Applied Catalysis A, General 645 (2022) 118845

ELSEVIER

Contents lists available at ScienceDirect
Applied Catalysis A, General

journal homepage: www.elsevier.com/locate/apcata

L)

Check for

Metal-organic frameworks templated micropore-enriched defective ol
MnCeOy for low temperature chlorobenzene oxidation

Tong Chen®, Rong Wang?, Chen Sun® , Debao Kong?, Shengyong Lu®, Xiaodong Li?

2 State Key Laboratory of Clean Energy Utilization, Institute for Thermal Power Engineering, Zhejiang University, China

ARTICLE INFO ABSTRACT

Keywords:

Metal-organic frameworks (MOFs)
Catalytic oxidation
Chlorobenzene

Micropore

In this study, a series of metal-organic frameworks (MOFs) derived binary porous MnCeOy catalysts were syn-
thesized via solvothermal method for chlorobenzene (CB) oxidation. Compared with the catalysts from co-
precipitation and sol-gel method, Mn1Cel-MOF catalyst presented the best performance with Tggg, at 242 °C
and highest COy yield of 94.6% at 400 °C, owing to its micropore-enriched structure, higher lattice oxygen ratio
and better surface reducibility. The HCI selectivity of Mn1Cel-MOF reached 91.3% at 400 °C. The gaseous

byproducts over Mn1Cel-MOF catalyst were identified and the degradation pathway of CB was proposed. The
catalytic activity of Mn1Cel-MOF catalyst at 300 °C could stabilize over 75% for 40 h. The oxidation of Mn>*
and chlorine species adsorption were considered to be the main reasons for the catalyst inactivation. This work
provides a highly-efficient MOFs templated porous metal oxide for tail gas purification.

1. Introduction

Chlorinated volatile organic compounds (CVOCs) are extensively
generated in various industrial processes such as petrochemical, paint
and solvent manufacturing, which have aroused widespread concern
about the environment and health because of their high toxicity,
persistence and difficulty to biodegrade [1]. Hence, various methods to
reduce CVOCs have been investigated. Low temperature (250~ 550 °C)
catalytic oxidation is considered to be one of the most efficient and
promising techniques [2]. Compared to direct thermal combustion, the
catalytic oxidation of CVOCs to inorganic small molecules (such as HCI,
CO4 and H»0) is an energy-efficient method for tail gas purification.

To date, zeolites [3,4], substrate supported noble metals [5,6] and
transition metal oxides [7,8] were reported as the main catalytic ma-
terials in the CVOCs catalytic oxidation. For zeolites, their activities are
related to their acid properties. However, the catalytic performances are
easily affected by carbon deposition [9]. Supported noble metals can
exhibit predominant activity towards CVOCs at micro dosage (0.1~ 0.5
wt%). However, the formation of toxic polychlorinated byproducts,
rapid chlorine poisoning and high manufacturing cost restrict their
massive real application [10]. Recently, more attention has been paid to
transition metal oxides, owing to the low cost, good resistance to chlo-
rine poisoning and excellent thermal stability [11]. The catalytic
oxidation of CVOCs has been investigated over FepO3 [12], Co304 [13],
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V205 [14], MnOx [15] and CeO [16] based catalysts.

Among them, manganese oxides show outstanding catalytic activity
for CVOCs oxidation, because the redox cycle between Mn®" and Mn**
is conducive to active oxygen mobility and availability [17]. Never-
theless, the deactivation caused by chlorine poisoning can not be avoi-
ded [18]. The addition of other elements was reported to improve
anti-poisoning ability of manganese oxides [19]. Cerium oxides have
been extensively studied for the high oxygen storage capacity, good
transfer ability and abundant oxygen vacancies [20]. It’s reported that
the adjunction of Mn could inhibit the Ce-Cl interaction via promoting
Deacon reaction (4HCI + O, = 2H5,0 + 2Cly) [21,22]. Du et al. [23]
found that Ce and Mn had a significant effect in the adsorption and
oxidation process of toluene respectively, the cooperation between the
two elements improved the overall catalytic reaction. In the study of
Wang et al. [24], MnOx-CeO; catalyst exhibited 90% conversion of
chlorobenzene at 236 °C, 170 °C lower than that of MnOy. The excellent
low-temperature activity of MnO4-CeO» catalyst could be ascribed to
sufficient active surface oxygen and better resistance to chlorine
adsorption.

