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Abstract: In this study, we proposed an innovative oxidation–absorption method for low-temperature
denitrification (160–240 ◦C), in which NO is initially catalytically oxidized by hydrogen peroxide
(H2O2) vapor over titania-based catalysts, and the oxidation products are then absorbed by NaOH
solution. The effects of flue gas temperature, molar H2O2/NO ratio, gas hourly space velocity (GHSV),
and Fe substitution amounts of Fe/TiO2 catalysts on the denitrification efficiency were investigated by
a well-designed experiment. The results indicated that the Fe/TiO2 catalyst exhibited a combination
of remarkable activity and deep oxidation ability (NO converted into harmless NO3

−). In order
to comprehend the functional mechanism of the Fe dopant’s local environment in TiO2 support,
the promotional effect of the calcination temperature of Fe/TiO2 on the denitration performance
was also studied. A tentative synergetic mechanism could be interpreted from two aspects: (1) Fe3+

as a substitute of Ti4+, leading to the formation of enriched oxygen vacancies at the surface, could
significantly improve the adsorption efficiency of •OH; (2) the isolated surface Fe ion holds a strong
adsorption affinity for NO, such that the adsorbed NO could be easily oxidized by the pre-formed
•OH. This process offers a promising alternative for current denitrification technology.
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1. Introduction

Increasingly serious environmental pollution has brought with it a significant threat to human
survival and the ecological system, wherein the discharge of atmospheric pollutants, which mainly
include nitric oxide (NOX), has become the main phenomenon responsible for acid deposition,
photochemical smog, and respiratory disease in mankind.

Conventional strategies for NOX control are mainly categorized into three groups: pre-combustion,
combustion modification, and post-combustion technologies [1]. Since pre-combustion and combustion
modification could not meet the strict new emissions regulations, they are often adopted as an
adjunctive way to control NOX. The post-combustion technologies, which mainly include the
selective catalytic reduction method (SCR), the selective non-catalytic reduction method (SNCR),
electron-beam, and absorption, are the primary methods for NOX elimination. As the most common
way to control NOX, SCR is capable of achieving a high level of NOX removal efficiency: up to
85% [2]. Nevertheless, this process suffers from problems, such as a high and narrow operating
temperature window (300–400 ◦C), NH3 slip, and the poisoning of the catalyst [3]. Other deNOx
methods suffer from the defects of requiring a high amount of investment capital or having a low
efficiency. Therefore, a cost-effective and environmentally friendly strategy for reducing NOX was
overpoweringly needed. Fortunately, advanced oxidation technology seems to be a promising
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approach and has drawn much attention recently. The ultraviolet (UV)/H2O2 advanced oxidation
process is a typical method for purifying flue gas and can achieve a relatively high NO oxidation
efficiency [4,5]. However, this breakthrough technique was found to be hard to realize for a real
scale application due to a high operating cost and unfeasibility for implementation. The catalytic
decomposition of gas-phase H2O2 into •OH seemed to be an appealing alternative due to its mild
reaction conditions and environment-friendly advantage. Ding and his colleague had attempted to
produce a series of iron-based catalysts for the catalytic decomposition of H2O2 and achieved an ~80%
NOX removal efficiency [6–8]. Nonetheless, the method is stoichiometrically limited by hydrogen
peroxide (H2O2/NO molar ratio = 450~800:1), and consequently it is difficult to use for widespread
application. Recently, Zhao et al. adopted nanoscale zerovalent iron to activate vaporized H2O2 for
removing NO, and the NO removal efficiency was 80.4% at the price of a low H2O2 dosage (H2O2/NO
molar ratio = 10~30:1) [9]. Moreover, Wu further decreased the H2O2/NO molar ratio to 4~16:1 by
employing the solid-phase Fe2(SO4)3 and La1−xCaxFeO3 oxides as the catalysts [10,11]. However,
they focused more attention on the removal efficiency of NO, irrespective of the potential intermediates
and their individual hazards. In this regard, the undesired intermediate products (NO2 and NO2

−),
which are recognized to be more detrimental than NO, were usually ignored as DeNOX indexes to
evaluate the performance of NOx abatement.

TiO2 is considered to be an ideal catalyst for the removal of air pollutants—including NOX—due to
its excellent chemical stability, low cost, and nontoxicity toward both humans and the environment [12].
Recent studies have proven that H2O2 can act both as an oxidant and as a reductant via a redox path
of Ti3+/Ti4+ when the decomposition reaction of a H2O2 molecule over a TiO2 surface occurs [13].
It should be noted that defective surface sites, especially for the oxygen vacancies, play a significant
role in the decomposition of H2O2 [14]. However, the limited quantity of oxygen vacancies on a
pure TiO2 surface retards its capacity for the generation of •OH by activating H2O2. The doping of
hetero-valence ions in the host lattice seems to be a good choice to resolve this problem.

