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over Fe—Ce co-doped TiO, catalyst under low
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The Fe—Ce bimetal oxide-doped titanium dioxide composite was synthesized by the sol-gel method and
the performance of the catalyst was investigated for the removal of Hg® and AsHs from yellow phosphorus
flue gas under different conditions. Brunauer—Emmett—Teller (BET) analysis, high-resolution transmission
electron microscopy (HR-TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS)
were used to characterize the crystal structure and morphology of the structure, and the mechanisms
for removing Hg® and AsH3 from flue gas by catalytic oxidation were deduced. The results showed that
the optimal calcination temperature of the FesCesTi catalyst was 500 °C, and the optimal pH of the sol
was 6. Under these conditions, the penetration adsorption capacity of the FesCesTi catalyst for the

removal of AsHsz and Hg® was 3855 mg g and 2178 mg g%, respectively. According to
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Accepted 12th January 2023 characterization analysis, Fe and Ce are the main active components in the removal of Hg” and AsHs,
and the mixed oxides of Fe and Ce have a synergistic effect on the surface of the mixed oxide-doped

DOI: 10.1038/d2ra07376e catalyst, which can improve the dispersion of the active component on the surface of the catalyst, and
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1. Introduction

Atmospheric heavy metal pollution is characterized by wide
coverage, strong migration capacity and high biotoxicity,"* and
its main source is anthropogenic emissions from the atmo-
sphere. According to estimates, the annual emissions of
elemental mercury (Hg®) and arsenic (AsH;) have been as high
as 695.1 tons and 2529.0 tons, respectively, and with industrial
development and energy consumption, the anthropogenic
emissions of heavy metals are on the rise.* The chemical
industry often uses yellow phosphorus as a basic chemical raw
material. During the production of yellow phosphorus, a large
amount of flue gas is generated, which contains Hg® and AsHj,*
and it can cause pollution to the atmosphere, soil and water.?
Mercury is one of the most toxic heavy metals in the envi-
ronment; its main forms are mercury oxide (Hg>"), particulate
mercury (Hg) and elemental mercury (Hg®) in the atmosphere.®
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then improve the removal efficiency of Hg® and AsHs.

Normally, Hg*>" and Hg” in the atmosphere can be deposited on
the ground surface by dry and wet deposition, and in industry,
these can be removed by wet scrubbing and dust removal
devices. In contrast, it is difficult to capture Hg® by equipment
due to its stable chemical nature and it can easily enter the
geochemical cycle,”® causing harm to human health through
the food chain.”*

Arsenic (As) belongs to the highly toxic group of metals and
exists in the environment in many different chemical forms,"
which are divided into As(v) and As(u) by the difference in
chemical valence, where As(u1) is about 60 times higher than
As(v) and is extremely hazardous to organisms*>** As and Hg’
are absorbed by the human body and combine easily with
hydrogen sulfide or bisulfide to inhibit cellular respiration and
normal cellular metabolism.

The present methods for the removal of Hg” and AsH; from
gases mainly adsorbent removal,""” catalytic
oxidation'®** and advanced oxidation.”*** Podak* et al. found
that fluorine-modified activated carbon has a strong adsorption
capacity for Hg®. Li** et al. used Ce-Mn mixed oxide-loaded
activated carbon to remove Hg’ at a low temperature with
a removal efficiency of up to 94%. Quinn®® et al. showed the
excellent adsorption of AsH; by the isovolumetric impregnation
of roasted commercial activated carbon with copper nitrate.
Poulston® et al. used the noble metal Pb as the active compo-
nent and the results showed that the Pb/Al,O; could effectively
adsorb Hg from the flue gas. The adsorption method has been
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studied by numerous scholars because of its excellent ability to
remove heavy metals. However, it still has deficiencies such as
poor thermodynamic stability and low mixability. Noble metal
catalysts cannot be used on a large scale due to their high cost
but transition metals and their oxides, and rare earth metals
and their oxides have become hot spots of interest for
researchers because of their superior removal effect and lower
cost.

Cerium Oxide (CeO,) is a rare earth metal oxide with
extremely strong redox and oxygen storage properties, often
used as an additive or co-catalyst to improve reaction activity
and to a large extent to enhance anti-aging and anti-poisoning
ability. In the redox process, Ce**/Ce*" will produce unstable
oxygen vacancies and large amounts of oxygen with high
mobility during the mutual transformation. It can adsorb trace
amounts of O, in the gas phase to replenish the consumed
oxygen on the catalyst surface and improve the catalytic
performance of the catalyst. Part of the industrial exhaust
contains traces of oxygen, so CeO,-based catalysts are
commonly used in the field of industrial waste gas heavy metal
removal. Zhao® et al. explored that CeO,-based catalysts were
effective in removing Hg? from flue gas. Some researchers®3°
prepared CeO,-TiO, composite catalysts and concluded that
there is a strong interaction between Ce and Ti, and the high
dispersion of CeO, is the main reason for the superior catalytic
activity of the catalysts. Liu®** et al. prepared FeTiOx composite
oxide catalysts with high catalytic activity and found that the
interaction between titanium and iron atoms can cause the
active material to be highly dispersed in the form of micro-
crystals with strong Brensted and oxidation ability on the
catalyst surface. It was found that the oxygen storage and oxygen
release properties of CeO, were significantly improved due to
the presence of Fe’” with a relatively small ionic radius and low
valence, and it also facilitated the creation of more sites on the
surface of CeO, for heavy metal ion binding, which effectively
enhanced the redox properties of CeO,. Metal or metal oxide
type catalysts have strong catalytic effects due to their renewable
and high conversion rates, so they were combined as catalysts.**
TiO, has a strong stabilization type and low cost, and it is widely
used in the field of catalysis, so they were combined to inves-
tigate their effects on the removal of Hg® and AsH; from yellow
phosphorus flue gas. In summary, by doping CeO, with other
substances, the specific surface area of the catalyst is influenced
to induce a wider distribution of active components, enhance
oxygen vacancy and lattice oxygen mobility, and achieve the
purpose of improving the catalyst performance, which effec-
tively solves the problems of high processing cost and imperfect
processes of the existing technology.