Recently, MOFs was reported to have remarkable potential applica-
tion in heterogeneous catalysis, adsorption separation and sensing, due
to their designable morphology and sizes, rich porous structure and
polymetallic sites. MOFs derived mixed metal oxides could be promising
catalysts for CVOCs oxidation, due to the advantages of controllable
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Fig. 1. Synthesis and characterization of MOFs derived catalysts. (A) synthesis route of Mn1Cel-MOF, (B) SEM image, (C) TEM image and (D, E) element-mappings
of Mn1Cel-MOF catalyst, (F) XRD patterns, (G) pore diameter distributions (inlet: N, adsorption-desorption isotherms) and (H) elements valence calculation results

derived from XPS spectra of MnCeOy catalysts.

morphology, enhanced interaction between mixed metal oxides and rich
porous structure. Li et al. [25] investigated the catalytic activity of
CoCeOx MOFs and Co304/CeO;, nanocube for toluene oxidation. The
CoCeOx MOFs showed significantly better catalytic activity (Tsgq, and
Togy at 212 °C and 227 °C respectively) and complete oxidation ability
at low temperature, profiting from more metal defects and oxygen va-
cancies. Zhang et al. [26] found that the MOFs templated rod-like
MnCeOy catalyst possessed better reducibility. In high humidity envi-
ronment, adsorbed H,O in the oxygen vacancies could facilitate the
transformation from O,g4s to Oy and the mineralization of toluene. Hu
et al. [27] reported that MOFs-templated MnOy/Co304-4 h catalyst
exhibited 90% CB conversion at 334 °C (1000 ppm, GHSV=60000 hh.
The enhanced performance was mainly attributed to unique porous
structure, rich defects and high lattice oxygen ratio.

In this study, we developed MOFs derived binary MnCeOy catalysts
by solvothermal method and explored their catalytic performance for CB
oxidation compared with the catalysts from conventional co-
precipitation and sol-gel method. The catalyst morphology, crystal
structure, redox property, surface acidity and chemical composition of
samples were characterized. The catalytic activity, selectivity, inter-
mediate products distribution and long-time stability were compre-
hensively studied. Possible degradation pathway of CB over MOFs
derived MnCeOx catalyst was summarized. Finally, the used catalyst was
characterized to find out the reasons for the decreased activity.

2. Materials and method
2.1. Catalysts preparation

Manganese (II) nitrate solution (Mn(NO3)2, 50 wt%), Manganese (II)
acetate tetrahydrate ((CH3COO0);Mn-4H,0, 99.0%), N,N-

dimethylformamide (DMF, 99.5%), absolute ethanol (CoHgO, 99.7%)
and sodium hydroxide(NaOH, 96%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Cerium (III) nitrate hexahydrate (Ce
(NO3)3-6H50, 99.9%) were purchased from Aladdin. Terephthalic acid
(H2BDC, 98%) and citric acid (C¢HgO7, 99.5%) were purchased from
Macklin.

As shown in Fig. 1A, MOFs derived catalysts were synthesized via the
solvothermal method. Take Mn1Cel-MOF as an example, 0.43 g Ce
(NO3)3-6H20 and 0.25 g (CH3COO);Mn-4H,0 were dissolved in 30 mL
DMF under magnetic stirring for 20 min. Similarly, 0.5 g H,BDC was
dissolved in 30 mL DMF. The above two solutions together with 10 mL
deionized water were blended thoroughly under ultrasonication for 30
min. The resultant was transferred into a 100 mL stainless steel auto-
clave and reacted at 100 °C for 24 h in oven. After cooling to environ-
mental temperature, the white precipitate was centrifuged and washed
twice with DMF and ethanol. The MOFs template after drying at 100 °C
for 12 h was named Mn1Cel-BDC. Finally, Mn1Cel-MOF was obtained
by calcinating Mn1Cel-BDC under air atmosphere at 400 °C for 4 h.
Mn1Ce2-MOF and Mn2Cel-MOF were synthesized in the same way with
the molar ratio of Mn/Ce = 1:2 and 2:1 respectively.

For comparison, Mn1Cel-COP and Mn1Cel-SOL were synthesized
by the traditional co-precipitation and sol-gel methods.

(1) Mnl1Cel-COP: Same molar amount of Mn(NOs); and Ce
(NO3)3-6H20 were dissolved in deionized water. 2 M NaOH so-
lution was dropwise added into the above solution at 50 °C until
pH value reached 11, then the resultant was matured at 50 °C for
2 h. The sediments were centrifuged, washed with deionized
water, and put into oven to dry at 100 °C for 12 h. Mn1Cel-COP
was obtained by calcinating the sediments in air atmosphere at
400 °C for 4 h.
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(2) Mnl1Cel-SOL: Same molar amount of Mn(NOs3); and Ce
(NO3)3-6H,0 (both 0.4 mol L™!) were dissolved in absolute
ethanol. Same molar amount of citric acid was dissolved in ab-
solute ethanol (1 mol L’l). The above two solutions were mixed
and sealed with plastic wrap. The mixture was put into the oven
at 60 °C for 5 h to gelation. The gel was dried at 100 °C for 12 h
followed by calcinating the gel in air atmosphere at 400 °C for
4h.