In this paper, a series of Fe/TiO2 catalysts has been synthesized by a conventional co-precipitation
method and applied in the catalytic decomposition of H2O2 for treating NOX. The possible intermediate
products and their individual hazards in the nitric oxide oxidation process were comprehensively
considered to evaluate the catalytic performance of the catalysts. Remarkably, the prepared material
achieved a combination of high NOx removal efficiency and deep oxidation ability.

2. Results and Discussion

2.1. Effects of Molar H2O2/NO and Temperature

The effect of molar H2O2/NO with temperature on denitration was studied experimentally as
shown in Figure 1a–c. Blank tests were also performed using various H2O2 solutions without catalyst
(Figure S1). The tests showed that at 160–240 ◦C the highest NOX removal efficiency under different
H2O2/NO ratios was less than 25%. The significant increase of NO oxidation efficiency in the presence
of catalyst could be attributed to the activated species produced from catalytic decomposition of
H2O2 vapor. The catalytic mechanism of a H2O2 molecule over TiO2 is analogous to the Fenton-type
mechanism, and the reaction pathways can be described by the following equations [13,15]:

H2O2 + Ti4+ → Ti3+ + H+ + HO2• (1)

Ti3+ + H2O2 → Ti4+ + OH− + •OH (2)

As observed in Figure 1a, for the molar H2O2/NO range from 8 to 24, the NO oxidation efficiency
displayed an increasing and then a decreasing tendency with an increase in reaction temperature.
The optimum NO oxidation efficiency reached at 200 ◦C. In contrast, the NO oxidation values for
the molar H2O2/NO of 48 varied slightly with temperature and maintained a higher level than the
others. NO2 selectivity (Figure 1b) was positively associated with the temperature, and the growth of
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NO2 at a high-temperature segment could be due to the decomposition of formed nitrates [16]. As a
consequence, the total amount of NOX removal (Figure 1c) for the molar H2O2/NO range from 8 to
24 achieved a highest value at 200 ◦C, and showed a moderating trend along with the temperature for
the molar H2O2/NO of 48. It is worth noting that the efficiency values of NO oxidation increased with
an increase in the molar H2O2/NO, while the NO2 selectivity firstly increased as the molar H2O2/NO
rose from 8 to 24 and then declined with a further increase of molar H2O2/NO. This phenomenon could
be interpreted in two respects: (1) the increase of molar H2O2/NO implied that more H2O2 molecules
participated in the reaction with NO; however, the weak oxidative capacity of H2O2 molecules could
not implement a completed oxidation process of NO [17,18]; and (2) the weakening of the concentration
effect for the molar H2O2/NO of 48 was mainly ascribed to the quenching of •OH; i.e., •OH radicals
were depleted in the side-reaction and H2O2 was also a radical scavenger in addition to the source of
•OH (Equations (3)–(6)) [19,20]. Meanwhile, the molar percentage of NO3

− increased from 36.8% to
62.1% as the molar H2O2/NO rose from 8 to 24, and then dropped to 58.7% with a further increase of
molar H2O2/NO (Figure 1d). This trend strengthened the abovementioned analysis.

•OH + OH→ H2O2 (3)

•OH + H2O2 → HO2•+ H2O (4)

HO2•+ HO2• → H2O2 + O2 (5)

HO2•+ HO• → H2O + O2 (6)
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Figure  1.  (a–d)  Removal  efficiencies  of  nitric  oxide  (NOX)  under  different  reaction  systems. 

Conditions: H2O2/NO molar ratio: 8:1, 12:1, 24:1, and 48:1; catalyst: TiO2 (P25, Evonik Industries AG); 

gas hourly space velocity (GHSV) = 60,000 h−1.   

Figure 1. (a–d) Removal efficiencies of nitric oxide (NOX) under different reaction systems. Conditions:
H2O2/NO molar ratio: 8:1, 12:1, 24:1, and 48:1; catalyst: TiO2 (P25, Evonik Industries AG); gas hourly
space velocity (GHSV) = 60,000 h−1.