There has been some development of yellow phosphorus flue
gas purification and resource utilization technology but little
has been reported on the removal of heavy metals Hg’ and
AsHj;, which have a great influence on the catalysis of yellow
phosphorus flue gas purification. In this study, we prepared Fe
and Ce doped TiO, nanocomposites and explored catalysts for
the highly selective removal of Hg° and AsH; from yellow
phosphorus flue gas by changing the reaction conditions, and
characterizing the materials by BET, HR-TEM, XRD, and XPS for
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microscopic analysis. This is expected to elucidate the removal
mechanism through a combination of macroscopic and
microscopic analyses and establish a multidimensional risk
evaluation mechanism to achieve the efficient removal of Hg’
and AsH; from flue gas.

2. Experimental

2.1. Catalyst preparation

FesCesTi and TiO, were prepared at different sol-gel pH values,
and the metal oxide catalysts Fe;,Ti, Ce;(Ti and FesCesTi were
prepared at the optimum pH by the sol-gel method. As an
example, a 2 g sample of catalyst was prepared as follows.

Solution A: a certain mass of anhydrous citric acid*® was
weighed on an analytical balance and added to 21-24 mL of
anhydrous ethanol. The mixture was stirred for 30 min at 30 °C
with a magnetic stirrer. After stirring until the solute was
completely dissolved, we slowly added 7-8 mL of tetrabutyl
titanate and 1.5 mL of acetylacetone, and continued stirring at
30 °C with a magnetic stirrer for 30 min, to obtain a light yellow
transparent solution. The solid-liquid ratio of anhydrous citric
acid and anhydrous ethanol is 1:4, and the volume ratio of
anhydrous ethanol and tetrabutyl titanate is 3: 1.

Solution B: a certain amount of 5 wt% Ce(NO;3);-6H,0 and
5 wt% Fe(NO3);-9H,0 were weighed in a beaker, then 5 mL
deionized water, 10 mL anhydrous ethanol and 1 mL HNO;
were added and stirred until the mixture was uniform.

Under intense agitation, solution B was dropped into A
solution at the speed of 1 drop/second, and nitric acid or
ammonia water was slowly added to adjust the pH of the sol to
6. A magnetic stirrer was used to continue to stir the solution of
suitable pH value until a light yellow translucent sol precursor
with a different pH value was obtained. The obtained sol was
placed in a thermostatic water bath at 70 °C for 3 h to obtain
awet gel, and then the wet gel was moved to a crucible and dried
overnight at 60 °C in a blast drying oven. The temperature was
increased and kept at 500 °C for 2 h, then cooled to room
temperature to obtain the Fe;CesTi catalyst. It was then ground
and pressed into tablets, passed through a 40-60 mesh sieve,
sealed and stored. Fe; and Ces represent the mass fractions of
Fe,O; and CeO, to the total mass of the Fes;CesTi catalyst,
respectively.

TiO, was prepared by a sol-gel method. The metallic salt
precursors of Fe and Ce were not added to solution B, and upon
the addition of Ce(NO;3);-6H,0 or Fe(NOj3);-9H,O to solution B,
Ce;oTi or Fe,(Ti was prepared, respectively. The other steps are
the same as above.

2.2. Catalyst characterization

The Brunauer-Emmett-Teller (BET) method was used to char-
acterize the surface area, pore volume and radius. High-
resolution transmission electron microscope (HR-TEM)
images were obtained on a JEOL JEM-2100F electron micro-
scope (200 kV accelerating voltage) for morphological charac-
terization of samples. Characterization of the elemental
composition of the sample using the X-ray diffraction (XRD) was
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carried out on a Bruker D8-Advance XRD system using Cu Ko
radiation (A = 0.1543 nm) at 26 values ranging from 10° to 90°,
with a step size of 0.02°. The surface chemical state of the
samples was determined using X-ray photoelectron spectros-
copy (XPS), Thermo ESCALAB 250 Xi, with an Al Ko source
(1486.6 eV photons).

The Debye-Scherrer formula was used to calculate the crystal
size of TiO, grains of FesCesTi catalysts prepared at different
calcination temperatures. The formula is as follows:

Dy, is the calculated grain size; & is a constant, depending on
the shape of the crystal, where k = 0.9; A is the wavelength of Cu
Ko X-ray radiation, A = 1.5418; § is the half peak width of the
diffraction peak of the TiO, crystal; ¢ is the diffraction angle
corresponding to the diffraction peak.