2.2. Catalysts characterization

Scanning electron microscope (SEM) images were observed on a
ZEISS GEMINI 300 scanning microscope operated at an accelerating
voltage of 5 kV. Transmission Electron Microscope (TEM) images were
obtained on a HT-7700 electron microscope operated at 100 kV. EDS
elemental mapping were recorded on a Hitachi SU-8010 scanning
electron microscope coupled with Oxford X-max 80 energy spectrom-
eter. X-ray Powder diffraction (XRD) patterns were obtained on a Pan-
alytical X'Pert’3 Powder with a CuKa radiation (40 kV, A = 1.5406 f\,
scanning step= 0.013°). Diffraction data were collected with the 26
ranged from 10° to 80° with a scanning rate of 5° min~!. Elemental
composition analysis was measured by inductively coupled plasma op-
tical emission spectroscopy (ICP-OES) technique on Agilent 720ES after
digested in microwave digestion system. Nitrogen adsorption-
desorption isotherms were obtained by Micromeritics ASAP 2460 at
77.3 K. 0.2 g of samples were outgassed at 200 °C for 8 h to eliminate
water and other adsorbed impurities. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) approach, pore
volume and pore size distribution was obtained via Discrete Fourier
Transform (DFT) approach. X-ray photoelectron spectroscopy (XPS)
spectra were recorded on a Thermo Scientific K-Alpha spectrometer
using mono AlKa (1486.6 eV) radiation. The results were calibrated for
charge effects by setting the binding energy of adventitious carbon (C1s)
to 284.8 eV. The spectra were peak fitted using the Avantage 5.52
program. The background was subtracted with Smart-type pattern and
the curve fitting was fixed in L/G mix of 30 %.

Hydrogen temperature-programmed reduction (Hy-TPR) was per-
formed on a BelCata II instrument equipped with a thermal conductivity
detector (TCD). 50 mg of samples were pretreated in Ar flow at 150 °C
for 1 h prior to run. After the samples were cooled down to 50 °C, 10 %
H5/N5 mixture flow (30 mL min~1) was introduced and the reactor was
heated at a rate of 10 °C min ™! from 50 °C to 800 °C. Reduction of CuO
to metal Cu was used to calibrate the H, consumption. NHg temperature-
programmed desorption (NH3-TPD) was performed on a BelCata II in-
strument equipped with an online mass analyzer (Bel Mass). 100 mg of
samples were pretreated in Helium flow (30 mL min 1) at 300 °Cfor1h
and then cooled down to 50 °C. 10 % NHs/He mixture gas was intro-
duced for 1 h until saturation. Helium flow was introduced for 1 h to
remove the weakly physically adsorbed NHs on the surface. Finally, the
signal of desorbed gas (NH3, m/z = 16) was measured and recorded by
MS in Helium atmosphere with a heating rate of 10 °C min " to 700 °C.
Temperature-programmed oxidation (TPO) was performed on a BelCata
II instrument equipped with an online mass analyzer (Bel Mass). 50 mg
of samples were placed in a reaction tube and pretreated from room
temperature to 300 °C at 10 °C min~!. After being purged for 1 h with
Helium gas flow (50 mL min’l), samples were cooled to 50 °C. 10 % Oy/
He mixed gas (50 mL min~") was introduced for 1h for saturated

Table 1
Structure parameter, elemental composition and activity of MnCeOy catalysts.

Applied Catalysis A, General 645 (2022) 118845

adsorption, then the temperature was raised to 700 °C at 10 °C min " ’,

and the exhaust gas was detected by MS.

In situ DRIFTS were performed on a Nicolet 6700 FT-IR spectrometer
equipped with an MCT detector. The sample was loaded into a stainless-
steel reaction cell with a CaF,; window and then preheated in a He at-
mosphere (30 mL min 1) at 400 °C for 1 h. During the cooling process,
the background infrared spectra were collected at 150 °C, 250 °C and
350 °C, respectively. Subsequently, the CB mixed gas (150 ppm, 11 %
O, and He balance) was introduced and the real-time infrared spectrum
of the reaction was recorded.

2.3. Catalytic activity test

Schematic diagram of CB catalytic oxidation experimental device
was shown in Fig. S1. The catalytic activity, selectivity and stability test
of MnCeOy catalysts were performed in a fixed bed reactor at atmo-
spheric pressure. Chlorobenzene solution (Sinopharm) was bubbled
with a mixed air (11 % O3/ 89 % N5), which was fixed in 100 mL min~!
with digital mass flow controllers, controlling initial CB concentration at
150 ppm. Typically, 0.2 g of catalyst powder was diluted with quartz
sand and filled into the quartz tube reactor (outer diameter 10 mm,
inner diameter 8 mm). The reaction temperature was raised from 150 °C
to 400 °C, which was controlled with a temperature programmed system
in vertical tubular furnace. The connecting pipes were wrapped by
heating tape fixed in 150 °C to avoid condensation of CB. Outlet gases
were monitored on-line using a gas chromatograph (Thermal Scientific
TRACE 1300) equipped with a flame ionization detectors (FID) to detect
the organic products. The concentration of CO, CO, and HCI in the
exhaust air were detected with a Fourier Transform Infrared Spec-
trometer gas analyzer (FTIR, DX4000 Gasmet). The intermediate prod-
ucts at Tgqo, Were first captured using an adsorption tube (Tenax TA) for
20 min and then released into a Gas Chromatograph-Mass Spectrometer
analyzer (Agilent 7890 A GC and Agilent 5975 C MS) equipped with a
thermal desorption instrument (PERSEE-TD7). The CB conversion, COx
yield and HCI selectivity were calculated by Egs. (1-3), respectively:

[CB] [CB]

in

CB conversion = icH], o 5 100% €D)
. _ [COZ]om + [COLM
COy yield = 6[CB]M x 100% 2)
H
HCl selectivity = [ CC;}:” x 100% 3)

Where [CBli, and [CB]oy: are the stable concentrations of CB at the
reactor inlet and outlet. [CO5]out, [COlour and [HCI]yy: are the stable
concentrations of CO3, CO and HCI at the reactor outlet.

3. Results and discussion
3.1. Catalysts characterization
3.1.1. Morphology analysis
SEM and TEM techniques were employed to observe the morphology

feature of samples. As shown in Fig. 1B, Mn1Cel-MOF presented uneven
blocks. The TEM image of Mn1Cel-MOF (Fig. 1C) displayed that the

Sample Crystal size (nm)  Spgr (m?/g)  Micropore area (m?/g)  Pore volume (cm®/g)  Average pore size (nm)  Mn/Ce molar ratio by ICP  Conversion (°C)
Tsow  Toow
MnlCel-MOF 2.9 109.2 10.8 0.22 7.98 1.03 185 242
Mn1Cel-COP 4.8 85.7 3.1 0.37 17.44 1.03 235 350
Mn1Cel-SOL 2.1 67.6 0.7 0.20 12.03 1.06 217 294
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Fig. 2. (A) Ho-TPR profiles and (B) NH3-TPD-MS profiles of MnCeOy catalysts.

lattice spacing of the mainly exposed face was 0.553 nm, consistent with
the result in Ref. [28]. It was speculated that the formation of solid so-
lution interfered the original growth of the crystal, resulting in the lat-
tice spacing to be larger than (111) lattice spacing of CeO; (0.312 nm,
PDF# 43-1002). Mn1Cel-COP (Fig. S2A) exhibited agglomerated
spheres and Mn1Cel-SOL (Fig. S2B) presented unique spatial coral
structures. Fig. S2E and F showed that the morphology of MOFs derived
MnCeOy gradually transferred from irregular block to smaller spherical
particle with increasing Mn content, and presented an agglomeration
phenomenon. The element-mapping results shown in Fig. 1D and E
revealed the homogeneous Mn and Ce distribution over the entire
catalyst powder.

3.1.2. Physical properties

Fig. 1F displayed the XRD patterns of MnCeOy catalysts, and the
crystal sizes calculated by Scherrer formula were summarized in Table 1.
Mn1Cel-MOF, Mn1Cel-COP and Mn1Cel-SOL consisted of the same
phase composition. It could be observed that peaks of all samples
exhibited similar distribution and well coincided with the standard card.
The peaks at 28.5°, 33.1°, 47.5°, 56.3°, 69.4°, 76.7° corresponded to
(111), (200), (220), (311), (400) and (331) lattice planes of CeO, (PDF#
43-1002). The peaks at 36.1° and 59.8° corresponded to (211) and
(224) lattice planes of Mn3O4 (PDF# 24-0734). Among them, the
diffraction peaks of Mn1Cel-SOL possessed weaker intensity and larger
FWHM (full width at half maximum), indicating smaller crystal size
(2.1 nm) and weaker crystallinity, which was confirmed by Scherrer
formula calculation result and TEM image. For Mn1Ce2-MOF, Mn1Cel-
MOF and Mn2Cel-MOF (Fig. S3A), the peaks belonged to MnsO4
gradually strengthened and the average crystal size declined with
increasing Mn content, which was consistent with TEM results. The shift
and vanishment of some CeO, and Mn304 peaks may be ascribed to the
existence of solid solution. As the ion radius of Mn®" (0.066 nm) is
slightly less than ce*t (0.094 nm), Mn is apt to join CeOq lattice to
generate solid solution [29]. The Mn-Ce solid solution would disrupt the
ordered growth of crystals, leading to the formation of defects (oxygen
vacancies), which is conducive to CB catalytic oxidation [30,31].

ICP-OES was utilized to measure the elements contents of samples
and the results were summarized in Table 1. The Mn/Ce molar ratio in
all samples were equivalent to the design value, indicating that all
samples were successfully synthesized by the adopted methods.

Fig. 1G displayed the pore diameter distributions and the N
adsorption-desorption isotherms of three MnCeOy catalysts. It’s pro-
posed that micropores may be more crucial than mesopores during CB
adsorption [32]. According to Fig. 1G, the pore diameter distribution of
Mn1Cel-MOF mainly concentrated at 1.27 nm, which is more approx-
imate to the kinetic diameter of CB (0.78 nm), while Mn1Cel-COP and
Mn1Cel-SOL possessed more mesopores above 3 nm. This character led

to larger adsorption potential between CB and catalysts by the over-
lapping van der Waals potential field, which is benefit for the catalytic
oxidation process. Similar pore size distribution could be observed in
three MOFs derived catalysts (Fig. S3B), mainly centered around 1.27
and 2.73 nm. All samples exhibited type IV isotherm with H4 hysteresis
loop, confirming the co-existence of micropores and mesopores.

