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ABSTRACT

In the study, the catalyst precursors of Ce-modified y-MnO, were washed with deionized
water until the pH value of the supernatant was 1, 2, 4 and 7, and the obtained catalysts
were named accordingly. Under space velocity of 300,000 hr™?, the ozone conversion over
the pH = 7 catalyst under dry conditions and relative humidity of 65% over a period of 6 hr
was 100% and 96%, respectively. However, the ozone decomposition activity of the pH = 2
and 4 catalysts distinctly decreased under relative humidity of 65% compared to that under
dry conditions. Detailed physical and chemical characterization demonstrated that the
residual sulfate ions on the pH = 2 and 4 catalysts decreased their hydrophobicity and then
restrained humid ozone decomposition activity. The pH = 2 and 4 catalysts had inferior
resistance to high space velocity under dry conditions, because the residual sulfate ion on
their surface reduced their adsorption capacity for ozone molecules and increased their
apparent activation energies, which was proved by temperature programmed desorption
of O, and kinetic experiments. Long-term activity testing, X-ray photoelectron spectros-
copy and density functional theory calculations revealed that there were two kinds of
oxygen vacancies on the manganese dioxide catalysts, one of which more easily adsorbed
oxygen species and then became deactivated. This study revealed the detrimental effect of
surface acid ions on the activity of catalysts under humid and dry atmospheres, and
provided guidance for the development of highly efficient catalysts for ozone
decomposition.
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Published by Elsevier B.V.
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Introduction

Ozone pollution in the atmosphere is becoming more and
more serious, especially in summertime (Xu et al., 2016; Wang
et al,, 2017). Outdoor ozone is mainly derived from photo-
chemical smog pollution involving emission of anthropogenic
ozone precursors such as volatile organic compounds (VOCs)
and NO, near the earth surface (Cooper et al., 2010). Because of
the indoor-outdoor air exchange, the increase in outdoor
ozone concentration will increase the concentration of indoor
ozone (Fadeyi, 2015). Besides, ozone-generating air cleaning
devices (OACD), laser printers and photocopiers in some
special indoor environments can cause excessive ozone (Yu
et al., 2011; Fadeyi, 2015). Since ozone has strong oxidizing
properties, as long as a certain concentration of ozone is
present in indoor air (even if the concentration is lower than
the required standard concentration), a series of oxidation
products including unsaturated hydrocarbons, VOCs, and
secondary organic aerosols (SOA) are produced, and these
products are more harmful to humans than ozone (Fadeyi,
2015). Studies have found that long-term exposure to even
low concentrations of ozone and the chemical products it
initiates can also cause adverse health effects, including a
decrease in perceptual response, decline in resistance to dis-
ease, and reduction in lung function (Weschler, 2004; Fadeyi,
2015; Tham and Fadeyi, 2015). Therefore, research on ozone
removal is important for environmental protection, human
health, and economic development.

Among various ozone removal methods, catalytic decom-
position is widely used because of its high efficiency, economy,
and safety. The catalysts for ozone decomposition mainly
include transition metal oxides (Mehandjiev and Naidenov,
1992; Heisig et al., 1997; Mehandjiev et al., 2001; Stoyanova
et al.,, 2006; Tang et al., 2014; Gopi et al., 2017; Gong et al,,
2017, 2018a, 2018b; Liu et al., 2019; Tao et al., 2019) and noble
metals (Kumar et al., 2004, 2007; Naydenov et al., 2008; Yu et al.,
2009; Nikolov et al., 2010; Konova et al., 2018; Li et al., 2019).
Manganese oxide catalysts have been widely studied due to
their excellent performance and low price. However, the cat-
alytic activity of manganese oxides for ozone decomposition is
greatly limited by humidity. Zhu et al. (2017, 2018) found that
the ozone decomposition performance of an «-MnO, catalyst
gradually decreased under humid conditions. Our previous
works found that when the relative humidity increased from
45% to 90%, the activity of a cryptomelane-type manganese
oxide catalyst prepared from a MnAc, (Ac = CH3;COO) precursor
(OMS-2-Ac) for ozone decomposition significantly decreased
from 100% to 75% (Wang et al., 2015). Recently we found that
the inactivation caused by steam is temporary, and the ozone
removal rate quickly recovered to 100% for Ce-y-MnO, when
the gas path was switched to a dry atmosphere from a relative
humidity of 65% (Li et al., 2018). Therefore, itis speculated that
the hydrophobicity of materials has a great influence on the
ozone decomposition activity under humid conditions. How-
ever, no researchers have studied the effect of residual acid
ions left during preparation on the hydrophobicity of manga-
nese dioxide catalysts for ozone decomposition.