2.3. Catalyst activity test

The specific reaction conditions of this chapter are shown in
Table 1. In the experiment, the total simulated flue gas flow was
800 mL min ", the catalyst filling volume was 200 mg, and Hg’
and AsH; inlet concentrations were 400 ug m > and 50 ppm,
respectively. To shorten the experimental reaction time and
minimize the relative error in the continuous data collection
process, higher concentrations of Hg and As were set at the
inlet.

Table 1 The experimental reaction conditions
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3. Results and discussion

3.1. Catalyst performance

3.1.1. The effects of active components on the removal
performance of Hg” and AsHj;. In this study, the effects of
doping types of active components on the removal efficiencies
of Hg® and AsH; were investigated, and four catalysts, TiO,,
FeyoTi, Ce oTi and FesCesTi, were compared. The results are
shown in Fig. 1. The maximum removal efficiency of Hg® by
Fe,,Ti was 79.8%, and the maximum removal efficiencies of Hg0
by Ce,(Ti and FesCesTi were 83.2% and 93.5%, respectively. The
removal efficiency of Hg® by the bimetallic active component-
doped TiO, was better than that by the single metal active
component-doped TiO,. Similarly, the removal of AsH; showed
the same trend, where the FesCesTi catalyst had the best AsH;
removal efficiency, while the single metal active component-
doped TiO, catalyst had a poor AsH; removal efficiency.
Without the doping of the active component, the catalyst has
a poor ability to remove Hg” and AsH; because only micro-
oxygen in the gas phase can oxidize Hg’ and AsH;. All the
results showed that Fe and Ce were the main active components
in the removal of Hg” and AsH3, and the Fe and Ce mixed oxides
had a synergistic effect on the surface of the two-component
active component-doped catalyst, which could improve the
dispersity of the active components on the surface of the cata-
lyst, thus improving the removal ability of Hg” and AsH;. Such
a synergistic effect can still occur in the reducing atmosphere,
so in the subsequent experiments, the Fe-Ce bimetallic oxide

Samples
Experiment  Fe,Ce,Ti Sol pH Calcination temperature  Flue gas components Temperature
1 TiO,, FesCe,Ti, Fe,oTi, Ce;oTi 6 500 °C N, + 80% CO + 1% O, + AsH; + Hg® 150 °C
2 FesCesTi 6 300-700 °C N + 80% CO + 1% O, + AsH; + Hg® 150 °C
3 Fe;CesTi 2,4,6,8,10 500 °C N, + 80% CO + 1% O, + AsH, + Hg® 150 °C
4 FesCesTi 6 500 °C N, + 80% CO + 1% O, + AsH; + Hg®  100-170 °C
5 Fe;CesTi 6 500 °C N, + AsH; + Hg® +77 (CO + 0,) 150 °C
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Fig.1 The effects of active components on the removal efficiencies of Hg® (a) and AsHj (b) over Fe,Ce, Ti catalysts (total gas flow: 800 mLmin™,

1

catalyst filling capacity: 200 mg, Hg®: 400 ug m~3, AsHs: 50 ppm, O,: 1 vol%, CO: 80 vol%, reaction temperature: 150 °C).
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was doped into TiO, as the best active component of the
catalyst.

3.1.2. The effects of calcination temperature on the
removal performance of Hg’ and AsH;. When making a catalyst,
its crystal structure and grain size are closely related to the
calcination temperature. In this experiment, Fe;Ce;Ti catalysts
were prepared at 300 °C, 400 °C, 500 °C, 600 °C and 700 °C,
respectively,® and the removal efficiency of Hg and AsH; was
investigated. The results are shown in Fig. 2. The removal
performance of Hg® and AsH; at different calcination temper-
atures is 500 °C > 600 °C > 400 °C > 300 °C > 700 °C, 500 °C >
400 °C > 600 °C > 300 °C > 700 °C. The catalyst prepared at the
roasting temperature of 700 °C has the worst effect on removing
Hg® and AsHj;, which may be due to the sintering of the active
component of the catalyst due to the high temperature, thus
reducing the active sites and reducing the performance of the
catalyst. The catalyst prepared at 500 °C has the best effect of
removing Hg® and AsHj, and the calcined Fe and Ce can form
a regular crystal structure at this temperature. Anatase and
rutile are the two most important crystal structures of TiO,.*®
When roasted in the temperature range below 800 °C, the
crystal phase change order of TiO, grains is amorphous,
anatase, anatase mixed with rutile, and rutile. In general,
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anatase TiO, can provide more active sites for the active
components of the catalyst and is more suitable as the catalyst
carrier. This speculation was also confirmed in the subsequent
XRD analysis. Therefore, 500 °C was selected as the optimal
calcination temperature for the FesCe5Ti catalyst in subsequent
experiments.

