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H I G H L I G H T S

•The optimum SCR activity was realized by
tuning the acid pretreatment.

•Optimized catalysts showed NOx conversion
above 90%.

•The NH3 and NO adsorption capacity of Al-O3-
Fe is stronger than Fe-O3-Fe.

•The formation of almandine consumes Fe3+ and
Al3+ and weakens their interaction.
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G R A P H I C A B S T R A C T

A B S T R A C T

Red mud (RM), as an alkaline waste, was recently proved to be a promising substitute for the SCR
catalyst. Dealkalization could improve the acidity and reducibility of red mud, which were critical for
SCR reaction. However, the dealkalization effect depended on the reaction between acid solution and
red mud. In this study, we realized the directional control of the chemical state of active sites through
tuning the acid pretreatment (dealkalization) process. The pretreatment endpoint was controlled at pH
values of 3–5 with diluted nitric acid. When the pH values of red mud were 3 and 5 (CRM-3 and CRM-
5), activated catalysts showed NOx conversion above 90% at 275°C–475°C. The high initial reaction
rate, Ce3+/(Ce3+ + Ce4+) ratio, and surface acidity accounted for the excellent SCR performance of
CRM-5 catalyst. Meanwhile, more Fe3+ on the CRM-3 surface improved the NH3 adsorption. There
was a strong interaction between Al and Fe in both CRM-5 and CRM-3 catalysts. DFT results showed
that the adsorption capacity of the Al-O3-Fe for NH3 and NO is stronger than that of Fe-O3-Fe, which
enhanced the NOx conversion of the catalyst. However, the almandine was formed in CRM-4,
consumed part of Fe3+ and Al3+, and the interaction between Al and Fe was weakened. Also,
deposited almandine on the catalyst surface covered the active sites, thus leading to lower NH3-SCR
activity.
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1 Introduction

Nitrogen oxides (NOx), as severe urban pollutants, have
adverse effects on human beings and the environment (Liu
et al., 2019; Sun et al., 2019). The selective catalytic
reduction with NH3 (NH3-SCR) is the mainstream
technology for controlling NOx emissions. The catalyst is
the core of the NH3-SCR reaction. Currently, the V2O5-
TiO2 catalyst, which is dominant in the industry, exists
some shortcomings, such as high cost, high SO2 oxidation
activity, narrow de-NOx temperature window, and none-
theless the toxicity (Han et al., 2019a). Therefore, it is of
great significance to develop novel low-cost SCR catalyst
with good de-NOx performance, low SO2 oxidation
activity, wide application temperature window, and low
environmental toxicity.
Red mud (RM) is produced in alumina production. It has

been proved to be active for SCR reaction to remove NOx

as a catalyst. RM is mainly consisting of Fe2O3, Al2O3,
SiO2, TiO2, Na2O, and etc. Among them, Fe2O3 has been
investigated for SCR reaction because of its good catalytic
activity, high N2 selectivity, and excellent thermal stability.
Meanwhile, Al2O3, SiO2, and TiO2 are commonly used as
support materials, which could provide a porous frame-
work for the catalyst (Lyu et al., 2021). However, Na2O
and other alkaline earth metals will sinter and block the
pores of the catalyst, which is not conducive to SCR
reaction. Therefore, removing alkaline substances, includ-
ing free alkali and combined alkali, should be critical for
the activation of RM for SCR reaction. The multi-round
washing with H2O can remove free alkali, but this process
will leave the combined alkali which is difficult to dissolve
in water. Acid pretreatment is an efficient approach to
remove bound alkali, however, it usually comes with
disadvantage of affecting the content and chemical state of
other substances (Meng et al., 2021). Thus, the precise
regulation of acid pretreatment is critical to optimizing the
SCR activity of RM. The metal oxides and hydroxides in
RM have different solubility in acid solutions. By
controlling the pH during the acid pretreatment, the
content and chemical state of different ions can be facilely
tuned (Qiu et al., 2021). For example, different ions would
dissolve into metal complexes or metal ions and interact
with each other in an acidic environment. The interactions
between these complexes and ions would determine the
structure and chemical state of active metal in RM catalyst,
thus affecting the SCR activity. Generally, the construction
of a bimetallic oxide structure is generally considered to be
an effective way to improve the performance of the catalyst
(Zhang et al., 2012; Wang et al., 2020). Therefore, in order
to enhance favorable interactions and reduce unexpected
structure in RM, it is critical to precisely tuning the acid
pretreatment process, which would directionally control
the active sites, crystal phases, exposed planes, and etc.
In this study, we pretreated a series of Ce-modified RM

(CRM) catalysts, which performed promising SCR activity

in our previous study, with different end-point of diluted
HNO3 titration (Wu et al., 2018; Gong et al., 2020).
Effects from different acid pretreatment processes were
discussed based on experiments and theoretical calcula-
tion. Moreover, the modification mechanism was probed.