Our previous works found that Mn®** (oxygen vacancy) was
the key factor affecting the ozone decomposition activity of
cryptomelane-type manganese oxide (OMS-2) catalysts, and
we also were able to augment the number of oxygen vacancies
by doping with transition metals, which further improved the
ozone decomposition activity and proved that Mn*' ions
(oxygen vacancies) were the reactive active sites for ozone
decomposition (Wang et al., 2015; Ma et al., 2017). Subse-
quently, many researchers (Jia et al., 2016a, 2016b, 2017; Gopi
et al,, 2017; Zhu et al., 2017, 2018; Liu and Zhang, 2017b; Li et
al., 2018; Yang et al., 2018; Liu et al., 2018a, 2018b) found that
oxygen vacancies were the active sites for ozone decomposi-
tion on MnO, with various crystal structures (a-, B-, v-, d-
MnO,), o-MnO, with various morphologies (nanofibers,
nanorods, and nanotubes), todorokite-type MnO,, and amor-
phous mesoporous MnO,. At present, many researchers have
successfully augmented the concentration of oxygen va-
cancies by various methods, such as in situ doping with Fe, Ce,
V, or W metals (Ma et al., 2017; Jia et al., 2017; Yang et al., 2018,
2019), vacuum deoxidation of MnO, at different temperatures
and times (Zhu et al, 2017), nitric acid treatment or
ammonium treatment of birnessite-type MnO, (Liu et al,
2018b; Cao et al., 2019), and regulation of the K* concentra-
tion in the structure of MnO, with KOH solution (Zhu et al,,
2018). Previous studies (Zhu et al.,, 2017; Li et al., 2018; Jia et
al., 2017; Liu and Zhang, 2017a, 2017b) have found that man-
ganese dioxide catalysts were also deactivated under dry gas
flow, which may be due to the poisoning of some oxygen va-
cancies. However, no researchers have focused on the effect
of the nature or type of oxygen vacancies on ozone decom-
position activity.

In this work, we prepared pH = 1, 2, 4 and 7 catalysts that
were washed to different degrees with deionized water to
study the effect of the washing process on the moisture
resistance and ozone decomposition performance of Ce-y-
MnO,. We found that the presence of residual sulfateion on the
Ce-y-MnO, catalyst reduced its hydrophobicity, so the humid
ozone decomposition activity of the pH = 2 and 4 catalyst
markedly decreased compared with that obtained under dry
conditions. In addition, temperature programmed desorption
of O, (0,-TPD) results indicated that the adsorption of SO3~
reduced the adsorption capacity of ozone molecules over the
PH = 2 and 4 catalysts during ozone decomposition. Kinetic
experiments indicated that the apparent activation energies of
PH = 2 and 4 catalysts distinctly increased, so the ozone mol-
ecules on the surface of pH = 2 and 4 catalysts were more
difficult to activate, which explained the decrease in the dry
activity of pH = 2 and 4 catalysts under high space velocity.
Next, the X-ray photoelectron spectroscopy (XPS) results
showed that the oxidation state of manganese increased after
exposure to ozone, which caused deactivation of the catalyst.
Density functional theory (DFT) calculations revealed that
there were two kinds of oxygen vacancies on the manganese
dioxide catalysts, one of which adsorbed oxygen species more
easily and then became deactivated. This study has great sig-
nificance for the development and application of highly effi-
cient catalysts for ozone decomposition.
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1. Materials and methods
1.1. Preparation of catalysts

The Ce-modified y-MnO, (Ce-y-MnO,) catalysts were synthe-
sized by reaction between MnSO4+-H,0, Ce(NOs)3+6H,0 and
(NH,4),S,0g via a one-step hydrothermal method similar to our
previous work (Li et al., 2018), and the detailed preparation
procedure is shown in Appendix A. Supplementary data. After
reacting at 90°C for 24 hr in a Teflon-lined stainless-steel
autoclave, the resulting black slurry was washed with deion-
ized water until the pH value of the supernatant was 1, 2, 4 or
7. Four catalysts were obtained after drying at 80°C for 12 hr
and calcining at 300°C for 2 hr, which were named as pH=1, 2,
4 and 7, respectively.

1.2 Catalyst characterization

An X-ray powder diffractometer (D8-Advance, Bruker, Ger-
many) was used to obtain the crystalline structure of catalysts
using Cu Ka (A = 0.15406 nm, where A represents wavelength)
radiation at the tube voltage of 40 kV and current of 40 maA.
The X-ray absorption near edge structure (XANES) of the
Mn—K edge in the pH = 2, 4 and 7 catalysts were obtained at
beamlines (BL14W1, Shanghai Synchrotron Radiation Facility,
China and 1W1B, Beijing Synchrotron Radiation Facility,
China). Field emission scanning electron microscopy (FESEM)
(SU8020, HITACH]I, Japan) with the accelerating voltage of 3 kV
was used to observe the morphologies of the pH =1, 2,4, and 7
catalysts. The elemental distribution was obtained by an en-
ergy dispersive spectroscopy (EDS) detector in the FESEM. A
physisorption analyzer (Autosorb-1, Quantachrome, USA) was
used to obtain the specific surface area and pore structure of
the catalysts. The catalysts were degassed at 280°C for 6 hr
before measurement. The surface area (Sger) Was obtained by
the Brunauer-Emmett-Teller (BET) equation in the 0.05-0.35
partial pressure range. The water adsorption experiments
were conducted using a Multi-station gravimetric vacuum
vapor adsorption apparatus (3H-2000, BeiShiDe Instrument,
China). The hygroscopicity of catalysts was tested by a TGA/
DSC1 STARe system (TGA/DSC 1 STAR® system, METTLER
TOLEDO, Switzerland) equipped with a mass spectrometer
from 30 to 300°C at a 10°C/min heating rate under 50 mL/min
flowing nitrogen. The pH = 2, 4 and 7 catalysts after reacting
with ozone for 6 hr under the relative humidity (RH) of 65%
were used as the test samples. The contents of residual SO3~
and NHf on the catalyst surface were detected by ion chro-
matography. Catalyst samples (10 mg) were suspended in
100 mL ultrapure water and ultrasonicated for 6 hr to dissolve
the residual SO~ and NHJ on the catalyst surface. The tem-
perature programmed desorption of O, and SO, experiments
(O,-TPD and SO,-TPD) were carried out by a chemisorption
analyzer (AutoChem II, Micromeritics, USA) to observe oxygen
desorption and sulfur dioxide desorption, and the signals for
O, and SO, were detected with a mass spectrometer. The
temperature programmed H, reduction (H,-TPR) experiments
were conducted using a chemisorption analyzer (AutoChem
I, Micromeritics, USA) equipped with a thermal conductivity
detector (TCD). An imaging X-ray photoelectron spectrometer