3.1.3. The effects of sol pH on the removal performance of
Hg® and AsH;. The pH value of the sol has a great influence on
the surface morphology and catalytic performance of the cata-
lysts prepared by the sol-gel method.*® The removal efficiencies
of the Fe;CesTi catalyst prepared at sol pH of 2, 4, 6, 8 and 10 for
Hg® and AsH; are shown in Fig. 3. When the pH value of the sol
was 2, the removal efficiency of Hg® was the lowest, which was
only 72.5%, and the removal efficiency was up to 93.6% when
the pH was 6. However, when the pH was 8 and 10, the removal
efficiency of Hg® decreased. The effect of sol pH on the AsH;
removal efficiency is the same as that of Hg’ The removal
efficiency of AsH; was the best when the pH of the sol was 6, and
the removal efficiency of AsH; was 96.8% when the reaction was
6 h. The removal efficiency of AsH; was the worst when the pH
of the sol was 2, and the removal efficiency decreased to 88.2%
when the reaction time was 3.5 h. In the process of catalyst
preparation, the sol pH had a great influence on the surface
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Fig.2 The effects of the calcination temperature on the removal efficiencies of HgP (a) and AsHs (b) over FesCesTi catalysts (total gas flow: 800
mL min~?, catalyst filling capacity: 200 mg, Hg®: 400 pg m~—>, AsHs: 50 ppm, Oa: 1 vol%, CO: 80 vol%, reaction temperature: 150 °C).
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Fig. 3 The effects of the sol pH on the removal efficiencies of Hg® (a) and AsHs (b) over FesCesTi catalysts (total gas flow: 800 mL min~2, catalyst
filling capacity: 200 mg, Hg®: 400 ng m~3, AsHz: 50 ppm, O,: 1 vol%, CO: 80 vol%, reaction temperature: 150 °C).
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morphology and microstructure of the prepared Fe;CesTi
catalyst, which further affected the removal efficiency of Hg°
and AsH;. Sol pH is one of the important parameters for the
preparation of catalysts by the sol-gel method. The optimum sol
PH value of the Fe;CesTi catalyst is 6.

3.1.4. The effects of reaction temperature on the removal
performance of Hg® and AsH;. To determine the optimal reac-
tion temperature for the simultaneous removal of Hg® and
AsHj;, the FesCesTi catalyst was used to carry out a series of
experiments in the temperature range of 100-170 °C, and the
results are shown in Fig. 4. The removal efficiency of Hg’
increased with the increase in temperature in the range of 100 °
C to 150 °C, and decreased when the temperature was higher
than 150 °C. This phenomenon can be explained by the
decrease in the chemisorption of Hg® and the desorption of
HgO on the catalyst surface at high temperatures. The removal
efficiency of AsH; increased with the increase in temperature.
When the reaction temperature was 170 °C, the removal effi-
ciency of AsH; was only slightly better than that of AsH; at 150 °©
C. However, the reaction temperature at 170 °C is close to the
decomposition temperature of AsH; and the activation
temperature of CO oxidation by CeO,.*”” In consideration of
safety and practical industrial applications, the reaction
temperature should be set below 180 °C. The higher tempera-
ture enhanced the catalytic oxidation, and Hg® and AsH; would
be oxidized to high-valence states on the surface of the catalyst.
This result was confirmed in the subsequent characterization
analysis. The FesCe;sTi catalyst has the best Hg® removal effi-
ciency and high AsH; removal efficiency at 150 °C. The removal
efficiency of Hg® by the Fe;Ce;Ti catalyst reached 93.6%, and
the removal efficiency of AsH; was still as high as 96.8% after
6 h of reaction. Therefore, 150 °C was considered to be the best
reaction temperature for the simultaneous removal of Hg® and
AsHj;, and it was set as the default reaction temperature in
subsequent experiments.

3.1.5. The effects of O, concentration on the removal
performance of Hg® and AsH;. As an important part of flue gas
components, oxygen concentration has a significant impact on
the simultaneous removal of Hg® and AsHj;, and the removal
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efficiencies of Hg® and AsH; under aerobic and anaerobic
conditions are significantly different, as shown in Fig. 5. The
removal efficiency of AsH; by Fe;CesTi catalyst is poor in the
absence of oxygen, and the removal efficiency of AsH; dropped
to 88.4% after 3 h of reaction. When 0.5% O, was added to the
gas phase, the removal efficiency of AsH; increased signifi-
cantly. The removal efficiency of Fe;Ce5Ti catalyst for Hg® in the
absence of oxygen is also poor, being only 60.3%; when 0.5% O,
was added to the gas phase, the removal efficiency of Hg’
increased to 86.9%. This may be because the surface oxygen of
the catalyst is rapidly consumed in the absence of oxygen and
cannot be replenished. Oxygen in the gas phase can supplement
the lattice oxygen and chemisorbed oxygen consumed in the
oxidation of Hg® and AsH; by the catalyst in the micro-oxygen
condition. With the increase of the O, concentration from
0.5% to 1% in the gas phase, the removal efficiency of Hg and
AsHj; did not improve significantly. The results show that the
catalyst has a high removal efficiency for Hg’ and AsH; in
micro-oxygen conditions, and a 1% O, concentration is suffi-
cient for the simultaneous removal of Hg® and AsHj.

