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Tuning the degradation activity and pathways of
chlorinated organic pollutants over CeO, catalyst
with acid sites: synergistic effect of Lewis and
Bronsted acid sitesy
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Enhancing the surface acidity has been seen as an effective strategy to optimize the performance of
catalysts for the degradation of chlorinated volatile organic compounds (CVOCs). Herein, a series of
catalysts are constructed by introducing Lewis and Brensted acid sites into the skeleton surface of three-
dimensional ordered macroporous (3DOM) CeO,. By a systematic study, we find that the introduction of
Lewis acid sites can enhance the redox capacity of CeO,, while the surface Brensted acid sites of the
material promote chlorobenzene (CB) degradation through hydrolysis that is an effective degradation route
to generate less chlorinated organic by-products. The optimal S-Ceq7Zrp 30, with both abundant surface
Lewis and Brensted acid sites presents a stable activity and only 1.2% Cl, selectivity with ~90% CB
conversion at 410 °C for 24 h. This work reveals the different roles and synergistic effects of Lewis and
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1. Introduction

Chlorinated volatile organic compounds (CVOCs) represented
by chlorobenzene (CB) are considered as hazardous pollutants,
which not only are important precursors of extremely toxic
dioxins but also harm the ecological environment and human
health." Whether from the perspective of public safety or
ecological protection, it is necessary to issue stricter emission
regulations and develop an efficient CVOC removal technology.
Among the numerous CVOC elimination technologies, catalytic
oxidation is undoubtedly the most widely used and most
promising strategy.* The core of this technique is the design
and development of a suitable catalyst, which should be
adapted to practical application scenarios. However, there are
two key challenges that need to be overcome due to the unique
C-Cl bond of CVOC molecules, in which one is about
enhancing the chlorine tolerance of catalyst to promote their
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Brensted acid sites to develop environmentally friendly CVOC combustion catalysts.

stability, and the other is to restrain the production of highly
toxic by-products.®”

In previous studies, the Deacon reaction (the oxidation of
adsorbed Cl species to Cl,, or HCl + O, = H,0 + Cl,) was
used to address the first challenge.*® With the doping of
transition metal cations or loading of Ru, the strength of
surface Lewis acid (high valence metal ions and oxygen
vacancy etc.) and Deacon reactivity of the base material are
enhanced, which accelerates the fracture of the M-Cl bond
and the desorption of inorganic chlorine species (ICs), thus
improving the chlorine tolerance of the catalyst. According to
the literature, the Ce-Ti catalytic system exhibits excellent
durability for 1,2-dichloroethane (DCE) oxidation at low
temperature.”® The doping of Mn ions can significantly
improve the catalytic activity and stability of CeO, materials
on trichloroethylene (TCE) oxidation." In addition, Ru/Ti,-
Sn;_, catalysts have been reported for catalytic oxidation of
dichloromethane (DCM) and CB.® The results of stability tests
show that the introduction of Ru improves the stability of
DCM oxidation greatly. Similar results have also been
observed in other catalytic systems, such as Ru/TiO,, Ru/
C030,4, Ru/Ce,Al, Ru/CeO, etc.”'>'>'” However, it has to be
mentioned that Cl,, the representative product of the Deacon
reaction, has an extremely high environmental risk and can
cause a mass of polychlorinated organic by-products.

Recently, the important role of Bregnsted acid in catalytic
degradation of CVOCs has been repeatedly mentioned."® 2’ It
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has been confirmed that the Bregnsted acid sites on the
surface of a catalyst can facilitate the removal of Cl poisoning
species in the form of HCI, thus resulting in stability
enhancement.>® The role of Brgnsted acids can be well
explained in the perspective of a reaction mechanism while a
novel hydrolytic destruction route for efficient CVOC
elimination is proposed.”” Obviously, the introduction of
Breonsted acid sites on the surface of a catalyst is a promising
strategy to address both of the two aforementioned
challenges. To ensure sufficient oxidation capacity and anti-
coking capacity, Lewis acid sites should also be appropriately
present on the surface of catalysts as redox active sites.>***
Therefore, in this work, a catalytic system based on the
regulation of surface Lewis and Brensted acids was
constructed to achieve the efficient degradation of CB, a
typical pollutant of CVOCs. In particular, Lewis acid was
introduced into the substrate by doping with high valence
state Zr ions, while the introduction of S, P, W, or Mo into
CeO, can effectively enhance the surface Brgnsted
acids.>>*"?** The materials were synthesized into a three-
dimensional ordered macroporous (3DOM) structure to
efficiently promote the high dispersion of acid sites on the
material surface and the full contact between pollutant
molecules and active sites.

2. Experimental section
2.1 Chemicals and reagents

All chemicals for the preparation of catalysts were A.R. grade
without any further purification. ZrOCI-8H,0 (98.0%), methyl
methacrylate (99.0%), and K,S,0g (99.5%) were purchased
from Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Ce(NO3);-6H,0 (99.95%) was obtained from Shanghai
Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).
Methanol (99.5%), (NH,),S0, (99.0%), (NH,);P0,-3H,0
(95.0%), HaoN;gOsWio-xH,O  (90.0%), and  (NH,)sMo,-
0,4-4H,0 (99.0%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2 Catalyst preparation

Ce;_Zr,0, (x = 0, 0.1, 0.3, 0.5, and 1, is the molar ratio of Zr/
(Ce + Zr)) was synthesized via the colloidal crystal template
(CCT) pathway, using polymethyl methacrylate (PMMA) arrays
as a macroporous template. The well-arrayed PMMA
microspheres were synthesized and assembled through an
emulsifier-free emulsion polymerization method reported in
previous literature.’® In a typical process, a stoichiometric
mole ratio of the precursors, cerium nitrate hexahydrate and
dichlorooxozirconium were dissolved in 10 mL methyl
alcohol to obtain a homogenous solution with a total metal
molar concentration of 2 mol L™". Then, 2 ¢ PMMA template
was added to the solution and the mixture was allowed to
stand undisturbed for 6 h. After complete impregnation of
the PMMA microspheres, the excess precursor solution was
removed by vacuum filter and the PMMA arrays were dried
overnight in a vacuum oven at 50 °C. The above product was
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first calcined at 310 °C for 3 h with a ramp of 1 °C min™* and
then cooled to room temperature under a 100 mL min™"
nitrogen flow, and finally the atmosphere was changed to
100 mL min™* air to calcine powders at 550 °C for 10 h with
a ramp of 1 °C min ™", thus obtaining the Ce;_,Zr,0, samples.

