM-5 with low Si/Al ratios showed
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Fig. 7 Relation diagrams of OV and catalytic activity.

Table 4 Distribution and selectivity of liquid alkylation products of catalysts with different Si/Al ratios

Conversion/% Selectivity/%
Catalyst Benzene Toluene Xylene EBZ Co, PX/X Pheny! ring yield/% *
Zny  Ti-HZ5(13.5) 28.7 72.9 17.6 4.6 4.9 25.0 93.6
Zn, ; Ti-HZ5(30) 23.8 77.4 16.1 2.8 3.7 24.4 94.9
Zn, 1 Ti-HZ5(100) 8.6 90.7 7.7 0.6 1.0 26.7 98.3
a) Reaction conditions were the same as those in Table 2; b) the calculation method of phenyl ring yield was the same as that in Table 2.
Table 5 Gaseous phase compositions and conversions of CO,”
Catalyst O, Conv/% Selectivity of products/% ‘C()z )

co CH, C, G, Car EBZ + Co, efficiency”’/%

Zng, Ti-HZ5(13.5) 29.9 39.6 10.1 2.9 115 4.2 5.8 25.9
Zny, Ti-HZ5(30) 25.7 35 21.7 2.6 8.5 3.0 3.8 25.4
Zno 1 Ti-HZ5(100) 25.3 55.3 345 0.5 0.2 0.1 0.4 9

a) Reaction conditions were the same as those in Table 2; b) the calculation method of CO, efficiency was the same as that in Table 3.

better catalytic activities, both CO, and benzene conver-
sions via Zng  Ti-HZ5(13.5) were higher than another two
samples employing Zny ; Ti-HZ5(30) or Zn, ; Ti-HZ5(100).
In the liquid products, the toluene and xylene selectivity of
Zny 1 Ti-HZ5(13.5) dropped with more ethylbenzene and
Co, as side products. However, in the gas phase less CO
and methane were detected leading to a higher CO,
efficiency. As hypothesized, methanol might be the
intermediate, and the timely consumption of methanol
via acid sites could help to circumvent the thermodynamic
limit, or else CO, could be transformed into other

chemicals, resulting in decline of CO, efficiency. HZSM-
5 with lower Si/Al ratio has been proved to have more acid
sites via NH5-TPD, as a result, the intermediates were more
easily to be consumed and more CO, could be converted or
utilized [48].

3.2.4 Stability tests
The time-on-stream of Zng ;Ti-HZ5(13.5) catalyst was

investigated and the results are displayed in Fig. 8. No
obvious changes in conversion or selectivity have been
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Fig. 8 Stability of Zng ; Ti-HZ5(13.5) catalyst in ABCH reaction.
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found within 70 h, indicating that the catalyst had excellent
stability.

3.3 Investigation of reaction mechanism

To further explore the reaction pathways, in-situ IR
spectroscopies were carried using Zng Ti, HZSM-5(13.5)
and Zny Ti-HZ5(13.5) at 0.6 MPa and 573 K (Fig. 9 and
Figs. S(6,7), cf. ESM). As shown in Fig. S6(al,a2) and
Fig. S6(b1,b2), characteristic peaks standing for methoxy
(2827,2870,2931,2959 and 2980 cm ') [27,31,43,46] and
formate (1360, 1582 and 1620 cm™) have been resolved
when CO,/H, was fed into Zng;Ti under atmosphere
pressure [5,32]. After the feeding of CO,/H,, argon
saturated by benzene was introduced into Zng ;Ti. In Fig.
S6(b1,b2), it can be seen that IR peaks representing
benzene (1400-1500, 18002000, 2890 and 3000-3100
cm™) [9,49] appeared and those peaks of formate and
carbonate were reserved. However, no peaks were found

—1
Pk Ny Z3tem 28s0cn
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2980 cm™! '/
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CH;'—O—zeolite/metlal oxide
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I
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[ |53
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Fig. 9 In-situ IR spectra of Zny ; Ti-HZ5(13.5) catalyst recorded at 598 K under 0.6 MPa: (al,a2) The mixture of carbon dioxide and
hydrogen (10 mL/min, H,:CO,= 3:1) was introduced into the in-situ pool (598 K and 0.6 MPa) containing an unreacted catalyst for 30
min. Afterward, the in-situ pool was swept by argon gas for 10 min; (b1,b2) after above experiment, benzene vapor was carried by argon
(10 mL/min) into the in-situ pool, measured via IR spectra; (c1,c2) mixture gas of carbon dioxide and hydrogen carried benzene vapors
into the in-situ pool under the condition and subsequent steps which were the same as experiments (al,a2) and (b1,b2).
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when either CO,/H, or benzene was injected into HZSM-
5, as shown in Fig. S6(c1,c2) and Fig. S6(d1,d2), which
was consistent with the fact that sole HZSM-5 was invalid
for ABCH reaction (Table 2). These results indicate that
carbon dioxide and hydrogen formed formates and
methoxides on metal oxides rather than on HZSM-5,
meanwhile, mono-functional catalyst as Zn/Ti oxides or
HZSM-5 alone cannot achieve conversion of benzene.