3.2. Catalyst characterization

The BET, HR-TEM, XRD and XPS methods were used to deter-
mine the mechanisms of the effects of the removal mechanism
of Hg0 and AsH; by FesCesTi.

3.2.1. BET analysis. The physical properties of the Fe;CesTi
catalysts prepared by different sol pH, including the BET
surface area, pore volume and pore radius, are summarized in
Table 2. The results show that the pore volume and average pore
size of the five catalysts increased with the increase of the pH
value of the sol. When the pH value of the sol was 6, the Fes-
CesTi catalyst had the largest specific surface area of 109.543 m>
g '; because this value of the sol is close to the isoelectric point
of TiO,,*® it is conducive to the growth of TiO, particles and the
formation of nanocrystals with large specific surface area.
Therefore, the inorganic network structure and surface
morphology of materials prepared by the sol-gel method are
closely related to the pH value of the sol. In the preparation
process of the FesCesTi catalyst, tetrabutyl titanate was firstly
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Fig. 4 The effects of the different reaction temperatures on removal efficiencies of Hg® (a) and AsHs (b) over FesCesTi catalysts (total gas flow:
800 mL min~%, catalyst filling capacity: 200 mg, Hg%: 400 ug m~3, AsHz: 50 ppm, O,: 1 vol%, CO: 80 vol%, reaction temperature: 100-170 °C).
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Fig. 5 The effects of O, concentration on the removal efficiencies of Hg® (a) and AsHs (b) over FesCesTi catalysts (total gas flow: 800 mL min~2,

1

catalyst filling capacity: 200 mg, Hg®: 400 pug m=>, AsHz: 50 ppm, O,: 0—1 vol%, CO: 80 vol%, reaction temperature: 150 °C).

Table 2 BET specific surface, pore volume and pore diameter of
different sol pH FesCesTi catalysts

Sample (sol Surface area Pore volume Average pore

pH) (m?>g™) (em® g™ size (nm)
2 50.505 0.062 3.405
4 83.437 0.089 3.403
6 109.543 0.126 3.450
8 95.145 0.117 3.427
10 95.109 0.105 3.552

hydrolyzed to Ti(OH),4, and then Ti(OH), was polymerized and
converted into inorganic oxides with reticular structure. The
possible reactions are as follows:

Ti(O-C4Hy), + 4H,0 — Ti(OH), + 4C,H,OH 1)

Ti(OH), — TiO,-nH,0 + (2 — n)H,O0 )

The relative contents of H* and OH™ in precursors of
different sol pH values affect the binding capacity of Ti** and
OH . When the sol pH is less than 6, the precursor solution is
acidic, and the stable Ti(OH), nucleation cannot occur, result-
ing in the expansion of the material. With the increase in the pH
of the sol, the concentration of OH™ increases and the surface
hydroxylation occurs, which is conducive to the poly-
condensation reaction, so that the hydrolysates agglomerate
and the average pore size of the grains increases. The larger
specific surface area is beneficial for the dispersion of active
components, increasing the number of active points on the
catalyst surface, and enhancing the performance of the catalyst.

3.2.2. HR-TEM analysis. HR-TEM images of the Fe;CesTi
catalyst prepared under different sol pH conditions are shown
in Fig. 6; the crystal patterns of FesCesTi catalysts prepared by
different sol pH were observed in the HR-TEM images. The
results show that the Fe;Ce5Ti catalysts prepared at different sol
pH have satisfactory crystal phases. When the sol pH is 2, as
shown in Fig. 6(a), the prepared samples have two lattice stripes
of 0.321-0.327 nm and 0.350-0.358 nm, which presumably

© 2023 The Author(s). Published by the Royal Society of Chemistry

correspond to the rutile crystal type and anatase crystal type,
respectively,® and the rutile crystal type is the major type,
whereas the anatase crystal content is less. When the pH of the
sol was 4, 8 and 10, as shown in Fig. 6(b), (d) and (e), it was
assumed that the prepared samples also contained rutile crys-
tals and anatase crystal, and the TiO, particles in the prepared
Fe;CesTi catalyst were mainly anatase crystals, with less rutile
crystal content. When the sol pH was 6, as shown in Fig. 6(c), it
was inferred that the prepared Fes;CesTi catalyst had only
anatase crystalline TiO, particles, and it was confirmed that the
anatase crystal type TiO, has optimal potential as a catalyst
carrier.* Therefore, the Fe;CesTi catalyst prepared when the sol
pH is 6 had the best surface morphology and TiO, particle
crystal shape. We used ICP-OES to determine the Fe and Ce
contents in Fe;CesTi, which were 42.36 mg g™ and 48.02 mg
g, respectively.