To introduce Brensted acids on the skeleton surface of
Cey;Zry30,, an incipient wetness method was used to
synthesize M-Ce, ;Zr, 30, (M = S, P, W, or Mo). In the process
of  modification, ammonium sulfate, ammonium
orthophosphate, ammonium tungstate, and ammonium
molybdate were used as precursor reagents to realize the
modification of materials by different elements. After 4 h of
impregnation, the samples were dried in a vacuum oven at
50 °C overnight and calcined at 550 °C in air for 3 h. For the
obtained samples, the actual element load is about 1 wt%.

The used samples were obtained after a reaction cycle
under experimental conditions: concentration of CB ¢(CB) =
1000 ppm, weight hourly space velocity (WHSV) = 60000 mL
g”' h™, H,0 content = 0 vol%. The monolithic catalyst was
prepared by vacuum coating, and a cylindrical cordierite
honeycomb ceramic with 32 mm diameter and 50 mm height
was chosen as the carrier. After loading S-Ce, ;Zr,30,, the
sample was calcined at 550 °C in air for 3 h. According to the
weight change, the actual amount of S-Ce, ;Zr, 30, load was
approximately 1 g.

2.3 Catalyst characterization

In order to characterize the microstructure and surface
properties of samples, a variety of characterization
techniques were used. The crystal structure of the samples
was observed by powder X-ray diffraction (XRD) measurement
on a PANalytical X'pert Pro diffractometer equipped with an
X-ray radioactive source of Cu-Ko at the 26 angle range from
10° to 90°. Nitrogen adsorption and desorption isotherms
were obtained at 77 K using a physisorption instrument from
Quantachrome Autosorb IQ operated in static measurement
mode. The specific surface area and pore size distribution of
samples were calculated using the Brunauer-Emmett-Teller
(BET) and  Barrett-Joyner-Halenda (BJH) methods,
respectively. The actual element contents were determined by
X-ray fluorescence (XRF) technology (Axios-MAX, NEP). The
micromorphology of the samples was measured by scanning
electron microscopy (SEM) using an S-4800 scanning electron
microscope. High-resolution transmission electron
microscopy (HRTEM) images and EDS element distribution
mapping were obtained on a JEM 2100F transmission
electron microscope. The element binding energies (BEs) of
surface species were detected by X-ray photoelectron
spectroscopy (XPS) measurement using a Thermo Scientific
ESCALAB 250 instrument. Temperature-programmed
desorption and reaction (e.g. NH3-TPD, O,-TPD, and H,-TPR)
measurements were carried out on a Quantachrome
Chemstar apparatus furnished with a thermal conductivity
detector (TCD). Ex/in situ diffuse reflectance infrared Fourier-
transform spectroscopy (ex/in situ DRIFTS) was analyzed on a
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FTIR spectrometer (Thermo Fisher iS 50) equipped with a
Harrick reaction cell. The detailed characterization
procedures are described in the ESLf

2.4 Catalytic evaluation

The activity and stability of as-synthesized Ce;_,Zr,O, and M-
Cey.7Zry 30, catalysts in the oxidation of CB and VOC mixture
were tested in a temperature-controlled quartz tube reactor
with 6 mm inner diameter. Typically, about 66 mg grain
catalyst (40-60 mesh) was used for testing, and before filling
into the reactor bed, the sample was diluted with a certain
amount of quartz sand to maintain a 30 mm bed height to
decrease the thermal effect during the VOC degradation
process. The temperature difference was corrected through
an external thermocouple installed at the bottom of the
catalyst bed. In all the runs, the total flow through the reactor
bed was set at 66 mL min~' and the corresponding WHSV
was 60000 mL g* h™". In this work, the particle size of the
catalyst (40-60 mesh) and the linear velocity of the reaction
gas (3.9 cm s7') meet the requirements of overcoming the
transfer barrier including internal and external transfer
limitations.” The composition of the reaction feeding gas was
1000 ppm CB or 2000 ppm VOC mixture (1000 ppm
chlorobenzene, 900 ppm benzene (B), and 100 ppm toluene
(TB)), 20 vol% O,, 0 or 5 vol% H,O and balance N,. The
concentration of VOCs (¢(VOCs)) and CO, (¢(CO,)) in the
effluent gases was detected online by a FID and a TCD
detector, respectively, which were installed on the gas
chromatograph. The conversion (Xyoc) and total conversion
(Xtotal) Of reactants were calculated based on the difference
between the VOC concentration of the inlet and outlet gas.
Mineralization (Yoo,) was evaluated according to the change
in CO, concentration. The calculation formulas are as
follows:

Xvoc = ¢(VOC) 1ner = €(VOC) oyttt % 100% 1)
C(VOC)Inlet
ZXVOC X C(VOC)
X == ———"=x100% 2
Total ZC(VOC) o ( )
CO
YCOZ _ C( Z)Outlet x 100% (3)
C(COZ)Complete

The concentration of Cl, in the effluent gases was
determined by titration.”” During this analysis, 50 mL of
0.0125 mol L' NaOH solution was used as an absorbent to
absorb the exhaust gases at a stable CB conversion for 2 h.
And then N,N-diethyl-p-phenylenediamine was selected as an
indicator to be dropped into the solution, which would turn
the solution red. 1.01 mmol L' ferrous ammonium sulfate
solution was considered as a titrant to titrate the above
solution rapidly until the red solution became transparent.
The concentration of Cl, in the effluent gases can be
calculated based on the consumption of ferrous ammonium
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sulfate solution. It should be noted that the concentration of
HCI cannot be accurately determined due to the tendency of
HCI to be adsorbed on the exhaust pipe (the stainless steel
pipe). Moreover, it is very difficult to detect Cl atoms on trace
amounts of chlorine-containing by-products or ICs deposited
on the catalyst surface. Although the Cl balance during the
degradation process of CB cannot be established, the
quantitative measurements can reveal the trend of Cl,
formation on each catalyst, which is sufficient to support the
relevant discussion.