2.2. Effects of the Gas Hourly Space Velocity (GHSV)

A series of experiments with different GHSV were conducted. As shown in Figure 2a–c,
the performance of denitration strongly depended on the space velocity. A higher GHSV (>60,000 h−1)
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displayed a NOX removal efficiency of more than 80% in the temperature range from 160 ◦C to
240 ◦C. As demonstrated by Li et al. [21], H2O2 could easily be adsorbed by the TiO2 surface and
give rise to surface complexes, and further be converted into •OH, which is highly reactive and
interacts with NO rapidly. Theoretically, the NOX removal efficiency should increase with a decline
of GHSV from 60,000 h−1 to 30,000 h−1. However, the observed results showed a contrary tendency.
This phenomenon could be interpreted such that the surface nitrate would decompose into NO2 on the
TiO2 surface when the catalyst dosage was excessive [22]. In the meanwhile, the Ti3+ species generated
in the redox process might have reacted with NO2 (Equation (7)), thus facilitating the generation of
NO [10,23].

Ti3+ + NO2 → Ti4+ + NO (7)
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12:1; catalyst: P25.

2.3. Effects of Catalyst Type

To investigate the effect of TiO2 from different sources and Fe substitution amounts on the removal
efficiency of NOX, a series of experiments with different catalyst types were performed. As depicted
in Figure 3a–c, TiO2 exhibited a higher NO oxidation efficiency compared with P25, while both gave
a ~10% NO2 selectivity. With the introduction of an iron ion, the NO oxidation efficiency increased
slightly while NO2 selectivity declined at the same time. This trend led to a significant increase in the
total NOX removal efficiency, especially for the 2% Fe-TiO2, which was up to 94%. We also selected
the nitrogen species distribution at 200 ◦C to further confirm the positive effect of the iron ion. As
illustrated in Figure 3d, the molar percentage of NO3

− increased from 78.7% to 88.1% when the iron
molar concentration increased from 0.5% to 2% and then dropped by 1.8% with a 3% Fe-TiO2. Moreover,
the percentage of NO2

− was significantly less than TiO2 without an iron ion. This strengthened the
fact that the iron ion facilitated the deep oxidation ability which turned NO into NO3

−.
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Figure 3. (a–d) Removal efficiencies of NOX under different catalyst types. Conditions: H2O2/NO
molar ratio: 12:1; GHSV: 60,000 h−1.

2.4. Structural Properties of Catalyst

Figure 4 displays the Raman scattering spectra of the tested catalysts. The P25 and iron-doped
titanium dioxides with different molar ratios (0%, 0.5%, 1%, 2%, and 3%) showed similar spectral
characteristics. The observed peaks at 144 cm−1, 195 cm−1, 395 cm−1, 515 cm−1, and 638 cm−1 belong to
the Raman active of TiO2 with symmetries of Eg(1), Eg(2), B1g(1), B1g(2), and Eg(3), respectively [24,25].
It should be mentioned that no Fe-relevant structures could be observed in the sample obtained above
400 ◦C, confirming that the Fe atom may substitute for the Ti atom and be highly dispersed in the
lattice of TiO2.
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The N2 adsorption–desorption isotherms of the samples and the Brunauer–Emmett–Teller (BET)
value are presented in Figure S2 and Table 1. From Figure S2, all of the samples showed a typical
IV-type pattern according to the Brunauer–Deming–Deming–Teller (BDDT) classification. The 3%
Fe-TiO2 displayed hysteresis loops in the relative pressure of 0.4~0.8, which represented mesoporous
materials (2–50 nm). Nevertheless, the other samples exhibited two capillary condensation steps,
suggesting bimodal pore size distributions in the mesoporous and microporous regions [26]. The BET
specific surface area of the P25 and pure TiO2 was 36.7 and 98.6 m2·g−1, respectively. It should be
mentioned that a sharp decrease in surface area was observed when the doping content exceeded
1 mol %, which was possibly due to a solubility limit for Fe3+ ions in the crystal structure of anatase
and the excess Fe3+ ion blocking the pore channel of TiO2 [27].

Table 1. Textural properties of the samples.