The BET specific surface area (Sggr), micropore area, total pore
volume and average pore size of MnCeOx catalysts were summarized in
Table 1. Compared with Mn1Cel-COP and Mn1Cel-SOL, Mn1Cel-MOF
possessed largest Sgpr (109.2 m2/g) and micropore area (10.8 m?/g),
which could offer more active centers for catalytic reactions and
improve the adsorption capacity [33,34]. For Mn1Ce2-MOF, Mn1Cel--
MOF and Mn2Cel-MOF, in pace with increasing Mn content, Sggr
declined and average pore size increased, but pore volume almost
remained unchanged. The addition of Ce was reported to restrain the
collapse and shrinkage of crystals structure during calcination [35].
Especially for MOFs derived catalysts, Ce was able to enter the pore
access of MOFs and work as internal support to a certain degree.

3.1.3. Surface chemistry

The surface chemical compositions and states of all samples were
examined by means of XPS characterization. Fig. S4 showed the profiles
of Ol1s, Mn2p, Ce3d spectra and valence calculation results were dis-
played in Fig. 1H. The O1s spectra (Fig. S4A) was divided into two peaks
at binding energy of 529.2 and 531.3 eV, which were attributed to the
lattice oxygen (Ojatt) and surface absorbed oxygen (Oags) [26]. It could
be found from Fig. 1H that the Oj¢/O,gs values of Mn1Cel-MOF (2.27)
was higher than that of Mn1Cel-COP (2.22) and Mn1Cel-SOL (1.75),
indicating that lattice oxygen were the major species in Mn1Cel-MOF
and Mn1Cel-COP. The catalytic oxidation process of CVOCs over tran-
sition metal oxides generally obeyed the Mars-Van-Krevelen mecha-
nism. The oxygen species follow the transformation route: Oy(ads)—
0% (ads)—»0~(ads)—~0?(latt), and more lattice oxygen species in MOFs
derived catalysts was conducive to the break of C-H bonds [36].

The Mn2p spectra (Fig. S4B) exhibited two compositions of Mn2p 3/
2 and Mn2p 1/2 at binding energy of 641.3 and 653 eV. The peak of
Mn2p 3/2 could be further fitted into three peaks of Mn3*, Mn*" and
satellite at binding energy of 640.9, 642.4 and 645.1 eV, respectively
[37]. The satellite peaks were generally created by the collision of
excited electrons and valence electrons in transition metal oxides. The
coexistence of Mn>" and Mn** suggested that the Mn consisted of mixed
valence states in all samples, among them Mn>" may originate from the
oxygen vacancies generated by crystal defects. The presence of Mn>*
could facilitate electron transfer and promote the catalytic reaction cycle
due to better reducibility [38]. As shown in Fig. 1H, the Mn®"/Mn**
values of Mn1Cel-MOF, Mn1Cel-COP and Mn1Cel-SOL were 2.19, 1.51
and 0.87, respectively. Hence the highest Mn®"/Mn*t value of
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Fig. 3. (A) catalytic activities, (B) COy yields, (C) Arrhenius plots of MnCeOy catalysts (150 ppm CB, WHSV = 30,000 mL g’1 h’l), (D) catalytic activities for
Mn1Cel-MOF at different CB concentrations (inlet: Tggo, of CB oxidation at 1000/500 ppm over Mn-based or Ce-based published catalysts).

Mn1Cel-MOF indicated the best reducibility among the catalysts.

The Ce3d spectra (Fig. S4C) could be deconvoluted into eight peaks.
The peaks at binding energy of 882, 888.7, 897.9, 900.5, 907.3 and
916.2 eV matched up with Ce**, and the peaks at binding energy of 885
and 902.8 eV matched up with Ge3*. It could be found from Fig. 1H that
the Ce3"/Ce** values of all samples were all around 0.21, which showed
that synthesis method had little impact on Ce3*/Ce** value in this study.

3.1.4. Reducibility properties

Hy-TPR was tested to determine the reducibility properties of
MnCeOy catalysts and the profiles were displayed in Fig. 2A. The first
peak at 230~ 270 °C originated from the reduction of MnO2/MnyO3 to
Mn3O4, and the second peak at 330~ 400 °C originated from the
reduction of Mn304 to MnO and the surface oxygen from CeO; [27,39].
Low temperature reducibility reflected the mobility of oxygen species
actually participating in the catalytic reaction, which is essential for the
catalytic oxidation [40,41]. As shown in Fig. 2A, the first peak tem-
perature (238 °C) of Mn1Ce1-MOF was lower than that of Mn1Ce1-COP
(256 °C) and Mnl1Cel-SOL (270 °C), which revealed the intensified
mobility of oxygen species in MOFs derived metal oxide [42,43]. The
strong interaction between Ce and Mn has been reported to reduce the
binding energy of cations and oxygen, resulting in higher oxygen
mobility [44]. The H, consumption followed the sequence: Mn1Cel-SOL
(2.39 mmol/g) > MnlCel-COP (2.17 mmol/g) > MnlCel-MOF
(1.71 mmol/g), which was consistent with XPS results. As for three
MOFs derived catalysts, the initial temperature and intensity of the two
reduction peaks increased significantly with the increase of Mn content,
which suggested that Mn species might be more responsible for the
catalyst reducibility (Fig. S5A).