The degradation activity of monolithic catalyst to
chlorobenzene was evaluated in a pilot-scale evaluation device.
The device structure and operation process were previously
reported by our group.”® The experimental conditions were
similar to those of the evaluation experiments above. The
concentration of CB was 1000 ppm and the WHSV was 60 000
mLg ' h™,

3. Results and discussion

3.1 Catalytic performance

3.1.1 The catalytic activity of Ce,_,Zr,0, and M-Ce, ;Zr, 3-
0O, for CB degradation. By regulating the surface acidity of
CeO, with acid sites, the Ce;_,Zr,0, and M-Ce,;Zr,30,
catalysts were prepared. According to the results of XRF, the
actual acidic element loads of M-Ce, ,Zr, 30, samples are all
approximately 1 wt% (Table S17). The performance of samples
in CB oxidation was investigated and shown in Fig. 1. The
significant difference between CB conversion and CO, yield is
related to the formation of by-products and intermediates.*
Among samples, pure CeO, and ZrO, show poor performance,
and the complete conversion of CB cannot be achieved even if
the reaction temperature reaches 560 °C. With the introduction
of Lewis acid sites, the activity curves representing CB
conversion and CO, yield significantly shift to low temperature;
all binary oxides exhibit higher activity than unitary oxides.
Cey ;Zr( 30, shows the optimal activity in catalytic combustion
of CB among these binary oxides. After acid element
modification, the activity of Ce,;Zr, 30, was further improved.
As expected, the presence of Bronsted acid sites is conducive to
the degradation of CB. By taking both values of Ty, (the
temperature where 90% CB conversion or CO, yield is achieved)
for CB conversion and mineralization into account, S-Ce, 5Zr 3-
O, is considered as an optimal catalyst and shows higher
activity (406 °C for CB conversion and 419 °C for CO, yield) than
other acid-modified samples. Based on the results of activity
tests, CeO,, Ce,;Zry30,, and S-Ce,,Zr,30, catalysts were
selected as representatives for subsequent research. It needs to
be mentioned that the successful introduction of Lewis and
Bronsted acid sites through Zr doping and sulfur modification
have been confirmed by subsequent multiple characterization
measurements (NH;-TPD, pyridine-DRIFTS, and NH;-DRIFTS).

3.1.2 The chlorine tolerance, water resistance, and Cl,
selectivity of selected samples in CB degradation. The anti-
toxicity of materials was tested at specific temperatures of
around Tyo. As shown in Fig. 2a, the CB conversion of CeO,
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Fig. 1 CB conversion and CO, yield curves of (a and b) Ce;_,Zr,O, and (c and d) M-Ceq ;Zrp 30, under experimental conditions: c(CB) = 1000

ppm, WHSV = 60000 mL g h™

decreased sharply from 90% to 75% within 24 h of reaction
time, showing a significant deactivation. In particular, poor
performance is associated with Cl poisoning caused by the
formation of Ce-CL.>® For Ce,,Zry;0, and S-CegZr,;0,, an
excellent anti-inactivation ability can be observed; the
conversion is maintained at about 90% for at least 24 h. It is
established that CI deposition on the surface of two samples
is inhibited by the acid sites. The selectivity of Cl, during CB
oxidation over three catalysts was detected at the same CB
conversion (Fig. 2b). To minimize experimental errors, a
relatively high CB conversion (~90%) was selected and the
reaction temperatures were controlled close to T, of the
three catalysts. As expected, the introduction of Lewis acid
accelerated the Deacon reaction and promoted the fracture of
the Ce-Cl bond, resulting in more Cl, production (15.0%) on
the surface of Ce,;Zr,30,. Due to the presence of abundant
Brgnsted acid sites, the degradation of CB on the S-Ce, ,;Zr, 3-
O, catalyst follows the hydrolysis route, leading to minimal
Cl, selectivity (1.2%).

The effect of water vapor on the catalytic properties of
samples for CB degradation was explored (Fig. 2c and d).
After 5 vol% water vapor was introduced into the reaction
stream, both CB conversion and CO, yield of the three
samples decreased to some extent due to the competitive
adsorption of H,O and CB or intermediates on the activity
sites. With the increase of the reaction temperature, the
activity curves of S-Ce,;Zr,30, at different humidity are

4584 | Catal Sci. Technol.,, 2021, 11, 4581-4595

gradually close or even coincident, indicating that the effect
of water is fading away. However, even when the temperature
reached 560 °C, significant competitive adsorption can be
observed on the activity curves of CeO, and Ce, ;Zr;30,. On
the other hand, the difference between CB conversion and
CO, yield decreased strikingly for all the samples. In
particular, for S-Ce, ;Zr, 30,, the activity curves of conversion
and mineralization almost overlap. As described earlier, the
concentration of intermediates and reactants on the material
surface results in lower values of CO, yield than reactant
conversion. With the occurrence of competitive adsorption,
the adsorption sites were occupied by water molecules, which
inhibited the accumulation of intermediates and made the
conversion and mineralization tend to be consistent. Based
on the values of Ty, it can be seen that the activity of S-Ce, ;-
Zr, 30, at high temperature is greatly maintained in the
presence of 5 vol% water vapor. The abundant Brgnsted acid
sites (-OH) of the sample can be used to explain this
phenomenon in terms of competitive adsorption and
reaction pathway. The hydroxy group has a higher affinity for
water molecules, which can protect Lewis acid sites from
being poisoned by water molecules to a certain extent and
preserve the redox sites of the catalyst. Moreover, the
abundance of the hydroxy group would change the
degradation pathway of CB, and the initial step of the
reaction is transformed from oxidation to hydrolysis, which
can be accelerated by water vapor.>>>° A detailed discussion

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Anti-toxicity test and (b) Cl, selectivity during CB oxidation of CeO,, Ceg7Zrg30,, and S-Ceq7Zro30, catalysts under experimental
conditions: ¢(CB) = 1000 ppm, WHSV = 60000 mL g* h™*, H,0O content = 0 vol%; (c) CB conversion and (d) CO, yield curves over CeO,, Ceg -
Zro30,, and S-Ceq 7Zrg 30, catalysts in the absence or presence 5 vol% H,O under experimental conditions: ¢(CB) = 1000 ppm, WHSV = 60 000
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about the reaction pathway of different samples will be
conducted in the in situ DRIFTS analysis.