(Axis Ultra, Kratos Analytical Ltd., England) was used to
determine the state and content of the surface elements. The
actual content of Ce in the catalysts was detected using an
inductively coupled plasma spectrometer (ICP) (720, Varian,
USA). All samples were dissolved using concentrated nitric
acid before being tested.

1.3. Catalyst activity for ozone decomposition

All the activity tests were conducted in a fixed-bed continuous
flow quartz reactor (4 mm inner diameter (id)) using catalyst
with the size of 40—60 mesh at room temperature (30°C) under
a gas flow of 1400 mL/min. The activity of thepH=1,2,4and 7
catalysts under different space velocities (300,000, 600,000,
1,200,000, 1,500,000, 2,000,000 and 3,000,000 hr ') was
measured using different amounts of catalyst (100, 50, 25, 20,
15 and 10 mg) under dry conditions. The activity of the pH =1,
2, 4 and 7 catalysts under the relative humidity of 65% was
obtained using 100 mg of catalyst under the space velocity of
300,000 hr~'. The gas used was prepared by a zero-air gas
generator, and the zero-air (moisture content < 0.5%) was
used to generate ozone. The relative humidity of the gas
stream was maintained at 65% by controlling the flow of wet
gas, which was measured with a humidity probe (HMP110,
Vaisala OY], Finland). The ozone was generated by low-
pressure ultraviolet lamps, and the concentration was main-
tained at 40 + 2 ppmV. An ozone monitor (Model 202, 2B
Technologies, USA) was used to monitor the inlet and outlet
ozone concentrations. The ozone conversion (Cos) was
calculated by the following equation:

Cin - C:out

o 100% (1)

C03 =
where, Ci, (ppmV) and Coy: (ppmV) are inlet and outlet con-
centrations of ozone, respectively.

1.4. Kinetic experiments on catalysts

All the kinetic experiments on the pH = 1, 2, 4 and 7 catalysts
were conducted in a fixed-bed continuous-flow quartz reactor
(4 mm id) under the ozone concentration of 100 ppmV and dry
conditions. An external diffusion experiment under the same
space velocity of 3,000,000 hr~* and temperature of 5°C was
conducted by changing the amount of catalyst under gas flow
of 0.4—2.4 L/min, and the gas flow in the other experiments
was 2.8 L/min. The internal diffusion experiment was carried
out using the same mass of catalyst with particle sizes of
0.2—0.3, 0.3—0.45 and 0.45—0.9 mm under the same gas flow of
2.8 L/min and temperature of 5°C, and the particle size in the
other experiments was 0.3—0.45 mm. The subsequent kinetic
experiments were conducted by controlling the temperature
in the range 5—40°C with 40—60 mesh catalysts in a flow (F) of
2.8 L/min under dry conditions. The apparent activation en-
ergy (E,) could be then calculated according to the Arrhenius
equation.

1.5. DFT calculations

Geometries and energies were calculated using the Perdew-
Burke-Ernzerhof (PBE) functional (Perdew et al., 1997) with
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van der Waals correction proposed by Becke-Jonson (i.e., DFT-
D3 method) (Grimme et al,, 2011) as implemented in the
Vienna ab initio simulation package (VASP 5.4.4) (Kresse and ~ Where, Eags is the binding energy of the adsorbed molecule to
Furthmuller, 1996). The projector augmented wave method the (110) surface of MnO,, Erorar is the total energy of the

Eads = Etotal - Ebasic - Eadsorbate (2)

(PAW) was used to describe the interaction between the ions ~ adsorption model, Epasic is the energy of the (110) surface of
and the electrons (Kresse and Joubert, 1999). To properly =~ MnNO;and Eadsorbate is the total energy as an isolated molecule
describe the localization of electrons on Mnsg levels, orbital- of the adsorbed molecule.

dependent corrections using the DFT + U method were
introduced (Cockayne and Li, 2012; Zhu et al., 2017). In this
approach, the Hubbard parameter U was introduced to ac- 2. Results and discussion
count for the strong on-site coulomb repulsion among the

localized Mn 3d electrons. We used a Mnsq U value of 2.8 eV 2.1.
and J value of 1.2 eV for Mn ions, which was consistent with
the values used in the literatures (Cockayne and Li, 2012; Zhu
et al., 2017). Because Mn*" is a magnetic ion, it is crucial to