3.1.5. Acidity properties
Acidity properties of the catalysts are crucial for chlorinated organic
pollutant oxidation process. The breaking of C-Cl bond in CB usually

occurred at acidic sites, and enhanced acidity could accelerate the
removal of reactive chlorine. Acidity properties of samples were
measured by NHs-TPD-MS. The acidic sites were generally classified into
weak acidity (< 200 °C), moderate acidity (200~ 400 °C) and strong
acidity (> 400 °C) [45]. As shown in Fig. 2B, all samples exhibited NH3
desorption peaks at 149 °C and 228~ 269 °C. Moderate acidity played a
more important role than weak acidity, among them Mn1Cel-MOF
possessed the most moderate acidities, which was conducive to CB
catalytic oxidation.

3.2. Catalytic activity and selectivity

Fig. 3A showed the catalytic activities of MnCeOy catalysts for CB
oxidation over 150~ 400 °C range. In order to find out whether CB
would be removed without catalyst, pure quartz was tested as control.
As a result, almost no CB was removed even at temperature up to 400 °C.
It was indicated that CB cannot be effectively oxidized without catalyst
under the selected conditions. All samples exhibited a conspicuous up-
ward trend in the range of 150~ 250 °C. According to Fig. 3A, the Tggo,
of samples followed the order: Mn1Cel-MOF (242 °C) < Mn1Cel-SOL
(294 °C) < Mn1Cel-COP (350 °C). Mn1Cel-MOF catalyst had the best
performance, when the temperature reached 185 °C and 242 °C, 50%
and 90% CB removal were achieved respectively. According to above
characterization analysis, the best catalytic performance of MnlCel-
MOF may be ascribed to the micropore-enriched structure, higher lat-
tice oxygen ratio and better surface reducibility. The suitable pore
structure of MOFs derived catalyst enhanced the CB adsorption, while
the enhanced interaction between Ce and Mn was responsible for the
surface reducibility. Mn/Ce ratio was reported to dramatically influence
the catalytic performance [46]. Therefore, we prepared three MOFs
derived catalysts with various Mn/Ce ratio, and the results in Fig. S6A
showed that the appropriate ratio of Mn/Ce is 1:1.

As shown in Fig. 3B and Fig. S6B, COy yield curves of all catalysts
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chlorinated byproducts

Fig. 4. (A) In situ DRIFTS spectra and (B) possible degradation pathway of CB oxidation over Mn1Cel-MOF catalyst.

were lagging to the conversion efficiency, indicating the incomplete
combustion of CB at low temperature. In the temperature range studied,
the COy yield of Mn1Cel-MOF consistently far exceeds Mn1Cel-COP
and Mnl1Cel-SOL. The Mn1Cel-MOF catalyst presented the highest
COy yield of 94.6% at 400 °C, which was much higher than that of
Mn1Cel-COP (76%). It was reported that reactive chlorine species are
prone to be adsorbed on the catalyst surface, leading to a decrease in
oxygen mobility so that the intermediates cannot be completely
mineralized to COy [47]. With the temperature increasing, part of the
adsorbed chlorine species could be removed through Deacon reaction or
the intermediates chlorination [48]. Therefore, the deposition of chorine
species resulted in a transient decrease at about 300 °C on the COy yield
curves of Mn1Cel-MOF. A similar phenomenon could also be found in
the reported study [18].

Apparent activation energy reflects the difficulty of catalytic reaction
at low temperature. It was assumed that the oxidation of CB followed a
first-order kinetic mechanism, and the Arrhenius function was used to
calculate the apparent activation energy for conversion (Ea). As shown
in Fig. 3C, the E, values of MnCeOy catalysts followed the order:
Mn1Cel-MOF (26.2 kJ/mol) < Mn1Cel-SOL (37.10 kJ/mol)
< Mn1Cel-COP (40.73 kJ/mol). The E, values of MOFs derived cata-
lysts (Fig. S6C) were generally lower than Mn1Cel-SOL and Mn1Cel-
COP, indicating the better catalytic activity. Fig. S6D showed the HCl
selectivities of Mn1Cel-MOF, Mn1Cel-COP and Mn1Cel-SOL. The HCI
selectivities of all samples were lower than conversion ratios, demon-
strating that part of the chlorine may exist in chlorinated by-products or
on the catalyst surface. Mn1Cel-SOL presented the highest HCI selec-
tivity at all temperatures from 150° to 400 °C, which could be ascribed
to the strong acidic sites [49,50]. The HCI selectivities of Mn1Cel-SOL
and Mn1Cel-MOF reached 94 % and 91.3 % at 400 °C, respectively,
which was higher than that of Mn1Cel-COP (77.3 %). These results
demonstrated that Mn1Cel-MOF exhibited excellent dichlorination ca-
pacity for CB.