2 Materials and methods

2.1 Catalyst preparation

The CRM-A catalysts were prepared by acid pretreatment
and impregnation methods successively with dilute nitric
acid (HNO3, analysis pure, Kermel, China) and cerium
nitrate (Ce(NO3)3$6H2O, analysis pure, Kermel, China) as
raw materials. A certain amount of original red mud was
dried at 105°C for 12 h, and then ground into red mud
powder (RM) with particle size less than 100 mesh (less
than 150 μm). The above amount of RM was mixed with
deionized water, and then titrated with 0.5 mol/L HNO3

solution. The reaction endpoint was controlled at pH = 3–
5. Heated in 80°C water bath, magnetic stirring 1 h. The
suspensions were denoted by RM-A, where A (3, 4, 5) was
the pH value. Then, the suspensions were filtered, washed
and dried (105°C, 12 h).
A certain amount of 100 mesh RM-A catalysts was mixed
with deionized water, then adding Ce precursor (the dosage
was calculated as n(Ce)/n(Fe2O3 content in RM-A)= 1/3,
and Fe2O3 content in RM-Awere shown in Table S1), and
stirred in 80°C water bath temperature until the water was
completely evaporated. Finally, a series of CRM-A
catalysts were obtained by drying (105°C, 12 h) and
calcination (air atmosphere, 5°C/min heating rate, 550°C,
5 h). The CRM-W catalyst prepared by water washing
without nitric acid pretreatment and calcination was used
as blank control.

2.2 Catalyst characterization

The SmartLab 3KW (Rigaku, Japan) X-ray diffractometer
(XRD) obtained the CRM-A catalysts crystal phase
structure. The ASAP2020 (Micromeritics, USA) surface
areas and porosity analyzer was used to measured and
calculated the Brunauer-Emmett-Teller (BET) surface area
and the average pore size of the samples. The Nicolet iS50
(Thermo Fisher, USA) was implemented to obtain the
Fourier transform infrared spectroscopy (FT-IR) of the
poisoned CRM-3 catalyst. The inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was
performed on the AGILENT 720 (Agilent, China) to
analyze the various elements changes in the RM during the
dealkalization process. At the same time, the catalysts’
chemical compositions were determined by Axios FAST
(Panalytical, the Netherlands) X-ray Fluorescence (XRF)
spectrometer. For collecting the X-ray photoelectron
spectra (XPS), the Thermo ESCALAB 250 (Thermo
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Fisher, USA) X-ray photoelectron spectrometer was
implemented. The TP-5080 (Xianquan, China) tempera-
ture-programmed desorption instrument recorded the NH3

desorption curves on the catalysts. In order to get the H2

temperature-programmed reduction (H2-TPR) results, the
Auto Chem II 2920 (Micromeritics, USA) chemical
adsorption analyzer was used.

2.3 Catalyst activity measurement

The catalysts were tested for NH3-SCR de-NOx efficiency
in a fixed-bed quartz tube reactor. The reaction conditions
were as follows: 4 mL catalyst, 0.05% NO, 0.05% NH3,
4% O2. The total gas flow rate was 2000 mL/min, and the
gas hourly space velocity (GHSV) was 30000/h (under
ambient conditions). All gases were mixed in the mixing
chamber first, and then preheated to participate in the
reaction. The concentration of outlet gases was monitored
by the flue gas analyzer (MRU MGA5, York, Germany).
The related data were collected and recorded after the SCR
reaction reached a steady-state condition. The NOx

conversion (η) and the pseudo-first-order rate constant (τ,
mL/(g$s)) of the SCR catalyst were calculated as followed
(Eqs. (1) and (2)):

η ¼ ½NOx�in – ½NOx�out
½NOx�in

� 100%, (1)

τ ¼ –
V

m
� ln 1 – ηð Þ, (2)

where [NOx] = NO+ NO2, [NOx]in, and [NOx]out are the
NOx concentration at the inlet and outlet, respectively, V is
the total flow (mL/s), m is the catalyst mass (g).