Crystal structures and morphologies of the catalysts

The XRD patterns of the pH =1, 2, 4 and 7 catalysts are shown
) i ' k in Fig. 1a. The pH = 2, 4 and 7 catalysts were well-crystallized
include the effects of magnetism in electronic structure and consisted of y-MnO, (JCPDS 14—0644) and o-MnO, (JCPDS

studies of manganese oxides. For simplicity, we only consid- 44-0141) (Chen et al., 2018; Wang et al., 2012). Furthermore,
ered colinear magnetism. The lowest-energy magnetic state

was found. The energy cutoff of the plane wave was set to
400 eV. According to previous research (Zhu et al.,, 2017), we
constructed the (110) plane of «-MnO,. A slab of Mny;Ogo with
surface area of 13.72 x 14.31 A? (see Appendix A Fig. S1) con-
tair}ed three Mn layers and was separated by a vacuum gapof  d= 097\/(5 cos 6) A3)
10 A thicknesses. Thus, the length in each direction was long

enough that self-interactions among the adsorbates could be ~ Where d, i, p and 0 refer to grain size, X-ray wavelength, half-
ignored. During the geometrical optimization, the bottom Mn ~ Peak width, and Bragg diffraction angle, respectively.

and O layers were fixed at their bulk positions, while all other The as-calculated crystal sizes of pH = 2, 4 and 7 catalysts
atoms were allowed to relax until the forces on each atom  Were 15.5, 14.5, and 14.1 nm, respectively. Therefore, the
were smaller than 0.02 eV/A. Only the Gamma point of the ~ PH = 7 catalyst had the smallest particle size, which can

the diffraction peaks of the pH = 2, 4 and 7 catalysts became
successively broadened. The crystal sizes of the pH = 2, 4 and
7 catalysts were calculated from the line broadening of XRD
peaks using Scherrer’s formula (Xie et al., 2015):

Brillouin zone was sampled. The Gaussian smearing method correspond to larger specific surface area. The corresponding
with a smearing width of 0.2 eV was employed to accelerate  diffraction peaks for y-MnO, on the pH = 1 catalyst dis-
the convergence of integration at the Brillouin zone. The en-  aPpeared, and the corresponding diffraction peaks of o-MnO,
ergetic convergence threshold for the self-consistent field lessened in intensity. Moreover, the characteristic diffraction
(SCF) was 1.0 x 1075 eV/atom. peakS for (NH4)2MH2(SO4)3 (JCPDS 18_0039) and (NH4)2_

An oxygen vacancy was formed by removing one oxygen Mn(SO,),+4H,0 (JCPDS 18—0113) appeared, which could be due

atom from the surface of «-MnO,. The adsorption energy of to the residual SO7~ on the surface of the catalysts combined
adsorbates (O, O, and H,0) was defined as follows: with NHZ and Mn?* on the surface, which formed stable ionic

bonds in the subsequent calcination process. The crystal

a-MnO,: A .
a : - b v
¥-MnO,: ¢ &
(NH,)Mn (50, v £
=
~ | (NH),Mn(50,),4H,0: * 2
2 ) menali A MnO, [~
s 6.37 38 39 40 2 2 3
20 (degree) = &
E‘ - Mn,O, =
@ S 2= o)
= A¢ pH=7| = =
2 < 3
=
]
Mn,O,
16535.9
i i i " N i 1 1 " L 1 A 1 r 1 "
10 20 30 40 50 60 70 80 6520 6560 6600 6640 6530 6540 6550 6560 6570
26 (degree) Energy (eV) Energy (eV)

Fig. 1 — (a) X-ray diffraction patterns of the pH = 1, 2, 4 and 7 catalysts; Inset: Enlarged view of the pH = 2, 4 and 7 catalysts at
35—-40°; (b) X-ray absorption near edge structure (XANES) and (c) first-order derivatives of XANES of the Mn—K edge of the
PH =1, 2, 4 and 7 catalysts and Mn-containing reference samples. dA/dE: first-order derivative of the absorbance with
respect to energy.
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structure changes of the pH = 1 catalyst can change its cata-
lytic activity. The diffraction peaks of CeO, were not observed
for the Ce-y-MnO, catalysts, which indicated that the content
of CeO, was below the detection limits of the XRD instrument,
or was finely dispersed over the surface of the MnO,.

In general, XANES can provide electronic structure and
coordination information around the metal atoms (Kim et al,,
2003). The XANES and first-order derivatives of XANES of the
Mn—K edge in the pH = 2, 4 and 7 catalysts and standard
samples (MnO,, Mn,05 and Mn foil) are shown in Fig. 1b and c.
As can be seen, the XANES spectra of the pH = 2, 4 and 7
catalysts were similar to those of the MnO, reference sample,
which proved that the main component of pH = 2, 4 and 7
catalysts is MnO,, and the washing process did not affect the
electronic structure of the catalyst. Moreover, the absorption
edges of the pH = 2, 4 and 7 catalysts and MnO, were in the
same position, which further demonstrated that the oxidation
state of manganese in the pH = 2, 4 and 7 catalysts was Mn**.