The CB catalytic performances of MnlCel-MOF at different CB
concentrations were shown in Fig. 3D, 90 % conversion was achieved at
270 °C for 300 ppm and 300 °C for 500 ppm respectively. Fig. 3D inlet
and Table S3 summarized some published work for CB catalytic oxida-
tion over Mn-based or Ce-based catalysts [46,51-54]. It could be found
that Mn1Cel-MOF catalyst is effective for CB oxidation compared with
other catalysts.

3.3. Oxidation intermediate and proposed degradation pathway

The gaseous intermediate products at Tgge, over Mn1Cel-MOF were
analyzed by GC-MS. As shown in Fig. S7 and Table S4, thirteen organic
compounds were distinguished and ranked by retention time. The major
intermediate products approximately include nonchlorinated hydro-
carbons (propene), aromatic hydrocarbon (benzene), ketone (acetone,
methacrolein and pentanal). In addition, five chlorinated hydrocarbons

(dichloromethane, trichloromethane, tetrachloromethane, trichloro-
ethylene and perchloroethylene) and three chlorinated aromatic hy-
drocarbons (chlorobenzene, 1,4-dichlorobenzene and 1,3-
dichlorobenzene) were also found in the outlet gas. The presence of
chlorination compounds might originate from the electrophilic chlori-
nation reaction of adsorbed Cl species with intermediates. Such phe-
nomenon were also observed in catalytic process of chlorinated
hydrocarbons over molecular sieve [49], supported noble metals [6] and
other transition metal oxides [33,46].

In situ DRIFTS measurements were conducted to probe the CB
degradation pathway at different temperatures. Fig. 4A presented the
infrared spectra over Mnl1Cel-MOF catalyst at 150 °C, 250 °C and
350 °C. Obvious vibration bands were observed at 1224, 1357, 1585,
1633, 2854, 2933, 3652 and 3739 cm™'. The peak at 1633 cm™! was
corresponded to the CB adsorption on acidic sites[55], the intensity
increased at first and decreased due to the enhanced oxidative capacity
with increasing temperature. The negative peak at 1224 cm™! was
attributed to C-O stretching vibrations of phenolic species [56]. The
band at 1585 cm™! was commonly assigned to COO- stretching vibra-
tions of maleate and acetate [57]. The peak at 1357 cm ™! was associated
with -CHg stretching vibration of acetate [58]. The peaks at 2854 and
2933 cm ™! was attributed to -CH,- stretching vibration band of aromatic
ring [59]. It was observed that the bands of 1585, 2854 and 2933 cm !
decreased when the temperature was increased to 350 °C, which indi-
cated that the aromatic ring, maleate and acetate were further oxidized
to low-carbon species. The negative peaks at 3652 and 3739 cm™! were
due to the consumption of hydroxyl [55], and more and more hydroxyl
groups participated in the oxidation reaction with increasing tempera-
ture. Similar infrared spectra were observed over MnlCel-COP and
Mn1Cel-SOL catalysts (Fig. S8), indicating the similar degradation
pathway. Furthermore, the intensities of intermediates and the con-
sumption of hydroxyl groups over Mn1Cel-MOF were much higher than
that of Mn1Cel-COP and Mn1Cel-SOL at the same temperature, which
may explain the best catalytic activity of Mn1Cel-MOF among three
MnCeOx catalysts.

Based on the GC-MS byproducts and in situ DRIFTS analysis above,
possible degradation pathway of CB over Mnl1Cel-MOF catalyst was
displayed in Fig. 4B. Firstly, CB molecules were adsorbed on the surface
acid sites. The C-Cl bonds were preferentially broken over C-H bonds
due to the lower binding energy, and phenolic compounds were formed
through nucleophilic substitution. Under the attack of nucleophilic ox-
ygen, the benzene ring was cleaved and the phenols were further
oxidized into other intermediates, such as pentanal and methacrolein. At
the same time, CHyCly, CHCl3 and other chlorinated products were
generated by electrophilic substitution if the Cl species reacted with the
acetic anhydride [60]. Finally, the intermediates were decomposed into
small inorganic molecules, including CO, CO, H20 and HCL



T. Chen et al.

Applied Catalysis A, General 645 (2022) 118845

=

100g,. Mn1Cel-SOL 300 °C 520 |574
°\ %3 —— Mn1Cel-MOF 300 °C
~ s0d ® \°‘o o Mn1Cel-MOF 250 °C
c\e B \ 0000‘)90OoaogqQOOQOOOQQQQQOQQQ‘)O'O ﬁ'
-’ Y N
g 60 g
@ \ =
= o\ = 261
i f
> 40 = 283 697
S * 7 M R
9,
© 204 #To0% Mn1Cel-SOL 300 °C % 286 557
—@— Mn1Cel-MOF 300 °C|
0 —o— Mn1Cel-MOF 250 °C|

0 5 10 15 20 25 30 35 40

Time (h)

100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 5. (A) CB conversion versus reaction time, (B) MS signal of CO, in TPO test over used catalysts after stability test.