3.1.3 The distribution of by-products. The distribution of
by-products produced by CB chlorination can more intuitively
reflect the environmental risk of the three catalysts. Within
the limitation of the FID, only three isomers of
dichlorobenzene (DCB), including 0-DCB, m-DCB, and p-DCB,
were detected. Because of the different catalytic activities of
the three samples, the temperature range of the distribution

of by-products were different, but the law were similar and
the distribution curves all show a volcanic shape (Fig. 3). For
the CeO, sample, all three isomers were detected in the
effluent gas of CB degradation until the reaction temperature
reached 560 °C. With the introduction of Zr ions, the
distribution curves of DCB shifted to a lower temperature
range, and the maxima of concentration about o-DCB (21
ppm) and p-DCB (15 ppm) increase significantly. The increase
of Lewis acid sites can improve the CB degradation
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Fig. 3 DCB distributions for CB combustion over CeO,, Ceg;Zrp30,, and S-Ceq;Zrg 30, catalysts under experimental condition: c(CB) = 1000
ppm, WHSV = 60000 mL g* h™*, H,O content = 0 vol%; (a) 0-DCB; (b) m-DCB; and (c) p-DCB.
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performance of the catalyst; however, it would also promote
the generation of more chlorinated by-products and bring
greater environmental risks. Compared with Ce, ;Zr, 30,, the
DCB distribution curves of S-Ce,-Zr,;0, had a narrower
temperature range and a smaller value of maximum
concentration, and even the generation of m-DCB was not
detected in the whole process. It is obvious that the
introduction of Bregnsted acid sites can effectively inhibit the
formation of chlorination by-products, which is consistent
with the expectation.

3.1.4 The catalytic stability of S-Ce, ;Zr,;0,. Stability test
and cycling tests were performed to investigate the durability
of S-Cey,Zry,30, under 5 vol% water vapor. As depicted in
Fig. 4a, when the reaction temperature is maintained at 420
°C, approximately 89% CB conversion and 84% CO, yield
could be achieved and maintained for more than 100 h.
During the 106 hours test, the CB conversion and CO, yield
at the corresponding temperature are consistent with the
data of the activity test, and no evident deactivation was
detected. This encouraging result demonstrates the high
stability of S-Ce, ;Zr, 30, in the degradation of CB. According
to previous literature, HCI in the reaction flow may lead to
the reduction of sulfur species on the surface, and even
Moser et al. used a diluted HCI stream to regenerate sulfur
poisoning catalysts.®® As discussed earlier, the presence of
sulfur element on the surface is critical to the excellent
catalytic performance of S-Ce,;Zry30,. Therefore, the

(@)
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retention value of sulfur content after the reaction is also an
important factor to evaluate the stability of S-Ceq;Zr,30,.
The retained amount of sulfur element on the sample after
the long-term stability test was determined by XRF
characterization and shown in Fig. 4a. Similar to the report
of Moser et al., the sulfur content on the surface of the used
sample was reduced to some extent.’® However, due to the
strong adsorption of sulfur on Ce;Zr,30,, 73.5% of the
sulfur element was still retained even after 106 h of reaction.
It was interesting to see that even though the sulfur content
was reduced, S-Ce, ;Zr, 30, retained the initial activity in the
long-term stability test. It could be assumed that the
improvement of catalytic performance of S-Ce,;Zr30,
mainly comes from the sulfur species strongly adsorbed on
Cey 721y 30,, which is almost not affected by the toxicity of
HCI. Moreover, the effect of the reaction cycle on the redox
properties and acidity of S-Ce,;Zr,30, may also be
responsible for its excellent stability, which would be
discussed below. In Fig. 4b and c, the activity curves of both
conversion and mineralization are almost unchanged after
six activity cycles, which also confirmed the high stability of
the S-Ce, ;Zr, 30, catalyst for CB combustion.

3.1.5 The adaptability of S-Ce,,Zr,;0, under near-real
conditions. To evaluate the application potential of S-Ce, ;-
Zr, 30, under near-real conditions, degradation tests of a
VOC mixture on S-Ce,,Zry30, were performed in the
presence 5 vol% water vapor. As shown in Fig. 5a, the
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catalytic activity of the sample for CB oxidation was
remarkably maintained and almost complete conversion of
the VOC mixture can be achieved at a reaction temperature
of 460 °C. Moreover, the S-Ce,;Zr,;0, catalyst presented
excellent long-term stability and evident deactivation was still
not detected within 28.5 hours of observation (Fig. 5b). In
practical industrial applications, more attention is paid to
the catalytic performance of monolithic catalysts with high
mechanical strength and low pressure drop, which are more
suitable for harsh working conditions. Therefore, a
monolithic catalyst was prepared to degrade CB by loading S-
Cey 721y 30, powder onto a cylindrical cordierite honeycomb
ceramic. The activity test was performed in a pilot-scale
evaluation device using ambient air as the feed gas (Fig. 5c).
According to the data, the relative humidity in the
environmental atmosphere on the test day was 75%,
equivalent to about 3 vol% water at 25 °C. To ensure the
accuracy of the test, a thermocouple was placed near the
integral catalyst to correct the temperature difference.
Affected by some unfavorable factors, such as low load,
uneven coating, and poor contact efficiency, a significant
decrease in the activity of the monolithic catalyst was
observed, which has been found in previous research.>® Even
so, the monolithic catalyst was able to achieve a CB
conversion of over 98% at 550 °C, which is acceptable for
regenerative catalytic oxidation (RCO).