3.2.3. XRD analysis. To explore the relationship between
calcination temperature and the crystal structure of the Fes-
Ce;Ti catalyst and the reason for the influence of calcination
temperature on the removal efficiency of Hg® and AsHj, XRD
analysis of FesCe;Ti catalysts prepared at 300 °C, 400 °C, 500 °C,
600 °C and 700 °C was carried out. XRD patterns are shown in
Fig. 7 and Table 3. With the roasting temperature increasing
from 300 °C to 500 °C, the characteristic peak of the anatase
crystal structure gradually appeared. The diffraction peaks with
26 values of 25.4°, 38.1°, 48.0°, 54.7°, 62.7° and 76.5° were TiO,
(PDF21-1272) anatase diffraction peaks. The FesCesTi catalyst
prepared at 300 °C was completely composed of anatase crystals
with an average grain size of 8 nm. At this time the XRD pattern
of the catalyst had low diffraction peak intensity and small grain
size, mainly because the low calcination temperature led to the
inadequate crystallinity of TiO,. The diffraction peak of rutile
was not observed in the catalysts prepared at the roasting
temperatures of 500 °C and below, and the intensity of the
anatase diffraction peak increased with the roasting tempera-
ture, which may be due to the thermally induced growth of TiO,
particles and the increase in the crystallinity of the TiO, parti-
cles.* When the roasting temperature was further increased,
the TiO, crystal type changed from anatase to rutile, and the
higher the roasting temperature, the more obvious the

RSC Adv, 2023, 13, 3958-3970 | 3963
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Fig. 6 HR-TEM photographs of FesCesTi catalysts prepared with sol pH = 2 (a), 4 (b), 6 (c), 8 (d) and 10 (e).
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Fig. 7 XRD patterns of FesCesTi catalysts at different calcination

temperatures.
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Table 3 The crystallite forms and sizes of the different calcination

temperature FesCesTi catalysts

Samples (calcination

Crystallite size (nm)

temperature) Anatase Rutile
300 °C 8.0 —
400 °C 11.2 —
500 °C 10.6 —
600 °C 12.8 14.0
700 °C 15.4 18.3

diffraction peak of rutile, and the grain size also increases. With
the increase in roasting temperature, the size of the anatase
crystal increased from 8.0 nm to 15.4 nm, and the size of the
rutile crystal increased from 14.0 nm to 18.3 nm. The higher

© 2023 The Author(s). Published by the Royal Society of Chemistry
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roasting temperature promotes the agglomeration of TiO,
particles, resulting in the growth of particles and the increase in
grain size. However, the diffraction peaks of Fe;0, and CeO,
were not observed in the XRD patterns, indicating that the
oxides of Fe and Ce were evenly dispersed on the surface of
TiO,. Combined with the XRD characterization analysis results
and the influence of the FesCesTi catalyst prepared at different
roasting temperatures on the removal performance of Hg® and
AsH; discussed above, 500 °C was selected as the optimal
roasting temperature for the FesCesTi catalyst.

3.2.4. XPS analysis. To confirm the chemical state of the
main elements on the surface of the Fe;CesTi catalyst before
and after the reaction, and the relative content of each element,
XPS characterization of O 1s, Fe 2p, Ce 3d, Hg 4f and As 3d was
performed on the Fes;CesTi catalyst, and the contents of the
individual elements after the peaks split were calculated.
Fig. 8(a—e) show the XPS spectra of Fes;CesTi catalysts; the

View Article Online

RSC Advances

proportions of O, and Op, Fe** and Fe*", Ce*" and Ce** were
calculated from the sum of the areas of different characteristic
peaks, as shown in Table 4.

The characteristic peaks detected in the XPS spectrum can be
divided into two overlapping peaks corresponding to different
forms of oxygen on the catalyst surface. The characteristic peak
at 529.8 eV is lattice oxygen, denoting O,, and the characteristic
peak at higher binding energy is chemisorbed oxygen, denoting
Ogp. The percentage of O, and Og on the catalyst surface is
denoted as O,/Or and Op/Or (Or = O, + Og)," respectively. The
elements of O, and Og are shown in Table 4. Compared with the
FesCesTi catalyst before the reaction, the lattice oxygen content
0,/Or on the catalyst surface after the reaction decreased from
75.17% to 65.80%. The results show that lattice oxygen is
involved in the catalytic oxidation of Hg® and AsH;, and Hg” and
AsHj; adsorbed on the surface of the catalyst were oxidized into
HgO, elemental As and As,0;. The ratio of Og/Or adsorbed on

()
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Fig. 8 XPS spectra of O 1s (a), Fe 2p (b), Ce 3d (c), Hg 4f (d) and As 3d (e) for fresh and used FesCesTi catalysts.
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Table 4 XPS results of the O 1s, Fe 2p, Ce 3d, Hg 4f and As 3d spectra
and their elemental contents before and after the reaction

O 1s Fe 2p Ce 3d
Groups/% O, Og Fe** Fe** ce*" ce*”
Fresh 75.17 24.83 60.56 39.44 74.26 25.74
Used 65.80 34.20 50.54 49.55 65.90 34.10
Hg 4f As 3d

Groups/% Hg>* As As**
Fresh — — —
Used 100 38.16 61.84

the catalyst surface increased from 24.83% to 34.20%, indi-
cating that chemisorbed oxygen can be supplemented from the
gas phase.