Catalyst Surface Area (m2·g−1) Crystallite Size (nm) Pore Volume (cm3·g−1) Pore Radius (Å)

P25 36.7 26.23 0.087 106.1
TiO2 98.6 11.16 0.162 41.3

0.5% Fe-TiO2 80.4 12.96 0.226 48.9
1% Fe-TiO2 92.3 11.75 0.213 42.8
2% Fe-TiO2 66.9 11.27 0.157 44.3
3% Fe-TiO2 66.4 10.62 0.079 25.8

The XRD patterns of the tested catalysts are depicted in Figure 5. The P25 revealed a pattern
characteristic of both a rutile and anatase phase, while the crystal structures of the doped and
undoped samples prepared by the co-precipitation method were all anatase (JCPD S#21-1272). For
the diffraction patterns of the Fe-doped TiO2 samples, all diffraction peaks were congruent with TiO2

and no peaks attributable to iron species could be observed in the investigated range. The possible
reason was that the Fe atoms had successfully replaced Ti atoms and were incorporated into the crystal
framework of the TiO2 lattice due to a similar ionic radius of Fe3+ (0.69 A) and Ti4+ (0.745 A) [28,29].
As presented in Table 1, iron species loading also impacted on the crystallite size of the samples
significantly. The maximum crystallite size was found in the material with dopant concentrations of
around 0.5 mol %. This phenomenon was in good agreement with the attainment, which suggested
a solubility limit for Fe3+ ions in the anatase structure owing to lattice expansion that arises from
compensating effects between the Fe3+ substitution of Ti4+ and oxygen vacancy formation for the
maintenance of charge neutrality [30,31].
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FE-SEM micrographs of undoped and doped TiO2 nanoparticles are shown in Figure S3.
The average particle size of the P25 sample was significantly larger than the catalysts prepared
by the co-precipitation method, and all samples revealed a fine and uniform spherical particulate
structure. The morphology structures of the samples were characterized by TEM (transmission electron
microscopy) and HRTEM (high resolution transmission electron microscopy). As shown in Figure 6a–d,
a uniform isolated individual particle can be observed in the Fe-doped TiO2 samples. The HRTEM
image of all of the Fe-TiO2 samples indicates that the obtained TiO2 particles were mainly in the anatase
phase (Figure 6e,f), wherein a well-ordered lattice fringe spacing of 0.35 nm corresponded to the (1 0 1)
crystallographic plane of anatase, and the results were consistent with the XRD analysis [32]. It can be
easily observed in the EDX (energy-dispersive X-ray spectrometry) mapping of the 2% Fe-TiO2 that
the iron element was homogeneously dispersed onto the TiO2 support (Figure 6g–j), and this finding
clearly raised the conclusion that the present preparation method provided a well-dispersed metal
loading over the supported sample.
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(g–j) EDX mapping analyses for 2% Fe-TiO2.



Catalysts 2017, 7, 386 8 of 17

In addition, XPS measurements were conducted to further ascertain the chemical status of the
surface of the Fe-doped TiO2 nanoparticles. The corresponding results are presented in Figure 7.
As shown in Figure 7a, the fully scanned spectra demonstrated the existence of Ti, O, and Fe elements,
as well as C as the reference (C 1s calibrated with a fixed value of 284.8 eV). According to the core level
spectra of Fe 2p (given in Figure 7a as inset), the presence of Fe 2p3/2 and Fe 2p1/2 components in the
0.5% Fe-TiO2 and 1% Fe-TiO2 samples at the binding energy (B.E.) positions of 710.9 eV and 724.3 eV
were consistent with Fe3+ in an interactive Ti-O-Fe species [33]. A higher shift of the binding energies
of Fe 2p3/2 and Fe 2p1/2 could be observed with a further increase in Fe concentration, and this
phenomenon was caused by the existence of the adsorbed Fe3+ dopant on the surface of the TiO2 [34].
The existence of Fe3+ on the TiO2 surface was likely to increase the number of available adsorption
sites and lower the surface desorption energy [34,35]. A slight shift was also observed in the presence
of Ti 2p3/2 and Ti 2p1/2 when the Fe-doped concentration exceeded 2 mol %, and all peaks regarding
Ti 2p indicated that the Ti elements in the samples were in agreement with the values of Ti4+.
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To further investigate the lattice site occupancy around the iron ion in the TiO2 host, electron
paramagnetic resonance (EPR) experiments of the iron-loaded TiO2 samples were conducted and the
results are presented in Figure 8. The EPR signals observed at g = 1.99 and g = 4.22 were attributed to
Fe3+ substituted for Ti4+ in the matrix of TiO2 and to the substitutional incorporation of isolated iron
cations dispersed on the TiO2 surface, respectively [27,36,37]. According to the standard Kroger–Vink
equation, the acceptor-type Fe3+ dopant in the TiO2 lattice could act as defective sites (V••O − Fe′Ti) and
generate oxygen vacancies (V••O ) [38,39].