This journal is © The Royal Society of Chemistry 2021

3.2 Catalyst characterization

3.2.1 Morphology, pore structure, surface area, and crystal
phase. The microstructure of samples was observed through
SEM. As shown in Fig. 6a-f, it is obvious that all samples
show a high-quality 3DOM structure; even after acid
modification, the 3DOM skeleton structure of the samples is
completely maintained. The periodic voids in the long-range
ordered architecture are interconnected through open
windows with a macropore diameter of 340-420 nm.
Moreover, the multi-layered structure is highly visible. The
three-dimensional macroporous architecture with a high
degree of ordered arrangement provides a convenient
channel for reactants and products to diffuse within the
catalysts.®® In addition, the SEM images of used samples
were also collected (Fig. S1t). Notably, the used samples still
showed a good three-dimensional ordered structure,
indicating the good mechanical stability of the samples. The
BET surface areas of the materials are listed in Table 1. The
data show that the as-prepared materials of CeO, (63.4
m? g7') and Cey,Zro 30, (79.8 m> g') both have a relatively
large specific surface area, which is beneficial for the
homogeneous dispersion of sulfur element. The S-Ce, ;Zr 3-
0, sample displayed a lower surface area (53.7 m> g') than
Cey.7Z1030,, a result possible because of the destruction of
some micropores during modification. To examine whether
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Fig. 6 SEM images of (a and b) CeO,, (c and d) Ceg7Zro.30, and (e and f) S-Ceq 7Zro30,. (g) EDS element mapping images of S-Ceg 7Zrg 30,.

the sulfur element is uniformly grafted onto the surface of
Cey 721y 30,, EDS elemental mapping images of the S-Cey ;-
Zr,30, sample were collected. As shown in Fig. 6g, it can be
confirmed that sulfur is evenly distributed throughout the
skeleton surface, which meets the experimental expectation.
The crystal structure of the samples was investigated by
XRD and HRTEM characterization. As described in Fig. 7a,
the spectra of the three samples are all similar. For the CeO,
sample, several diffraction peaks appeared at 28.6°, 33.1°,
47.5°, 56.4°, 59.1°, 69.4°, 76.7°, 79.1°, and 88.5°, which are
assigned to the (111), (200), (220), (311), (222), (400), (331),
(420), and (422) lattice planes of cubic fluorite CeO, (PDF#00-
043-1002), respectively. With the addition of Zr ions, the
diffraction peaks become weak and migrate to the higher
angle, indicating that the lattice distortion is caused by the
formation of Ce-O-Zr solid solution.**** In addition, no
impurity peak in the XRD patterns of S-Ce, ;Zr, 30, sample
was observed, indicating that the sulfur element is highly
dispersed or exists in the amorphous phase. As shown in
Fig. 7b-d, well-resolved lattice fringes can be observed in the
HRTEM images of the three selected samples. For the CeO,
sample, the lattice spacings were measured to be 0.106,
0.193, 0.265, and 0.309 nm, which belong to the (422), (220),
(200), and (111) planes of the standard CeO, sample,
respectively. As Zr ions with small ionic radius enter the
lattice of the CeO, material, the lattice spacing of the Ceg ;-
Zr,.30, sample becomes wider.** Moreover, a further increase

4588 | Catal. Sci. Technol, 2021, 11, 4581-4595

in lattice spacing is associated with electron transfer of Ce-O
to S-O after sulfur modification.*® Similar to the XRD
analysis, no crystal planes associated with ZrO, or sulfur
element were observed. To investigate the stability of the
crystal phase structure of the samples, the XRD patterns (Fig.
S3at) of the used three samples and the HRTEM image (Fig.
S3bt) of the used S-Ce, ;Zr, 30, were observed. It is gratifying
that the crystal phase structure of the samples did not
change significantly after the reaction.

3.2.2 Surface element composition and chemical state.
The chemical states of Ce, Zr, and S on the surface of the
catalysts were probed via XPS (Fig. 8). The spectra of Ce 3d
can be fitted into nine peaks, the binding energies of 882.3-
882.5, 888.7-888.8, 897.7-897.9, 900.8-900.9, 907.4-907.5,
and 916.5-916.7 eV are associated with Ce*’, and those of
884.7-885.3, 898.5-898.6, and 902.7-903.0 eV are associated
with Ce*".*® For each sample, cerium exists on the surface in
a mixed oxidation state of Ce®*' and Ce®', where Ce*' is
generally considered to be related to the formation of oxygen
vacancies.”” The Ce*'/Ce*" molar ratios of three samples are
calculated by the corresponding peak areas and listed in
Table 1. It can be found that the content of Ce®" in the
catalyst increases with the introduction of high valent Zr
ions. This result is associated with the increase of oxygen
vacancies caused by lattice distortion. After sulfur
modification, the increase of Ce*" concentration is related to
electron transfer of Ce-O to $-0.**%® Compared to metal

This journal is © The Royal Society of Chemistry 2021
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ions, sulfur is more electronegative and has a greater ability
to attract electrons.'® For the samples containing Zr ions, the
spectra are divided into two peaks at 182.0-182.4 and 184.4-
184.6 eV, which are assigned to Zr 3ds, and Zr 3d;,, of Zr*"
species, respectively.”® The spectrum of S 2p can be fitted by
two peaks with the binding energies of 168.7 and 169.9 eV
attributed to S 2p;, in S(vi) species, which suggests the
existence of SO,%” on the surface of S-Ce,-Zr,30,.*° Other
forms of the sulfur element such as sulfide, elemental sulfur
or sulfite were not observed. Moreover, the spectra of O 1s,
Ce 3d, Zr 3d, and S 2p of the used samples were also
collected via XPS characterization (Fig. S4t). The spectra of
Ce 3d were fitted and processed in a similar manner to those
of fresh catalysts, and the Ce*"/Ce*" molar ratios of the used
samples are listed in Table S2.f After a reaction cycle, the
proportion of Ce** on the surface of all samples was
increased, which may mean an increase in oxygen vacancy.
With the occurrence of CB oxidation, the reactive oxygen
species on the surface of the catalysts were constantly
consumed, and the formation of oxygen vacancies was
almost an inevitable result.*’ As shown in Fig. S4b and c;f
the Zr and S elements still exist in the form of Zr*" and
SO4>7, and no other chemical states appear. The O 1s spectra
of the used samples would be discussed in detail in the next
section.