2.4 DFT calculation

Compared with α - Fe2O3, the RM after acid pretreatment
had Al doping. To explore the Al doping effect on the NOx

conversion, the α-Fe2O3 and Al-Fe2O3 of the hexagonal
structure were studied. The SCR reaction species was
adsorbed on α-Fe2O3 (001) planes, and the Fe-O3-Fe
termination was the most stable (Liu et al., 2017b;
Lyu et al., 2020). The α-Fe2O3 (001) model was shown
in Fig. 1(a). For Al-Fe2O3 (001) model, it was replaced one
Fe atom at the M position (shown in Fig. 1(b)) from the α-
Fe2O3 (001) model by Al atom. The first-principle density
functional theory calculations (including structural and
electronic investigations), were performed based on the
Cambridge Sequential Total Energy Package (CASTEP).
The general gradient approximation (GGA) in the form of
the Perdewe-Burkee-Ernzerhof (PBE) functional was
adopted to treat the exchange-correlation with a plane
wave cutoff of 400 eV. A force tolerance of 0.05 eV/Å,
self-consistent field (SCF) of 2.0 � 10–6 eV per atom and
maximum displacement of 2.0 � 10–3 Å were considered.
Each atom in the storage models was allowed to relax to
the minimum in the enthalpy without any constraints. The
vacuum space along the z direction was set to be 15 Å,
which was enough to avoid interaction between the two
neighboring images. The Ead according to the following

Fig. 1 (a), (b) The α-Fe2O3 (001) model (while the M is purple, it is Al-Fe2O3 (001)). The iron atoms are gray, the aluminum atoms are
purple, and the oxygen atoms are red. (c) Schematic diagram of catalysts preparation. (d) The catalysts De-NOx efficiency. (e) Reaction
rate per specific surface area calculated at 225°C. Reaction conditions: [NH3] = [NO] = 0.05%, [O2] = 4%, and balanced N2, total flow =
2000 mL/min, gas hourly space velocity (GHSV) = 30000/h.
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formula (Eq. (3)):

Ead ¼ EA þ EB –EAþB, (3)

where EA, EB, and EA+B are the energies for substrate,
adsorbate, and adsorption reaction, respectively.

3 Results and discussion

3.1 NH3-SCR performance

The schematic diagram of catalysts preparation was shown
in Fig. 1(c). Figure 1(d) showed the differences in NOx

conversion between catalysts obtained by different acid
pretreatment (dealkalization) processes under a gas hourly
space velocity (GHSV) of 30000/h. Acid pretreated
catalysts (CRM-3, CRM-4, and CRM-5) showed higher
SCR activity than water washing treatment catalyst (CRM-
W): nearly 100% of NOx conversion was acquired for acid
pretreated catalysts at 325°C, CRM-W catalyst yielded
only 78% of NOx conversion. Additionally, among the
three acid pretreated catalysts, CRM-5 exhibited the
highest NOx conversion, followed by CRM-3, while
CRM-4 showed significantly lower NOx conversion.
Figure 1(e) calculated the pseudo first order rate (τ,

mL/(g$s)) and the initial reaction rate (k, mL/(m$s)) of the
catalysts. The CRM-5 exhibited the highest τ and k,
3.04 mL/(g$s) and 0.056 mL/(m$s), respectively. The
CRM-4 exhibited the lower τ and the k was as small as the
CRM-W. This indicated that the decrease of active sites on
the CRM-4 was the main reason for the low NOx

conversion below 300°C. However, active sites of CRM-
4 showed higher activity than those on the CRM-W (Wang
et al., 2021). These results suggested that the chemical
state of active sites can be controlled by adjusting the acid
pretreatment process, and finally the SCR activity of red
mud can be improved.