AsshowninFig. 2, the pH =1, 2,4 and 7 catalysts all display
a globule-like structure with a diameter about 7 pm, and the
globule-like structure is composed of assembled nanorods.
Among them, the assembled nanorods on the globule-like
structure of the pH = 2, 4 and 7 catalysts all show a long,
thin shape. However, the assembled nanorods on the globule-
like structure of the pH = 1 catalyst became shorter and
thicker, which can make the surface area of the pH = 1 cata-
lyst decrease (Liu and Zhang, 2017a). The elemental mapping
results in Appendix A Fig. S2 show that the Cewas dispersed as
homogeneously as Mn within the globules. The inductively
coupled plasma spectrometry (ICP) results show that the
weight content of Ce in the pH =1, 2,4 and 7 catalysts is 3.20%,
2.55%, 3.27% and 2.97%, and the energy dispersive spectros-
copy (EDS) results show that the content of Ce on the catalyst
surface is 5.74%, 5.55%, 5.39% and 4.66%, respectively, which
indicates that the Ce atoms are mainly concentrated on the
surface of the catalysts.

The N, adsorption-desorption isotherms of the pH =1, 2, 4
and 7 catalysts are shown in Appendix A Fig. S3. The pH =2, 4
and 7 catalysts have similar N, adsorption/desorption iso-
therms belonging to the type IV isotherm pattern, with the
type H3 hysteresis loop, which is usually related to the

500nm

accumulation of layered particles and the formation of slit-
like pores (Sun et al.,, 2013). The N, adsorption-desorption
isotherms of the pH = 1 catalyst are typical of the type IV
isotherm with type H4 hysteresis loop,representing narrow
slit-like pores. As seen in Appendix A Fig. S3, the pore size
distributions of the pH = 2, 4 and 7 catalysts are similar. The
distinctive pore size distribution of the pH = 1 catalyst is
caused by the difference in crystal phases, as revealed by the
XRD results. The BET specific surface areas of the pH=1, 2, 4
and 7 catalysts are 25, 106, 113, and 118 m?/g, respectively.

2.2.  Effects of acid ions on the physical and chemical
properties of catalysts

Fig. 3 shows the O,-TPD profiles (m/z = 32, m/z represents
specific charge) and SO,-TPD profiles (m/z = 64) of the pH =2, 4
and 7 catalysts. The O,-TPD experimental results can reflect
the adsorption strength of oxygen species on the catalyst
surface and relative content of oxygen species. The oxygen
species desorption process is recorded by mass spectrometry.
The low temperature desorption peaks around 350°C corre-
sponds to the chemisorbed oxygen species and active surface
oxygen, and desorption peaks representing the sub-surface
lattice oxygen usually appear in the range between 500 and
650°C. The peak above 700°C is considered to be bulk lattice
oxygen (Luo et al., 2008; Jia et al., 2016b). If the temperature of
the first desorption peak is lower, desorption of surface oxy-
gen species on the catalyst occurs more easily, which is
favorable for ozone decomposition (Zhu et al., 2018). The
temperature of the first desorption peak on the pH=2,4 and 7
catalysts showed little difference, so the adsorption strengths
of oxygen species on the catalyst surface was almost the
same. The desorption peak below 350°C represents the
surface-adsorbed oxygen species. The contents of surface-
adsorbed oxygen species on the pH = 2, 4 and 7 catalysts
were 16.20%, 18.77%, 19.48%, respectively. The surface-
adsorbed oxygen species are usually adsorbed on oxygen va-
cancies, so the peak areas can represent the content of surface
oxygen vacancies. However, the XPS results (Appendix A Fig.
S4) indicate that the content of oxygen vacancies for the pH
= 2, 4 and 7 catalysts was almost equivalent. Therefore, the

Fig. 2 — Scanning electron microscopy (SEM) images of (a, b) pH = 1, (c, d) pH = 2, (e, f) pH = 4 and (g, h) pH = 7 catalysts.
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Fig. 3 — (a) Temperature programmed desorption of O, (O,-TPD) profiles (m/z = 32) and (b) temperature programmed
desorption of SO, (SO,-TPD) profiles (m/z = 64) of the pH = 2, 4 and 7 catalysts. m/z: specific charge.

adsorption of SO~ can decrease the quantity of surface
adsorbed oxygen species on the catalysts, which may reduce
the adsorption capacity for ozone molecules during ozone
decomposition. As shown in Fig. 3b, the surface sulfate is
decomposed into SO, and O, after 600°C, which indicates that
the residual SO~ adsorbed on the surface of catalyst is hard to
desorb. Also, the content of residual SO2~ on the pH=2and4
catalysts is greater compared with the pH = 7 catalyst.
Water adsorption experiments were conducted to investi-
gate the surface hydrophilic and hydrophobic properties
(Dengetal., 2012). The H,O vapor adsorption isotherms at 25°C
for pH = 2, 4 and 7 catalysts are shown in Appendix A Fig. S5.
As shown in Fig. 4, the green histogram represents the water
adsorption capacity of pH = 2, 4 and 7 catalysts under P/P, (P

=
)
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Fig. 4 — Surface adsorption of water and residual SO~ on
the pH = 2, 4 and 7 catalysts.