3.2.3 Oxygen species and low-temperature reducibility.
The surface reactive oxygen species of the samples were
evaluated by XPS and O,-TPD. As shown in Fig. 9a, the O 1s
XPS spectra for all samples can be decomposed to two peaks,
centered at regions of 529.4-529.6 eV and 531.4-531.7 eV,
and ascribed to lattice oxygen (Oy) and surface adsorbed
oxygen (O.qs), respectively.’> Based on the integral ratio of
Opaee t0 O,gs listed in Table 1, the activation of lattice oxygen
by Zr incorporation is found. This phenomenon can be
attributed to lattice distortion as the Zr ions enter into the
lattice of CeO,, which has been found by XRD and HRTEM
analysis. On the other hand, the decrease of the proportion
of active lattice oxygen on the surface of S-Ce, ;Zr, 30, is due
to the coverage of sulfur element.”® In fact, only surface
active oxygen species of the samples can be obtained through
the XPS spectra of O 1s; however, the overall composition of
bulky oxygen species in the catalyst needs to be further
confirmed by O,-TPD (Fig. 9b). In general, the oxygen
desorption peak consists of three regions, namely the low
temperature region (<300 °C), the medium temperature
region (300-400 °C), and the high temperature region (>400
°C), corresponding to the physical adsorption oxygen,
chemical adsorption oxygen or surface lattice oxygen and
bulk lattice oxygen, respectively.> As shown in Fig. 9b, the
O,-TPD profile of the CeO, sample has a strong peak below
300 °C, which is correlated to the desorption of O, weakly
adsorbed on the surface. For higher temperature regions,
especially in the range of 300-400 °C, desorption of O, is
almost nonexistent, meaning a very small amount of active
lattice oxygen. For Ce, ,Zr, 30, sample, the positive effect of
Zr doping on surface reactive oxygen species is obvious, and
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the desorption of O, is observed throughout the temperature
range. It should be mentioned that the increase in the
concentration of surface active lattice oxygen is important for
the catalytic performance of the catalyst. As we all know, the
oxidation reaction of VOCs on the catalyst generally follows
the Mars-van-Krevelen (MVK) mechanism, with the active
lattice oxygen playing a critical role.** Abundant active lattice
oxygen species are the source of the better catalytic
performance of Ce,;Zry 30, than CeO,. In the profile of the
S-Cey 721930, sample, the desorption peak at the low
temperature region becomes weaker when incorporating
S0,>", correlated with the coverage of sulfur element on the

Ceo.,Z1, 30, surface.?® The new desorption peak that appears
in the high temperature region of S-Ce,;Zr,;0, sample is
attributed to the decomposition of SO4>" rather than the
desorption of lattice oxygen."®

The low temperature reducibility of samples is closely
related to its catalytic performance, which is investigated
through H,-TPR. As shown in Fig. 9c, the pristine CeO,
presents two reduction peaks at 407 and 514 °C, in which the
former is attributed to the consumption of surface
chemisorption oxygen species (O,qs), Whereas the latter is
associated with the reduction of the lattice oxygen species
(Olat)-*** For the Ce,,Zro 30, sample, the peak ascribed to
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Fig. 8 (a) Ce 3d XPS spectra of CeO,, Ce7Zrg30,, and S-Ceq 7Zr30;; (b) Zr 3d XPS spectra of Ceq7Zrg30,, and S-Ceq 7Zrg30,; and (c) S 2p XPS

spectra of S-Ceg 7Zr¢ 30,.
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reduction of O,g4s shifted to a lower temperature (357 °C),
reflecting better reducibility of the sample, which is related
to the lattice distortion. It is interesting to note that the
second peak of Ceg;Zry30, shifted towards higher
temperatures (538 °C). However, it is not reasonable to
conclude that the reducibility of the sample is limited after
Zr doping, as the peak intensity of CeqZry30, is much
higher than that of CeO,. The higher temperature of the
second peak is associated with more bulk lattice oxygen
species being involved in the reduction process. The
outstanding low temperature reducibility is the intrinsic
reason for the activity improvement of Ce, ;Zr, ;0,. After the
modification of sulfur element, the reduction peak shifted to
high temperature greatly, which is probably due to the
stabilizing effect of SO,*” combined with Zr ions.*®* The
abnormally large peak area is due to the reduction in S(vi)
species to yield H,S and/or SO,.*° Based on the results of O,-
TPD and H,-TPR, it can be clearly found that the significant
improvement of catalytic activity caused by acid modification
cannot be well demonstrated from the perspective of active
lattice oxygen and low temperature reducibility. According to
the literature, the difference of acid sites may play a key role
in the change of the activity.>>*>°

Although it does not play a leading role in CB oxidation,
the comparison of redox properties of samples before and

This journal is © The Royal Society of Chemistry 2021

after the reaction is conducive to a deeper understanding of
the whole degradation process. According to the MVK
mechanism, the degradation process of CB on the catalyst
surfaces involves the consumption and supplementation of
reactive oxygen species.’’ In the initial stage of the reaction,
the consumption rate of reactive oxygen species is often
higher than the replenishment rate, which leads to the
increase of oxygen vacancies on the surfaces. It is almost
universally acknowledged that a modest increase in oxygen
vacancies is conducive to the activation and migration of
lattice oxygen.*® It can be seen from the O,-TPD profiles that
the amount of lattice oxygen desorption from the used
samples all increased significantly. Furthermore, the integral
ratios of surface Oj,e to Onqs Obtained from O 1s spectra of
fresh and wused (Table S2t) samples were compared.
Analogously, the proportions of lattice oxygen on the used
samples' surface were significantly increased. In fact, CB can
be regarded as a reductive gas, and the whole reaction
process is similar to a pre-reduction treatment of the
samples. Therefore, the low temperature reducibility of the
used samples was generally poorer than that of the fresh
samples, and the peaks of H,-TPR all shifted to a higher
temperature. It is worth noting that oxygen vacancy is a form
of Lewis acid. Therefore, it can be inferred that the acidity of
the used samples, especially Lewis acids, would be enhanced.

Catal Sci. Technol.,, 2021, 11, 4581-4595 | 4591
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3.2.4 Acid properties. NH,;-TPD, pyridine-DRIFTS, and
NH;-DRIFTS measurements were used to evaluate the acid
properties of catalysts. The concentration of surface acid sites
on the samples was detected by NH;-TPD. Considering the
interference of decomposed SO, , the experiments were
carried out in the range of 50-600 °C. As shown in Fig. 10a,
the NH; desorption curves of the samples can be divided into
four temperature ranges: <250 °C, 250-400 °C, 400-500 °C,
and >500 °C, representing weak, moderate, strong and
super-strong acid, respectively.'® For CeO, and Ce,-Zr,;0,,
the desorption of NH; occurs intensively below 400 °C,
indicating that the acid sites of the samples are mainly weak
and medium acid sites, with almost no strong acid sites.
Compared with CeO,, the introduction of high valence Zr
ions promotes the formation of Lewis acid and increases the
content of acid sites on the surface of Cey,Zry30,.>"
Moreover, the enhancement of acid strength on the catalyst
by sulfur-grafting was also observed. For the S-Ce, ;Zr, 30,
sample, in addition to abundant medium-strong acid sites,
desorption of NH; above 500 °C occurs, which verifies the
existence of super-strong acid. Compared to the weak acid,
the stronger acid is commonly beneficial to activation of
CVOCs.® The obvious advantage in acidity leads to the
excellent catalytic activity of S-Ce, ;Zr, 30, for CB oxidation.