In order to examine the formation of methoxy and
formate species on Zng;Ti oxide, CO, and H, were
pumped into the in-situ pool in sequence. Carbonate and
bicarbonate species (1550 and 1337 cm™) [33] were
mainly observed on Zng Ti by contacting with CO, (Fig.
S7), nonetheless vibration peaks of formate and methoxide
species have not been found. Then, H, instead of CO, was
introduced into the in-situ pool, the as-observed peaks in
the former step changed significantly, along with the
appearance of formate species at 1360, 1582 and
1620 cm™'. Prolonging the contact time with H,, formate
and carbonate species decreased gradually, while the peaks
of methoxy species increase obviously, implying the
formate and carbonate species were probably transformed
into methoxy species.

In addition, HZSM-5 coupled with Zng ; Ti was placed in
CO,/Hj; to verify the reaction route of benzene (Fig. 9). At
first, methoxy peaks and formate peaks gradually emerged.
On switching the gas into benzene saturated argon,
methoxy and formate species weakened and finally
vanished thoroughly, it illustrated that formate and
methoxy have been consumed by benzene. There was no
characteristic peak of substituted benzene in the process,

Front. Chem. Sci. Eng. 2022, 16(3): 384-396

which may be owing to the insufficient amounts of
substituted benzenes. To confirm the existence of sub-
stituent benzene, benzene saturated CO,/H, was intro-
duced into the cell. The spectrum (Fig. 9(c1)) shows the
vibration peaks representing methyl-benzene at 2928 cm™!
[9,49], demonstrating the generation of alkyl-benzene.
This was also confirmed by the catalytic data in Table 2.

The reaction pathway (Fig. 10) would be manifested in
the results of in-situ IR spectroscopies. Firstly, carbon
dioxide was adsorbed on the OVs of the metal oxide
surface, forming carbonate species [31-33]. With dis-
sociation of H, (activated on ZnQO), carbonate was
hydrogenated into formate species and further to methoxy
species. Methoxy was an important precursor for methanol
[26,50], so it can be assumed that methanol was
synthesized on Zn/Ti oxide, then it was rapidly transferred
onto HZSM-5 zeolite and protonated into another type of
methoxy group connecting with the zeolite framework.
Methoxy species on the zeolite were rather active and they
reacted with benzene readily when benzene was available
[17,22,25]. During the whole process, methanol as the key
intermediate was strictly limited by thermodynamics and it
will be transformed into methoxy groups quickly then
consumed by benzene, so the content of methanol was kept
at a low level. This also explains why no methanol was
detected, but the functional groups like formate, carbonate
and methoxy can be found. Overall, ABCH required a
synergistic effect of metal oxides and molecular sieves,
metal oxides provided OVs and ZnO for the activation of
CO,/H,, while the molecular sieves were responsible for
the activation of benzene.

" H,O
(Metal oxide) H,/H*(~Zn-0-) 2
—O0—Ti—O0—Zn—0— OV)
H,0 —O0—Ti—{_—Zn—0—
Co,
PII H* q 0§C
H_Cl_H CH . OH |
. 2 ot D—za—0—
7\
? ]i{ >S' Al— H,0 Co,
O—Ti O—Zn—O0O (HZSMs) o
CH,4 - .
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SU Al 5
VAN |
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Fig. 10 Reaction mechanism for the ABCH on the Zn/Ti-HZSM-5 catalyst.
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4 Conclusions

High value-added products such as toluene and xylene
were obtained via ABCH reaction in a fixed bed reactor,
and a series of low-cost bifunctional Zn/Ti-HZSM-5
catalysts were developed. The optimal conditions for
ABCH reaction were: 698 K, 3 MPa, H,:CO, =3:1, GHSV
=9000 h'!, LHSV = 1.8 h'!. Benzene conversion and total
selectivity of toluene and xylene can reach 28.7% and
29.9%, respectively at the optimized conditions. Zng ;Ti-
HZ5(13.5) was proved to be the most active catalyst as a
result of the anatase phase and a proper quantity of ZnO on
the surface, which offered abounding OVs and suitable
hydrogenation capacity. Simultaneously, the HZSM-5 with
low Si/Al ratios (Si/Al = 13.5) showed more acidic sites, in
which unstable intermediates can be reacted readily. These
features of metal oxides and zeolites guarantee the reaction
activity and high-selectivity. Besides, the reaction mechan-
ism was studied via in-situ infra-red spectroscopy. In-situ
spectrums revealed that CO, was adsorbed on Zn/Ti oxides
and transformed to carbonate or decarbonate first. After-
wards, these intermediates were progressively converted to
formate and methoxy groups by hydrogenation of
dissociated H,, and finally changed into methanol. At
last, methanol immigrated to zeolites and reacts with
benzene to generate alkylates. These findings provide a
novel route for the efficient utilization of carbon dioxide
and preparation of high-value aromatic hydrocarbons,
which also contributes to global environmental protection.
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