represents actual pressure and P, represents saturated vapor
pressure) of 0.7 (represents the relative humidity of 70%),
which indicates that the hydrophobicity of pH = 7 catalyst is
superior. The blue histogram shows the mass spectrum inte-
gral area of m/z = 18 from 30 to 300°C on the pH = 2,4 and 7
catalysts (detailed mass spectrum shown in Appendix A Fig.
S6) after exposure to ozone for 6 hr under RH = 65%, which
also represents the amount of the surface adsorbed water on
these three catalysts. The red and purple line represent the
content of S (obtained from XPS) and SO3~ (obtained from ion
chromatography) on the surface of the pH = 2, 4 and 7 cata-
lysts, respectively. As the content of SO3™ increases, the water
adsorption capacity of the catalyst also increases, which in-
dicates that the content of SO7~ on the catalyst surface affects
the water absorption of the catalyst (Barrow, 1969). No resid-
ual NHi was detected for the pH = 2, 4 and 7 catalysts by ion
chromatography (IC) (Appendix A Table S1), indicating that
the water adsorption of the catalysts was not affected by NHj.
If the catalyst is not washed adequately, the residual SO3~ on
the catalyst surface will decrease the hydrophobicity of the
catalyst and increase the competitive adsorption of water
molecules and ozone molecules, which may cause a decrease
in ozone decomposition activity under humidity conditions.
Fig. 5 shows the temperature programmed H, reduction
(H,-TPR) profiles of the pH = 2, 4 and 7 catalysts. There are two
principal reduction peaks (peaksIandIl) onthe pH=2,4and 7
catalysts. As is shown in Table 1, the ratio of the H, con-
sumption of peak I to that of peak Il on the pH = 7 catalyst is
about 2, so the reduction path of the pH = 7 catalyst is MnO, to
Mn3;0,, and then Mn3;O,4 to MnO (jia et al,, 2016a; Ma et al,,
2017). However, the ratio of the H, consumption of peak I to
that of peak Il on the pH = 2 and 4 catalysts is less than 2, so


https://doi.org/10.1016/j.jes.2019.12.004
https://doi.org/10.1016/j.jes.2019.12.004

JOURNAL OF ENVIRONMENTAL SCIENCES 91 (7070) 43—53 49

263

379
'; pH=7
o 262
N’
=
=
20 379
2 pH=4
8 257
O
=

376
pH=2
1 1 1 1 1 1

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

Fig. 5 — Temperature programmed H, reduction (H,-TPR)
profiles of the pH = 2, 4 and 7 catalysts. TCD: thermal
conductivity detector.

6.0

55r e pH=4

A pH=2 '\.—\L"\i\.
5.0 -

asf ‘\‘\'\\.

351
3.0

251

20 3:2 A 3:3 ' 3:4 '1 3i5 ' 3:6
1000/T (K)

Fig. 6 — Arrhenius plots for ozone decomposition over the
PH = 2, 4 and 7 catalysts. k: reaction rate constant; T:
temperature.

Table 1 — H,-TPR of pH = 2, 4 and 7 catalysts.

Catalysts H,-TPR
Peak I Peak II Peak I/ Total
(mmol/g) (mmol/g) PeakIl (mmol/g)
pH=2 5.84 3.56 1.64 9.40
pPH=4 6.12 3.57 1.71 9.69
pH=7 5.92 2.85 2.08 8.77

the reduction peaks may correspond to the reduction of MnO,
to MnO with Mn,05; and Mn;0, as the intermediates (Jia et al.,
2016a; Ma et al., 2017). The reduction peak positions of the pH
= 2, 4 and 7 catalysts are similar, which indicates that the
reducibilityof the pH = 2, 4 and 7 catalysts was the same. Table
1 shows that the total H, consumption of the pH = 7 catalyst
was minimal, and the total H, consumption of the pH =2 or 4
catalysts was greater, which may be due to the adsorption of
S03 on the surface of the pH = 2 and 4 catalysts increasing
the consumption of H,.

2.3. Kinetic experiments on catalysts

The ozone molecules undergo a physical transfer process
consisting of external diffusion and internal diffusion before
reaching the catalyst surface (Bidabeherea et al., 2018). In
order to obtain the intrinsic kinetic data of the ozone catalytic
decomposition reaction, it is necessary to select suitable re-
action conditions to eliminate the influence of internal and
external diffusion on the reaction. As shown in Appendix A
Fig. S8, when the gas flow rate reaches 1.6 L/min, the influ-
ence of flow rate on the conversion of O; over the pH = 7
catalyst can be eliminated. When the particle size of the
catalyst is less than 0.3—0.45 mm (40—60 mesh), the influence
of particle-size-distribution on the conversion of O3 over pH =
7 catalyst is eliminated. Therefore, subsequent kinetic ex-
periments were conducted with 40—60 mesh catalysts at F =
2.8 L/min under dry conditions. Fig. 6 shows the Arrhenius
plots for ozone decomposition over the pH = 2, 4 and 7

catalysts. The apparent activation energies of the pH = 2, 4
and 7 catalysts were calculated according to the slopes of the
Arrhenius plots (Liu and Zhang, 2017b). The apparent activa-
tion energies on the pH = 2, 4 and 7 catalysts were 30.12, 16.59
and 9.83 kJ/mol, respectively. The differences in apparent
activation energies may be related to many factors, such as
the number and properties of active sites on the catalysts.
Combined with the O,-TPD results, these data show that the
adsorption of SO}~ can reduce the adsorption capacity of
ozone molecules over the pH = 2 and 4 catalysts during ozone
decomposition, which may affect the apparent activation
energies on the pH = 2, 4 and 7 catalysts. The apparent acti-
vation energy of the pH = 2 and 4 catalysts increased, so the
ozone molecules on the pH = 2 and 4 catalyst surfaces are
more difficult to activate under dry conditions. Therefore, the
ozone decomposition activity of the pH = 2 and 4 catalyst may
be worse than the other two catalysts under dry conditions.