On pyridine-DRIFTS spectra (Fig. 10b) of CeO,, Ce,,Zr, 3-
0,, and S-Ce,Zr,30, samples evacuated at 120 °C, the
bands at 1602, 1559-1522, 1490, and 1443 cm ' are observed.
The bands at 1602 and 1443 cm™ are assigned to the Lewis
acid;" the bands in the range of 1559-1522 cm ' are
associated with the Brgnsted acid; and the band representing
the coordination bound pyridine to both Bregnsted and Lewis
acid sites at 1490 cm™' is related to total acidity.”> The
spectra of NH;-DRIFTS are exhibited in Fig. 10c. The reverse
band at 3627 cm™ and the bands in the region of 1500-1400
em™ are ascribed to NH*" adsorption on surface acid
hydroxyl (Bronsted acid). The bonds at 1678 cm™" over the S-
Cey ;Zry 30, sample correspond to Brensted acid sites. The
peaks in the range of 3432-3113 c¢m ' originated from
stretching vibrations of NH; adsorbed on Lewis acid sites. In
addition, the other peaks at 1592 cm™ and 1323-1074 cm™
are attributed to NH,; adsorbed on Lewis acid sites."?
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According to the strength difference of each peak, the change
of acidity on the catalyst surface is consistent with the
assumption. In order to accurately reflect the distribution of
different types of acid sites, the total area ratios of the peaks
corresponding to Brensted and Lewis acid sites (4p/AL) were
calculated and listed in Table 1. Because of the different
adsorption tendencies of pyridine and NH; on two types of
acid sites, the values of Ag/4; based on the spectra of
pyridine-DRIFTS and NH;-DRIFTS are quite different.
However, the patterns of these values are similar for the three
catalysts. With the addition of Zr ions into CeO,, the values
of Ag/A; significantly decrease, representing an increase in
the proportion of Lewis acid sites on the material surface.
The maximum values of Ag/A; indicate that the surface of S-
Cey 5721 30, is rich in Brensted acid sites. Similar conclusions
can be drawn from the analysis of two types of adsorption
spectra. Lewis and Brensted acid sites were successfully
introduced into the 3DOM skeleton of catalyst by Zr doping
and sulfur grafting, respectively.

As mentioned earlier, it is possible for the acidity of the
used samples to be enhanced through a reaction cycle. To
explore the effect of the reaction process on the surface
acidity of the samples, NH;-TPD and NH;-DRIFTS
measurements of the used samples were performed. For
Ce,.5Zr, 30, and S-Ce, ,Zr,;0,, the concentration of surface
acid sites greatly increased as predicted. The surface acidity
of S—-Ce, ;Zr,30, was enhanced most obviously, and even a
large number of super-strong acid sites appeared. During the
reaction process, some sulfur species weakly adsorbed on
Cey.5Zry 30, desorbed from the surface under the effect of
HC], resulting in the exposure of abundant oxygen vacancies.
As a result, the surface acidity of S-Ce, ;Zr, 30, increased
despite the decrease in the amount of surface sulfur. This
may be the essential reason for the excellent stability of S-
Ce 7Z1r930,. In particular, although the oxygen vacancy
concentration of CeO, increased, its acidity was inhibited.
The Cl ions deposited on the surface of CeO, occupied the
surface acid sites. It is worth mentioning that the
introduction of both Lewis and Brgnsted acids can effectively
inhibit the deposition of Cl ions at active sites, which had
been confirmed in the anti-toxicity test. Therefore, the acidity
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and redox properties of Ceq,Zr,30, and S-Ce,;Zr, 30, are
almost unaffected by Cl ions. NH;-DRIFTS (Fig. S51) was used
to identify the type of acid sites on the used sample surface,
and the values of Ag/A; obtained from the spectra are listed
in Table S2.f A significantly smaller Ag/A; values of the used
samples were observed compared with the fresh samples,
indicating an increased proportion of Lewis acid sites on the
sample surface after a reaction cycle. This is certainly
consistent with previous analysis that the increased Lewis
acid sites are attributable to oxygen vacancies.

3.3 Reaction pathway of CB degradation

Obviously, it can be concluded that both Zr doping and
sulfur modification can significantly enhance the activity of
CB degradation over a catalyst. To explore the essential
effects of Lewis and Brensted acid sites on catalytic activity
and understand the inner reaction mechanism, in situ
DRIFTS spectra for CB oxidation over CeO,, Ce,,Zr, 30,, and
S-Ce, ;Zr, 30, samples were collected at various temperatures
(200-420 °C). As shown in Fig. 11, there are two negative
peaks at 3717-3645 cm™' and 3600-3100 cm™' of all three
samples, which are ascribed to the surface hydroxyl group
interacting with CB.***° Depending on the strength of these
two bonds, it can be determined that the surface hydroxyl
density of the three samples follows the sequence S-Ceg ;-
Zry 30, > Ceg5Zry 30, > CeO,, which is consistent with the
order of acidity and catalytic performance. It is clear that
abundant surface hydroxyl groups are favorable to the
adsorption and activation of CB. The weak band at 2969 cm™
is assigned to antisymmetric stretching of CHj,' and the
bonds centered at 1365 and 986 cm ' are attributed to the
=—C-0-C of surface phenol species and CH, of vinyl
chloride.””* It is worth noting that the band of vinyl chloride
over S-Ce,;Zry30, is extremely weak. Moreover, an
interesting phenomenon needs to be mentioned that some
bands only appeared on the CeO, and Ce, ;Zr, 30, samples,
including the bands at 2929, 2849, 1474-1409, and 1224-
1122 cm™'. Among them, the first two bands corresponding
to C=C and -CH- bonds are related to the formation of the
enolic form, while the last two bonds reflect the production
of chlorinated by-products. The band at 1474-1409 cm™ is
assigned to the C-Cl band of vinyl chloride.>® According to a
previous report, vinyl chloride is readily converted into a
reactive carbonium ion by protons from hydroxyl groups of
the acidic surface and then further transformed into
chlorinated ethoxy species under the attack of nucleophilic
oxygen species.”® The presence of chlorinated ethoxy species
is reflected by the band at 1224-1122 c¢cm™'. In fact, the
chlorinated ethoxy species can readily divide into
acetaldehyde and leave a Cl ion on the surface, causing the
Cl-poisoning of catalysts. Moreover, the bonds resulting from
the adsorption of acetic acid carboxylate species are observed
at 1532 cm .