The Fe 2p spectrum of the FesCesTi catalyst is shown in
Fig. 8(b). The characteristic peaks of the electron binding
energies at 712.5 €V, 718.3 eV and 726.01 eV belong to Fe**, and
the characteristic peaks at 710.45 eV and 724.04 eV represent
Fe”".*> The percentage content of Fe** and Fe®" on the catalyst
surface is shown in Table 4. Before the reaction, the electron
binding energy of Fe 2p in the FesCesTi catalyst is shifted to
a higher energy direction, indicating that the electron cloud
density near the Fe on the catalyst surface is relatively low,
showing less free Fe in the system, and it was verified that the
simultaneous doping of Ce and Fe produced an interaction. The
strong induction effect of Ce on Fe caused the electron cloud
distribution on the catalyst surface to shift towards Ce; this
showed that the interaction between Fe and Ce gives the catalyst
stronger redox capacity and improves the activity of the cata-
lyst.** Compared with the Fes;CesTi catalyst before the reaction,
the Fe** content on the catalyst surface decreased from 60.56%
to 50.54%, while the Fe*' content increased from 39.44% to
49.55%. The results show that a part of Fe’" participates in the
reaction during the removal of Hg® and AsH; and is reduced to
Fe”"; that is, Fe’" plays an important role in the catalytic
oxidation reaction of Hg® and AsHj.

The Ce 3d spectrum of the FesCesTi catalyst is shown in
Fig. 8(c) and can be divided into eight secondary peaks, with the
characteristic peak of Ce 3d;, denoted as u, and the Ce 3ds),
denoted as v. The characteristic peaks are u, u”, u”, v, v/ and v"
which belong to Ce*", and the electron binding energy positions
are 900.8 eV, 907.1 eV, 916.6 €V, 882.5 €V, 889.0 eV and 898.5 eV,
respectively. The characteristic peaks denoted as u’ and V' are in
the same position as Ce*", and the electron binding energy posi-
tions are 903.0 eV and 885.6 eV, respectively.* The ratios of Ce**
and Ce"" on the catalyst surface were denoted as Ce**/(Ce®" +Ce*")
and Ce*"/(Ce*"+Ce*"), as shown in Table 4. The results show that
the Ce on the surface of the Fe;CesTi catalyst mainly exists in the
form of Ce™"; because of the coexistence of Ce*" and Ce**, the
redox electron pairs of Ce**/Ce*" can be detected on the catalyst
surface, which is conducive to the storage and release of oxygen
on the catalyst surface, thus enhancing the redox performance of
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the catalyst. The catalytic oxidation performance of Hg® and AsH;
was enhanced.® After the reaction, the ratio of Ce**/(Ce** + Ce*")
on the surface of the Fe;CesTi catalyst decreased from 74.26% to
65.90%, illustrating that the presence of Ce*" promoted the
catalytic oxidation of Hg” and AsH;. Meanwhile, Ce*" promoted
the transformation of Fe*' to Fe®*", which is beneficial for the
simultaneous removal of Hg® and AsHs.

The Hg 4f spectrum of the FesCesTi catalyst after the reaction
is shown in Fig. 8(d). Two obvious characteristic peaks were
detected at electron binding energies of 101.2 eV and 105.2 eV,
respectively, due to the characteristic peaks of Hg 4f;,, and Hg
4f5;, mercury oxide (HgO) species. The presence of Hg? was not
observed on the surface of the catalyst after the reaction, which
may be due to the desorption of Hg® during the reaction process
or the volatilization of Hg® in the XPS test, resulting in the low
concentration of Hg® on the surface. According to XPS analysis,
mercury exists in the form of HgO on the surface of the Fe;Ce;Ti
catalyst after the reaction.

The As 3d spectrum of the FesCesTi catalyst after the reaction
is shown in Fig. 8(e). The characteristic peak at the electron
binding energy of 42.0 eV is attributed to elemental As, and the
characteristic peak at the electron binding energy of 45.8 eV is
As**, which is consistent with As,0;.**” The results show that
AsHj; in the gas phase is oxidized into elemental As and As,03,
which were adsorbed on the surface of the catalyst.

3.3. Catalyst regeneration performance evaluation

The service life and regeneration capacity of the FesCesTi
catalyst were investigated using the N, blowdown heating
regeneration method. The reacted FesCesTi catalyst was first
reactivated by hot airflow for 3 h, then soaked and washed 4-5
times with deionized water. It was heated in a tube furnace with
N, in the roasting temperature range for 1-2 h to regenerate the
reacted FesCesTi catalyst. At the end of heating, the tube
furnace was turned off and the sample was allowed to cool to
room temperature in the N, environment. The reaction condi-
tions were as follows: 400 pg m~ inlet concentration of Hg’,
50 ppm inlet concentration of AsHjz, total gas flow rate of 800
mL min~ ", 1 vol% oxygen, and reaction temperature of 150 °C.
The penetration adsorption capacities of the regenerated Fes-
CesTi catalysts for Hg® and AsH; removal reactions were lower
than those of the fresh catalysts, as shown in Fig. 9, probably
because the thermal regeneration destroyed the pore structure
of the materials and reduced the active sites on the surface. This
may be because the thermal regeneration destroyed the pore
structure of the material and reduced the active sites on the
surface. The catalyst was regenerated three times and still
retained a penetration adsorption capacity of 1.773 mg g~ for
Hg® removal and 305.4 mg g~ ' for AsH; removal. This indicates
that the catalyst has excellent regeneration performance and
service life. The previously reported Hg® and AsH; removal
methods are summarized in Table 5.