2.4. Ozone decomposition performance

Fig. 7aindicates that the catalytic activity of the pH =2,4and 7
catalysts is 100% with the space velocity of 300,000 hr~* under
dry conditions. However, the catalytic activities of the pH = 2,
4 and 7 catalysts under RH = 65% all decreased. The above
results indicate that the relative humidity has a great influ-
ence on the ozone decomposition performance, which is
attributed to the competitive adsorption of ozone molecules
and water molecules. We tested the activity of pH = 2,4 and 7
catalysts prepared in different batches, and then calculated
the average and error for three activity measuremets. As is
shown in Fig. 7b, the pH = 7 catalyst had almost no deacti-
vation under RH = 65%, and the average activity could still
reach 98% after 6 hr reaction. However, the pH = 2 or 4 cata-
lysts were continuously inactivated over 6 hr, and the pH = 2
catalyst deactivated faster than the pH = 4 catalyst. Finally,
the 6 hr average activities of the pH = 2 and 4 catalysts were
17% and 45%, respectively. Therefore, the pH = 2 and 4 cata-
lysts had worse moisture resistance. According to the above-
mentioned physical and chemical characterization results
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regarding the amount of residual sulfate ion and the hydro-
phobicity of catalysts, the difference in moisture resistance is
attributed to the different contents of acid ions on the surface
of the catalysts. The pH = 2 and 4 catalysts had more sulfate
ions and worse moisture resistance, so the pH = 2 and 4 cat-
alysts were deactivated noticeably under RH = 65%. In order to
further verify the detrimental effect of residual sulfate ion on
catalyst activity, pure y-MnO, catalysts (pH = 1, 2, 4 and 7)
were prepared. As shown in Appendix A Fig. S9, the sulfate ion
content of the pH = 2 y-MnO, catalyst was higher than that of
pPH = 7 y-MnO,, and showed worse moisture resistance and
catalytic activity under RH = 65%.

Under dry conditions, the catalytic activity for ozone
decomposition on pH = 1, 2, 4 and 7 catalysts was evaluated
with different space velocities, and ozone decomposition ac-
tivities after 6 hr are presented in Fig. 7c. The pH = 1 catalyst
had no activity under any space velocity, which can be
attributed to the crystal structure changes that occurred with
the decrease of specific surface area. The pH = 2, 4 and 7
catalysts had 100% ozone conversion under the space veloc-
ities of 300,000 and 600,000 hr~!. When the space velocity

increased to 1,500,000 hr?, the pH = 7 catalyst still had 100%
ozone conversion, and the ozone conversion of the pH =2 and
4 catalysts decreased to 90% and 94%, respectively. If the space
velocity further increased to 2,000,000 hr~?, the ozone con-
version over the pH = 7 catalyst was still 99%; however, the pH
= 2 and 4 catalysts only had 70% ozone conversion, which
indicated that the performance of the pH = 2 and 4 catalysts
was inferior to that of the pH = 7 catalyst. The pH = 2 and 4
catalysts exhibited worse resistance to high space velocity
than the pH = 7 catalyst, which indicated that the washing
degree has a great influence on the ozone decomposition
under dry conditions. The specific surface areas of the pH = 2,
4, 7 catalysts were similar, but the catalytic activity varied
greatly, which indicated that the specific surface area is not
the key factor. According to XPS and H,-TPR results, the con-
tent of oxygen vacancies and the reducibility for the pH = 2, 4
and 7 catalysts were almost identical, so the difference of
activity was not caused by the content of oxygen vacancies or
the reducibility. The O,-TPD results indicated that the
adsorption of SO;~ can reduce the adsorption capacity of
ozone molecules over te pH = 2 and 4 catalysts during ozone
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decomposition. In addition, the kinetic experiments showed
that ozone molecules on the pH = 2 and 4 catalysts surface
were more difficult to activate under dry conditions. There-
fore, the pH = 2 and 4 catalysts had worse activity under high
space velocity and dry conditions.

We further tested the durability of pH = 7 catalysts under
dry and high gas hourly space velocity (GHSV) conditions. As is
shown in Fig. 7d, the ozone conversion over the pH = 7 cata-
lyst gradually decreased from the initial value of 100% to about
75% after 160 hr under dry conditions and the space velocity of
2,000,000 hr!, which indicates the catalyst gradually deacti-
vated under dry conditions. The Mn 3s XPS spectrum of the pH
= 7 catalyst (Appendix A Fig. S4) indicates that the AOS
(average oxidation state) of Mn increased from 3.58 to 3.64
after ozone treatment. The result demonstrates that the ox-
ygen vacancies on the catalyst surface decrease, which gives
rise to gradual deactivation of the catalyst (Jia et al., 2016a; Li
et al., 2018). The catalytic activity of the pH = 7 catalyst
eventually stabilized at about 75%, which indicates that the
rest of the oxygen vacancies are stable and can quickly
recover. Therefore, different kinds of oxygen vacancies exist
on the catalyst surface; some are easily deactivated, and
others are relatively stable. The properties of oxygen va-
cancies were further explored by DFT calculations.