Fe2O3
TiO2→ 2FeTi + 3OX

O + V••O (8)

Meanwhile, a comparison of the spectral characteristics among the tested samples showed that
the g = 4.22 resonance band increases with the iron content compared with the signal at g = 1.99,
indicating that more doped iron cations were located on the TiO2 surface.

To investigate the reducibility behaviour of the bare and Fe-supported TiO2, a series of H2-TPR
experiments were conducted and the results are shown in Figure 9. It can be seen that, in the pure
TiO2 sample, a broad signal was presented ranging from 500 ◦C to 650 ◦C, and the two reduction
peaks located at 585 ◦C and 613 ◦C can be ascribed to the surface oxygen and lattice oxygen due to
Ti4+ to Ti3+ [40]. When Fe was incorporated into the TiO2 support, a distinct overlapped peak shifted
to the lower temperature range (400–565 ◦C). Meanwhile, the peak intensity showed a significant
increase as the Fe-doped concentration increased from 0.5% to 2%, and weak growth could be observed
with a further increase in Fe-doped concentration. These results indicate that the integration of Fe
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with the TiO2 nanoparticle could enhance the oxidative ability of the TiO2. To better understand
the detailed reduction properties of Fe species, a peak-fitting process was performed according to
the method proposed by Liu et al. [41]. As shown in Figure 9, all of the Fe-doped TiO2 reduction
peaks can be divided into four sub-bands and denominated as T1, T2, T3, and T4. The sub-band
T1 and sub-bands T2–T4 are assigned to the surface oxygen and lattice oxygen, respectively [42].
Specially, the T2, T3, and T4 bands correspond to the progressive reduction process of the Fe ion,
i.e., Fe3+-O-Ti→Fe2+/3+-O-Ti→Fe2+-O-Ti→Fe0 [43]. The area ratio values of T1/(T2 + T3) were all
below 1:2, indicating that the Fe3+-O-Ti has been really converted into Fe0 in the T3–T4 process. It is
worth mentioning that the area ratio values of T1/(T2 + T3) decreased with an increase in Fe-doped
concentration, and this phenomenon should be attributed to the fact that an increase in Fe-doped
concentration facilitates the enrichment of isolated Fe3+ on the surface of TiO2 (hereafter denoted as
Fe3+

surface). The results are consistent with the above EPR analysis.
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As proposed above, •OH served as putative contributors to the removal of NO, where P25 and the
as-prepared materials were used as catalysts to decompose H2O2. As shown in Figure 10, the observed
hyperfine splitting constants for the 1:2:2:1 signal (aN = aH = 14.9 G) were the typical spectrum shape
of the DMPO-OH spin adduct and were in good accordance with the values in the literature [44].
What is more, the concentration of •OH was in the order of: 2% Fe-TiO2 + H2O2 > TiO2 + H2O2 >
P25 + H2O2 > H2O2. This order was identical to the NOX removal efficiency and evidenced that the
as-prepared catalysts facilitated the production of •OH.Catalysts 2017, 7, 386    10 of 16 

 

 

Figure 10. EPR spectra of radical adducts with DMPO in H2O2, H2O2 + P25, H2O2 + TiO2, and H2O2 + 

2% Fe/TiO2 systems. 

2.5. Mechanistic Discussion 

To elucidate  in depth  the  functional mechanism and promotional effect of Fe  species on  the 

oxidative activity of NOX, a fixed Fe/Ti molar ratio of 2% treated at different calcination temperatures 

were selected to test the catalytic activities. As shown in Figure 11a–d, the sample treated at 450 °C 

yielded the highest NOX removal efficiency of 95.67% and the conversion efficiency of NO to HNO3 

was 88.1%. The XRD patterns of  the Fe/TiO2 samples  (Figure S4) revealed  that samples  treated at 

Tanneal  ≤ 400 °C exhibited a hybrid crystalline  feature of  the amorphous gel and a small grain size 

anatase structure, while  the samples annealing at  temperatures ranging  from 400 °C  to 600 °C all 

exhibited a pure anatase phase [45]. Moreover, a trace amount of the characteristic peaks of α‐Fe2O3 

(2θ = 32.4° and 34.6°) was detected  in the samples annealed below 400 °C and disappeared as the 

calcination temperature increased. The XPS results (Figure S5a) suggested that the iron species in the 

samples  treated below  400  °C were  assigned  to Fe2O3,  further  confirming  the  existence of phase 

segregation and verifying that a low annealing temperature is unfavorable for Fe3+ substituting for 

Ti4+ in the TiO2 matrix [46]. In comparison, the peaks of Fe 2p3/2 and Fe 2p1/2 of the samples treated 

at temperatures ranging from 400 °C to 500 °C shift higher, and this phenomenon could account for 

the cooperative formation of positively charged surface Fe3+ and Fe3+ in the Ti‐O‐Fe species [47,48]. 