Table 2
Deposited coke and elements distribution derived from XPS spectra of used
catalysts after stability test.

deposited coke (mmol/gcat) Mn®*/ Mn**
fresh used
Mn1Cel-MOF 250 °C 0.15 2.19 0.87
Mn1Cel-MOF 300 °C 0.07 2.19 1.37
Mn1Cel-SOL 300 °C 0.5 0.87 0.93

3.4. Catalyst stability and deactivation mechanism

To explore the catalytic stability, Fig. SA presented the CB conver-
sion of Mn1Cel-MOF at 250 and 300 °C and Mn1Cel-SOL at 300 °C,
respectively. For Mn1Cel-MOF, the CB conversion at 250 °C rapidly
dropped from 95.3 % to 20 % within 8 h. Conversely, the reaction ef-
ficiency at 300 °C slowly dropped within the first 7 h, from 98.4 % to 80
%, and then maintained at about 75 % in the following 40 h. The re-
action efficiency of Mnl1Cel-SOL decreased at a slower rate than
Mn1Cel-MOF and eventually stabilized at about 80 %. To explore the
reasons for decreased activity, the XPS and TPO characterization on the
used catalysts were performed. According to the Mn2p fitting results in
Fig. SOA and Table 2, the Mn®>*/Mn** value of Mn1Cel-MOF dropped
from 2.19 to 1.37 and 0.87 at 300 °C and 250 °C respectively, indicating
the oxidation of Mn®*, which resulted in decline of surface reducibility.
It’s reported that Deacon reaction and oxychlorination reaction might
occur on transition metal oxides (especially Mn oxides), resulting in the
formation of chlorinated hydrocarbons and toxic dichlorobenzene [47].
The Cl2p spectra showed that the catalyst after stability test contained
chlorine species at binding energy of 198.4 and 200 eV attributed to
Cl2p 3/2 and Cl2p 1/2 (Fig. S9B). The surface accumulating chlorine
species competed with CB and oxygen molecules, which may lead to the
decrease of catalyst activity [7]. The active sites were blocked and
occupied by new substances, possibly MnCly or MnOyCl, [61].

Fig. 5B showed the MS signal of CO5 in TPO test of three catalyst and
the amount of deposited coke were summarized in Table 2. After 40 h
operation at 300 °C, the TPO curve of used Mn1Cel-SOL possessed the
most intense peak of CO, signal at 520 and 574 °C, which could be
ascribed to the deposited coke [62]. After integration, we calculated that
0.5 mmol/gcat deposited coke were detected. Excessive acidity was re-
ported to cause coke deposition on the catalyst [63]. It could be inferred
that the declined activity of Mn1Cel-SOL at 300 °C could be ascribed to
the coke deposition. As for the Mn1Cel-MOF working at 250 °C, COy
signal reached a maximum at 344 °C, and the amount of deposited coke
(0.15 mmol/gcat) was much higher than that of Mn1Cel-MOF at 300 °C
(0.07 mmol/gcat). The dual effects of coke deposition and reactive

chlorine adsorption resulted in the rapid deactivation of Mn1Cel-MOF
at 250 °C.

4. Conclusion

In this work, a series of MOFs derived binary porous MnCeOy cata-
lysts were prepared via solvothermal method for CB oxidation.
Compared with the catalysts from traditional co-precipitation and sol-
gel method, the Mn1Cel-MOF catalyst presented the best performance
with Tggo, at 242 °C and the highest COy yield of 94.6% at 400 °C. The
HCI selectivity of Mn1Cel-MOF reached 91.3% at 400 °C. The remark-
able activities could be ascribed to the micropore-enriched structure
(micropore area 10.8 m2/g), higher lattice oxygen ratio and better sur-
face reducibility. These characteristics enhanced the accumulation of
pollutants and oxygen mobility, which finally increased the CB oxida-
tion rate over Mn1Cel-MOF at low temperature. Possible degradation
pathway of CB over Mn1Cel-MOF catalyst was proposed. The C-Cl bond
of CB molecules adsorbed on surface acid sites were preferentially
broken and phenolic compounds were attacked by nucleophilic oxygen
to break the benzene ring and further oxidized into other intermediates,
such as pentanal and methacrolein. Stability test displayed that the
catalytic activity of Mn1Cel-MOF catalyst at 300 °C could maintain
above 75% in the following 40 h. The oxidation of Mn®** and adsorbed
surface chlorine species were responsible for the decrease of catalytic
activity.
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