2.5. Role of oxygen vacancies in ozone decomposition

The role of oxygen vacancies in ozone decomposition was
further studied by first-principle calculations using the Vienna
Ab-initio Simulation Package (VASP), which is based on
density-functional theory (DFT). Each oxygen atom is coordi-
nated with three manganese atoms in the structure of a-
MnO,. Half of the oxygen atoms are sp2 hybridized (sp2-0) and
are located roughly in the same plane as the three neigh-
bouring Mn atoms, while the other half are sp3 hybridized
(sp3-0) and lie out of the plane of the three neighbouring Mn
atoms (see Appendix A Fig. S1) (Wang et al., 2011). Therefore,
two different kinds of oxygen vacancy (sp2-Oyac and sp3-Oyac)
were constructed and optimized (see Appendix A Fig. S9).
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Fig. 8 — Calculation results of adsorption energy on the sp2
hybridized oxygen vacancy (sp2-Oy,c) and the sp3
hybridized oxygen vacancy (sp3-Oyx) of the «-MnO, (110)
surface.

According to the above results, the adsorption of O3, O, and
H,0 molecules were optimized on the catalyst surface (see
Appendix A Fig. S10) and the calculated adsorption energy
results are shown in Fig. 8. A more negative adsorption energy
represents stronger adsorption. For sp2-Oy,c, the adsorption
energies of O3 and O, are —3.529 eV and —2.674 eV, respec-
tively. However, the adsorption energy of O; for the sp3-Oyac
markedly declines to —4.469 eV. In addition, the adsorption
energy of O, increases from —2.674 to —1.272 eV, demon-
strating that sp3-Oy,c is more favourable to the adsorption of
O3 and the release of O,. As shown in Appendix A Fig. S10,
when an ozone molecule is adsorbed on the (110) surface of a-
MnO, with oxygen vacancies, one oxygen atom of ozone
would insert into the oxygen vacancy and the rest of the ozone
molecule would be discharged from the oxygen vacancy and
generate an O, molecule. Therefore, sp3-Oy,c is more condu-
cive to ozone decomposition compared to sp2-Oy,c under dry
conditions. As shown in Fig. 8, the adsorption energy of H,0 is
—1.462 and —2.621 eV on sp2-Oy,c, and sp3-Oy,, respectively,
which indicates that competitive adsorption of H,O molecules
and Oz molecules exists under wet conditions. The dominant
process on the two kinds of oxygen vacancies is the adsorp-
tion of ozone, but there is also the non-negligible competitive
adsorption of H,O molecules. The adsorbed H,0 molecules are
difficult to desorb and will accumulate gradually, causing
decreased ozone conversion under wet conditions.

3. Conclusions

In order to investigate the effect of residual acidic ions on the
surface properties and ozone decomposition of the catalysts,
the catalyst precursors were washed with deionized water
until the pH value of the supernatant was 1, 2, 4 and 7 during
the washing process, and pH = 1, 2, 4 and 7 catalysts were
successfully obtained. The ozone decomposition activity of
pPH = 2 and 4 catalysts had greater decline under humid
conditions than that under dry conditions. Detailed physical
and chemical characterization analysis suggested that the
residual sulfate ions on the catalyst decreased the moisture-
resistant properties, so the pH = 2 and 4 catalysts had worse
ozone decomposition activity under humid conditions. The
above study revealed the detrimental effects of residual
sulfate ions on the activity of catalysts under a humid at-
mosphere. Besides, the pH = 2 and 4 catalysts exhibited
worse resistance to high space velocity than the pH = 7
catalyst under dry conditions. O,-TPD results indicated that
the adsorption of SOZ~ reduced the adsorption capacity of
ozone molecules over the pH =2 and 4 catalysts during ozone
decomposition. In addition, the ozone molecules on the
surface of the pH = 2 and 4 catalysts are more difficult to
activate under dry conditions, which was demonstrated by
kinetic experiments. The ozone conversion of the pH = 7
catalyst gradually decreased and finally stabilized at 75%
within 160 hr under the space velocity of 2,000,000 hr~* and
dry conditions, which indicated that a portion of the oxygen
vacancies were easily poisoned. The XPS results showed that
the oxidation state of manganese on the catalyst surface
increased after exposure to ozone, which explained the
phenomenon of poisoned oxygen vacancies. DFT
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calculations further demonstrated that there are two kinds of
oxygen vacancies on the manganese dioxide catalysts: sp3-
Oyac is beneficial for the adsorption of the reactant and the
release of the product, but sp2-Oy,. more easily adsorbed
oxygen species and then became deactivated. This study
revealed the detrimental factors affecting the activity of
catalysts under dry and humid atmospheres, and provided
guidance for improving the stability of oxygen vacancies and
the ozone decomposition activity of manganese dioxide
catalysts.
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