Interestingly,  the  Fe  2p  level  binding  energy  exhibited  a  negative  shift  when  the  calcination 

temperature was over 500 °C, and the peak positions corresponded with the characteristics of a pure 

Ti‐O‐Fe species. The appearance of two distinct peaks of Ti 2p1/2 (464.4–464.7 eV) and Ti 2p3/2 (458.7–

458.8 eV) confirmed that all Ti ions were in the +4 valence state (Figure S5b). The EPR spectra of the 

samples  gave  direct  evidence  that  an  elevated  temperature  treatment  facilitated  the  iron  ions 

diffusing from the surface into the bulk of TiO2 (Figure S6). 

Figure 10. EPR spectra of radical adducts with DMPO in H2O2, H2O2 + P25, H2O2 + TiO2, and H2O2 +
2% Fe/TiO2 systems.

2.5. Mechanistic Discussion

To elucidate in depth the functional mechanism and promotional effect of Fe species on the
oxidative activity of NOX, a fixed Fe/Ti molar ratio of 2% treated at different calcination temperatures
were selected to test the catalytic activities. As shown in Figure 11a–d, the sample treated at 450 ◦C
yielded the highest NOX removal efficiency of 95.67% and the conversion efficiency of NO to HNO3

was 88.1%. The XRD patterns of the Fe/TiO2 samples (Figure S4) revealed that samples treated at
Tanneal ≤ 400 ◦C exhibited a hybrid crystalline feature of the amorphous gel and a small grain size
anatase structure, while the samples annealing at temperatures ranging from 400 ◦C to 600 ◦C all
exhibited a pure anatase phase [45]. Moreover, a trace amount of the characteristic peaks of α-Fe2O3

(2θ = 32.4◦ and 34.6◦) was detected in the samples annealed below 400 ◦C and disappeared as the
calcination temperature increased. The XPS results (Figure S5a) suggested that the iron species in
the samples treated below 400 ◦C were assigned to Fe2O3, further confirming the existence of phase
segregation and verifying that a low annealing temperature is unfavorable for Fe3+ substituting for
Ti4+ in the TiO2 matrix [46]. In comparison, the peaks of Fe 2p3/2 and Fe 2p1/2 of the samples treated
at temperatures ranging from 400 ◦C to 500 ◦C shift higher, and this phenomenon could account for
the cooperative formation of positively charged surface Fe3+ and Fe3+ in the Ti-O-Fe species [47,48].
Interestingly, the Fe 2p level binding energy exhibited a negative shift when the calcination temperature
was over 500 ◦C, and the peak positions corresponded with the characteristics of a pure Ti-O-Fe species.
The appearance of two distinct peaks of Ti 2p1/2 (464.4–464.7 eV) and Ti 2p3/2 (458.7–458.8 eV)
confirmed that all Ti ions were in the +4 valence state (Figure S5b). The EPR spectra of the samples
gave direct evidence that an elevated temperature treatment facilitated the iron ions diffusing from the
surface into the bulk of TiO2 (Figure S6).
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Based on the above analysis, the promotion effect of iron species on the catalytic activity could
be represented in the following two respects. On one hand, a certain proportion of Fe3+ in the
matrix of TiO2 (g = 1.99, hereafter denoted as Fe3+

matrix) generated the positively charged oxygen
vacancies by compensating for the negative charge acceptor dopant [38]. The oxygen vacancies site
acted as a catalytic center and facilitated the formation of •OH by the catalytic decomposition of
H2O2 vapor. The highly oxidative radical groups contributed to the charge separation process as
well as the oxidation of NO. On the other hand, a minor fraction of Fe3+ on the TiO2 surface showed
a remarkable inhibition of NO2; similar results were reported by Wu et al. [38]. Specifically, some
Fe3+ sites would be reduced into Fe2+ during the redox process of an H2O2 molecule, while Fe2+,
which holds a strong affinity for NO, could easily adsorb the NO molecules and form a Fe2+(NO)X

polynitrosyls species [49,50]. Then, this species could be oxidized via the adjacent •OH. As a result,
the introduction of appropriate Fe3+

surface and Fe3+
matrix were responsible for the superior performance

of the Fe-TiO2 catalyst.