3.4. Mechanism discussion

According to the above experimental results and characteriza-
tion analysis, the reaction mechanism of Fe-Ce-doped nano

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 HgP® and AsHs adsorption tests after regeneration (total gas flow:

50 ppm, O;: 1 vol%, CO: 80 vol%, reaction temperature: 150 °C).

Table 5 Summary of previous studies on Hg® and AsHsz removal
catalysts

Removal rate/adsorption
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800 mL min~%, catalyst filling capacity: 200 mg, Hg®: 400 ng m=3, AsHs:

TiO, for the simultaneous removal of Hg® and AsH; in the
yellow phosphorus flue gas was proposed and is shown in
Fig. 10.

XPS characterized the chemical state of the major elements

Contaminant  Material capacity (mg g7) Ref.
on the catalyst surface and the relative content of each element

Hg’ Active carbon 90% 25  before and after the catalyst reaction. The characterization

0 . .
Hgo Au : 40-60% 48 results showed that the pre-reaction lattice oxygen content was
- o
Eé, ,1;;1(;)2/ rutile TIO, 23;" ;“1) higher than the post-reaction content, while the chemisorbed
()
Hg Ce2-2W03 ITiO, 95% 40  OXygen pre-reaction content was lower than the post-reaction
AsH; Cu-loaded active  50% 50 content, which indicates that the lattice oxygen is involved in
carbon the reaction. The content of Fe®" and Ce"" decreased before and
. —1 . .

AsH, CuO/Tio, 534.3mgg 51 after the catalyst reaction, while the content of Fe** and Ce**
increased, which implies that Fe,O; formed FeO, and CeO, was
converted to Ce,O; during the reaction. The reaction

Hg(ad) Hg"(g)
HgO(ad) Fes.‘. 5 ] Ce.;-
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Fig. 10 Reaction mechanism for the removal of Hg0 and AsHs.
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mechanism of the material was also judged in conjunction with
previous studies,*'***** making the mechanistic analysis more
scientific.

The removal mechanism of Hg® can be explained as follows:
(1) the Hg® in the gas phase is attached to the active site on the
surface of the catalyst by physical adsorption, and the adsorbed
Hg" is formed. (2) The adsorbed e Hg® reacts with lattice oxygen
provided by Fe-Ce bimetallic oxide to form HgO. The specific
reaction is as follows:

Hg’(g) — Hg’(ad) 3)
Fe,0; — 2FeO + [O] (4)
2Ce0, — Ce,05 + [O] (5)

Hg'(ad) + [0] — HgO(ad) (6)

The reaction mechanism of AsH; can be explained as
follows: (1) AsH; in the gas phase is adsorbed on the active site
of the catalyst surface by physical adsorption, forming adsorbed
AsH;. (2) The adsorbed AsHj; reacts with lattice oxygen provided
by Fe-Ce bimetallic oxide and is oxidized to As. (3) As continues
to react with lattice oxygen to form As,O3; the specific reactions
are as follows:

AsH(g) — AsHj(ad) @)
2AsHjs(ad) + 3[0] — 2As(ad) + 3H,0 (8)
2As(ad) + 3[0] — As,Os(ad) (9)

The lattice oxygen consumed by the Fe-Ce bimetallic oxide
can be supplemented by micro-oxygen in the simulated flue gas
or provided by redox cycling between the Fe-Ce bimetallic oxide
mixtures. The interaction of iron and titanium atoms can
effectively disperse the active substances with strong oxidizing
ability.?* The valency of cerium oxide is lower than that of Fe®",
so their compounds can effectively improve the oxygen storage
and oxygen release properties of CeO,, and the generation of
a large number of cationic vacancies on the surface of CeO, can
enhance its redox properties. The above experimental results
and characterization analysis showed that the interaction
between FeO and Ce,O; promoted the catalytic oxidation reac-
tion of Hg® and AsH;; specific reactions are as follows:

2C€203 + 02 g 4C602 (10)
4FeO + 02 - 2F6203 (11)
2C602 + 2FeO — F€203 + CCzO}, (12)

4. Conclusions

In this paper, a catalyst, FesCesTi, was developed for the
simultaneous removal of Hg® and AsH; from yellow phosphorus
flue gas. The catalyst showed the best oxidation capacity for Hg®
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and AsHj; at the reaction temperature of 150 °C, the removal
efficiency of Hg was as high as 93.5%, and it also demonstrated
a glorious performance in the removal of AsH;. Under the
optimal reaction conditions, the penetration adsorption
capacity of the FesCesTi catalyst for the removal of AsH; was
385.5mg g " and for the removal of Hg’ was 2.178 mg g~ . O, in
the flue gas also greatly contributed to the removal of Hg® and
AsHj, and the catalyst exhibited high Hg® and AsH; removal in
conditions of 1% micro-oxygen. The oxidation mechanism of
Hg’ and AsH; was inferred from XPS analysis, and the catalytic
oxidation reaction plays an important role in the removal of Hg’
and AsH;. Hg® and AsH; in the gas phase after the reaction were
attached to the catalyst surface in the form of HgO and As,O3,
and the Fe-Ce bimetallic oxides played a synergistic role in the
reaction, which effectively enhanced the performance of the
catalyst.
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