Additionally, the adsorption bands of several important
reaction intermediates, such as pyrocatechol (1622 cm™),
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cyclohexanone (1606 cm™'), and acetate species or
chlorinated acetate-type species (1569 cm™'), were observed
in the region of 1678-1554 ¢cm".*>*® The accumulation of
key intermediates is different, indicating multiple
degradation pathways, which is related to the redox and
acidity properties of the catalysts. Cyclohexanone, the most
common intermediate, detected in the spectra of all three
samples, is derived from the electrophilic attack of
chlorobenzene by surface high-valence Lewis acid sites (Ce*",
Zr*", and oxygen vacancy), and acetate species were
considered to be a product of cyclohexanone oxidation
through a ring-opening reaction. The pyrocatechol species
were attributed to the oxidation and hydrolysis of CB by the
surface hydroxyl group (Brensted acid) and were detected
only on the surface of the S-Ce, ;Zr, 30, sample. Therefore,
the following conclusions can be proposed that the
degradation of CB over CeO, and Ce, ;Zr, 30, occurs via the
CB-cyclohexanone-maleic anhydride or maleic acid-acetate-
CO, or small molecule hydrocarbon route, which is a typical
oxidation pathway. For the CeO, sample, the oxidation of
acetate is the rate-determining step for the reaction due to its
fewer Lewis acid sites and lower oxygen reactivity as
determined by the characterization techniques (XPS, O,-TPD,
H,-TPR, pyridine-DRIFTS etc.). With the introduction of Zr
ions, a large number of Lewis acid sites (Zr*' and oxygen
vacancies) appeared on the surface of the Ceg,Zr, 30,
material, which greatly promoted the formation of
cyclohexanone. It is not negligible that the CI-M band is
often produced during the oxidation of CB to cyclohexanone.
The presence of CI-M and Cl, generated through the Deacon
reaction will lead to the formation of many toxic chlorine-
containing by-products with high environmental risk, which
has been verified by numerous bands of chlorinated organics
in DRIFTS spectra. From the perspective of environmental
safety, materials with rich Lewis acid sites are not desirable
CB catalysts.

According to the literature, the degradation of CB on
Brgnsted acid-rich materials is dominated by a hydrolysis
pathway with distinct features of abundant phenolic
intermediate.® Therefore, the hydrolytic degradation pathway
of CB on the S-Ce;Zr, 30, sample was identified by the
strongest bond corresponding to phenolic species on the
DRIFTS spectra. The process of anchoring and hydrolysis of
CB on the catalyst surface by interaction with surface
hydroxyl groups is the source of the reaction, with the
removal of Cl in the form of HCIl and the production of
phenol. Then, phenol was further hydrolyzed and oxidized to
pyrocatechol, cyclohexanone and maleic acid and finally
decomposed to CO, and H,O. It is pretty obvious that Cl-
deposition and Cl, formation are virtually non-occurring
during this hydrolytic degradation process, and therefore very
little chlorinated organics are produced. To sum up the above
discussion, because of the synergistic effect of Lewis and
Brensted acid sites, the as-synthesized sample of S-Ce ;Zr, 3-
O, can effectively eliminate CB with low toxic by-products
and shows excellent stability.
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4. Conclusion

In this work, Lewis and Brensted acid sites were successfully
introduced into the skeleton surface of 3DOM CeO, through
zirconium doping and sulfur modification, respectively. The
specific roles of different acid sites in CB degradation have
been systematically studied. According to the activity data
and characterizations, we found two different degradation
modes, namely oxidation pathway and hydrolysis pathway.
Among them, the former mainly occurs on the redox active
site of materials and begins with the process of oxidation
dechlorination accompanied by the formation of the M-Cl
bond. With the accumulation of M-Cl bonds, the catalytic
activity of CeO, to CB decreased rapidly. The introduction of
Lewis acid can promote the activation of lattice oxygen and
enhance the low temperature reducibility of the catalyst,
which leads to the improvement of the catalytic oxidation
performance. For Ce,;Zr,;0,, the abundant Lewis acid sites
on the surface accelerate the Deacon reaction and promote
the desorption of ICs adsorbed on metal ions in the form of
highly reactive Cl,. The introduction of Lewis acid can
effectively improve the activity and anti-toxicity of the
catalyst, but will lead to the generation of more chlorine-
containing by-products. The other pathway starts with the
hydrolysis of chlorobenzene on Brensted acid sites, with the
removal of Cl poisoning species in the form of HCI, which is
an efficient CB degradation pathway. The Brgnsted acid sites
on the surface of the catalyst can not only improve the
degradation of CB, but also inhibit the production of
chlorine-containing  by-products and Cl, with high
environmental risk. After a reaction cycle, the oxygen
vacancies on the surface of the samples increased, which is
conducive to the activation of lattice oxygen and the
enhancement of surface acidity. HCI in the reaction stream
can promote the desorption of sulfur species weakly
adsorbed on the surface, but even after 106 h of reaction, the
sulfur species strongly adsorbed on the Ce, ;Zr,;0, with the
main activity can be retained. Compared with other samples,
because of the synergistic effect of Lewis and Brgnsted acid
sites, S-Ce, ,Zr, 30, showed better CB degradation activity,
stability, chlorine tolerance, water resistance, lower Cl,
selectivity, and chlorine-containing by-product selectivity.
This work can provide a reliable strategy for the design and
development of environmentally friendly CVOC combustion
catalysts by tuning the surface acidity to inhibit Cl poisoning
and the formation of chlorinated pollutants.
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