3. Materials and Methods

3.1. Experimental Apparatus and Procedure

The experiments were carried out in a fixed-bed system as presented in Figure 12. The system
consisted of four sections: a simulated flue gas generating section, a quartz-made integrated reactor
for hydrogen peroxide vaporization and NO oxidation, an absorption section, and a flue gas analyser.
N2 and NO (1% (v/v), balanced with N2) compressed gas cylinders (Dalian Special Gases Co., Ltd.,
Dalian, China) were used to generate simulated flue gas. The total gas flow which passed through the
catalyst was fixed at 1 L/min controlled by mass flow meter (MCF), wherein the NOX content was
500 ppm. Some 0.3 mL/min 3 wt %, 6 wt %, 9 wt %, and 12 wt % H2O2 solution (30.0%, Sinopharm
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Chemical Reagent, Shanghai, China), which corresponded to a molar H2O2/NO of 8, 12, 24, and 48,
respectively, was pumped by a peristaltic pump (Longer Precision Pump Co., Ltd., Baoding, China),
carried by 200 mL/min N2, and vaporized through a heating apparatus (140 ◦C). The gas mixture was
injected into the catalyst zone with the simulated flue gas. The H2O2 vapor decomposed to produce
the oxidative free radicals via a typical surface catalysis reaction. As the catalytic decomposition
process of the H2O2 vapor occurred in the stream of simulated flue gas, the oxidative free radicals
rapidly converted NO into HNO2, NO2, and HNO3. Two scrubbers, made of a gas-washing bottle
filled with NaOH solution (0.2 mol/L, 0.3 L), were utilized to remove the HNO2 and HNO3 in
the mist. As demonstrated by Wang et al., up to 83% NO2 would not be absorbed by NaOH solution,
which then remained in the exhaust gas [51–53]. Therefore, the NO and NO2 remaining in the gas
measured by a flue gas analyser (Madur Photon PGD-100, Madurai Eljack Electronics Co., Vienna,
Austria) can represent the real NOX removal efficiency. The NO2

− and NO3
− ions in the sample

solutions were determined by ion chromatography (Dionex 4000, Dionex Corp., Sunnyvale, CA, USA).
The chromatographic conditions were: AS14 anion column, eluent solution (3.5 mM Na2CO3/1.0 mM
NaHCO3), flowrate (1.2 mL/min), column temperature (25 ◦C). The qualitative results of the ion
products in the scrubber solution were analyzed via the retention time and the peak area, respectively.
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3.2. Catalyst Preparation

Nanosize TiO2 (P25) was purchased from Evonik Industries AG (Essen, Germany). The catalyst
was heated at 400 ◦C for 6 h in air to remove impurities. The Fe/TiO2 catalysts were prepared by
the co-precipitation method, and the details of the process can be found in [28,54,55]. A calculated
amount of Fe(NO3)3·9H2O (98.5%, Sinopharm Chemical Reagent, Shanghai, China) and Ti(SO4)2

(97%, Sinopharm Chemical Reagent, Shanghai, China) (the molar ratios of Fe/Ti were 0.5%, 1%, 2%,
and 3%, respectively) were dissolved in ice-cold deionized water and stirred for 1 h, then standard
ammonia solution (25%, Sinopharm Chemical Reagent, Shanghai, China) was added slowly to
the solution under stirring until the pH rose to 10. Without aging, the obtained precipitate was
filtered and washed by deionized water. The resulting powder was desiccated at 105 ◦C for 12 h
and then calcined in air at 400 ◦C for 6 h. All samples were ground and sieved to 60–80 mesh
for activity tests. The catalysts prepared by the co-precipitation procedure were labelled as TiO2,
0.5% Fe-TiO2, 1% Fe-TiO2, 2% Fe-TiO2, and 3% Fe-TiO2 in order based on the loading concentration of
the iron element, whereas the TiO2 (P25) was named P25.
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3.3. Catalyst Characterization

Visible-Raman spectra of the catalysts were collected on a UV resonance Raman spectrometer
(LabRAM HR800, Horiba JobinYvon, Bensheim, Germany) using a 532 nm laser. The textural properties
of the samples were specified using liquid nitrogen adsorption at −196 ◦C in a physisorption analyzer
(Micromeritics ASAP 2020M, Micromeritics Instrument Corp., Norcross, GA, USA). The specific surface
area was calculated by the Brunauer–Emmett–Teller (BET) method. The crystalline phase of the sample
was identified by Powder X-ray Diffraction (XRD, PANalytical B.V., Almelo, The Netherlands) with
a high-intensity Cu Kα radiation source (λ = 1.5406 Å). The XRD pattern was collected over a range
of 2θ angles from 10◦ to 90◦ at a step size of 8◦ min−1. The average crystallite size of the sample was
estimated using Debye–Scherrer’s equation (Equation (1)), where the shape factor K is a constant taken
as 0.89, β is the full width at half maximum (FWHM) of the diffraction peak, θ is the Bragg angle, and
λ is the X-ray wavelength that corresponds to Cu Kα radiation (λ = 1.5406 Å).

D =
Kλ

β cos θ
(9)

Field emission scanning electron microscopy (SEM, Hitachi SU-8010, Hitachi High Technologies
Co., Hitachi, Japan) and transmission electron microscopy (TEM, FEI G2F30, FEI Co., Hillsboro,
OR, USA) were used to identify the surface morphology of the samples. XPS measurements
were recorded using a Thermo Scientific ESCALAB 250XI photoelectron spectrometer with Al Kα

(hν = 1486.6 eV, Thermo Fisher Scientific Inc., Waltham, MA, USA) X-ray radiation. Additionally,
the shift of the binding energy was corrected using the C1s level at 284.8 eV as an internal standard.
The X-band (9.4 GHz) electron paramagnetic resonance (EPR) spectrum was collected on a Bruker
EPR spectrometer (A300-9.5/12, Bruker Instruments, Karlsruhe, Germany) at room temperature.
Temperature programmed reduction (TPR) measurements were carried out on a CHEMBET 3000
instrument (Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the TPR experiments,
a 100 mg sample was purged with helium gas for 15 min. Then, the sample was preheated to 300 ◦C
and left for 30 min. After it cooled to ambient temperature, the catalyst was reduced in a flow rate
of 10% H2/Ar (30 mL/min) and a linear heating rate of 5 ◦C/min to 670 ◦C. •OH was captured by
5,5-dimethyl-1-pyrroline N-oxide (DMPO, 97%, Sigma-Aldrich, St. Louis, MO, USA) and detected by
ESR spectrometer. The details of the process can be found in Wiedmer and Sánchez [44,56]. Specially,
the operating conditions were set as follows: modulation frequency (100 kHz), modulation amplitude
(4 G), resonance frequency (9.87 GHz), sweep width (200 G), microwave power (19.22 mW), centre
field (3522 G).

3.4. Data Process

The deNOX performance can be assessed separately for NO oxidation, NO2 selectivity, and NOX

removal (NOX = NO + NO2) by using Equations (2)–(4) [28]. The values used were the average of
those collected after 2 h at a steady state, and the tests were repeated three times to ensure their
reproducibility. Meanwhile, the overall nitrogen mass balance was calculated in order to elucidate the
catalytic oxidation ability of the catalysts.

NO removal =
NOin − NOout

NOin
(10)

NO2 selectivity =
NO2,out

NOin − NOout
(11)

NOX conversion =
NOX,in − NOX,out

NOX,in
(12)
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4. Conclusions

A novel denitrification process with H2O2 vapor catalyzed by a TiO2-based catalyst was
proposed. Meanwhile, a series of Fe-doped anatase TiO2 nanoparticles were prepared with the
aim of complementing the developed system. Notably, the Fe/TiO2 exhibited remarkably high activity
with a high utilization efficiency of H2O2. A detailed study was carried out on the Fe/TiO2 catalyst.
The highest NOX removal efficiency achieved was 95.6%, and a molar NO3

−/NO2
− of 16.2 was also

achieved. The catalyst characterization results demonstrated that the strong enhancement of the deep
oxidation efficiency was evidenced to be related to the NO absorptivity of iron ions on the TiO2 surface
and O vacancies caused by the Fe3+

matrix.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/12/386/s1,
Figure S1. Removal efficiencies of NOX in blank tests; Figure S2. N2 adsorption/desorption isotherms of
the samples. (a) P25, (b) TiO2, (c) 0.5% Fe-TiO2, (d) 1% Fe-TiO2, (e) 2% Fe-TiO2, and (f) 3% Fe-TiO2; Figure S3.
FE-SEM images of the catalyst samples. (a) P25, (b) TiO2, (c) 0.5% Fe-TiO2, (d) 1% Fe-TiO2, (e) 2% Fe-TiO2,
and (f) 3% Fe-TiO2; Figure S4. X-ray powder diffraction patterns of the samples calcined at different temperatures;
Figure S5. X-ray photoelectron spectra for the samples calcined at different temperatures; Figure S6. EPR Spectra
of the iron-loaded samples at different heating temperatures.
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