3.2 Surface microstructure

The XRD patterns of the CRM-A catalysts were presented
in Fig. 2(a). For CRM-W, the main crystalline phases were
α-Fe2O3, anatase titanium dioxide, and silicate. No
diffraction peaks of other components were detected,
indicating that other elements existed as amorphous phases
or crystalline phases with tiny particle size on the surface
of CRM-W (Jiang et al., 2015). When acid pretreatment
was carried out and the pH value of red mud was 5 (CRM-
5), the main crystalline phases were α-Fe2O3 and anatase
titanium dioxide. It was concluded that almost all of the

Fig. 2 (a), (b) XRD spectra, and (c), (d) element composition of the supernatant of the acid-leached sample detected by ICP-OES
experiments.
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crystalline silicate vanished. When adding acid continu-
ously until pH = 4 (CRM-4), the diffraction peaks of
almandine appeared, which may be due to the complete
dissolution of aluminosilicate, and the substitution reaction
between iron ion and aluminum ion generated alumino-
butyric acid. For CRM-3, the diffraction peaks of
almandine disappeared, and that of alumina appeared at
the same time. Figure 2(b) showed the part of α-Fe2O3

diffraction peaks of CRM-A catalysts. Compared with the
CRM-W, the diffraction peaks of α-Fe2O3 of the CRM-5
slightly shifted to a higher angle. While the corresponding
diffraction peaks of CRM-4 and CRM-3 moved to
lower angle relative to CRM-5. The former indicated
that some ions with a radius smaller than Fe3+ (such as
Na+, Al3+) dissolve and dope into α-Fe2O3 lattice,
resulting in the decrease of α-Fe2O3 lattice parameters.
The latter suggested that as the amount of acid
increased, impurity ions were precipitated with the
dissolution of Fe3+.
The crystallite parameters of main crystal planes of α-

Fe2O3 phase were listed in Table 1. The results showed that
the pH value affected the crystal size and crystallinity of α-
Fe2O3. Compared with the CRM-W, the full width at half
maximum (FWHM) increased, and the crystallite sizes
were markedly decreased for the CRM-5 and CRM-3.
However, the change law of FWHM and crystallite sizes in
CRM-4 was opposite to that of CRM-5 and CRM-3. The
decrease of the grain size of α-Fe2O3 indicated that the
dispersion of α-Fe2O3 on the catalyst surface was
improved, which was beneficial to enhance the NOx

conversion (Gao et al., 2017; Liu et al., 2017a).
Figure S1 showed the SEM of CRM-A catalysts. The

influence of different acid pretreatment processes on the
microstructure of the catalyst was studied. With the
decrease of pH value, the catalyst particles presented a
certain dispersion and the cluster phenomenon weakened.
This showed that the removal of silicate components was
conducive to reducing the diffusion resistance of SCR
reactants in the catalyst. Figure S2 displayed pore size

distribution curves of the CRM-A catalysts. Compared
with CRM-W catalyst, all acid pretreated catalysts
exhibited more abundant pore structure. In particular,
CRM-3 presented a sharp peak at about 3 nm, and CRM-5
showed a broad pore size distribution in the range of 2–30
nm. Micropores provide a large specific surface and pore
volume improving the acid sites (Hu et al., 2015; Ma et al.,
2020), while mesopores facilitate surface adsorption of
reactants and reductants on the catalyst, ensuring mass and
diffusion (Liu and Ihl Woo, 2006). Both were beneficial to
improve catalytic activity. All isotherms were similar to the
type-II isotherm according to the IUPAC classification
(Fig. S3). The hysteresis loops exhibited a shape of typical
H3 type, revealing the existence of the slit-shaped pore
structures in these catalysts.
The BETsurface area, specific pore volume, and average

pore size were summarized in Table 2. The surface area
and specific pore volume of the catalysts increased
significantly, and the average pore diameter decreased
slightly after acid pretreatment (Liu et al., 2020). This is
because that compared with water washing treatment, acid
pretreatment could remove alkaline compounds that are
insoluble in water but soluble in acid. Also, acid
pretreatment could reduce the content of some metal ions
that can promote particle agglomeration. These changes in
physical properties enhanced the interpore connectivity,
contributed to providing more active adsorption sites for
SCR reaction and reducing the diffusion resistance of SCR
reactants in the catalyst. However, due to almandine
deposited on the surface of the CRM-4 catalyst covered the
active centers and blocked the catalyst channels, the
specific surface area of CRM-4 was lower than that of
CRM-5 and CRM-3.
Figures 2(c) and 2(d) showed the concentrations of some

elemental ions in CRM-A suspensions. With the process of
acid pretreatment, the physical and chemical properties of
each ion and the interaction between different ions changed.
For Al element, the aqueous solution of the CRM-W was
alkaline, and Al2O3 reacted with OH

– at this time: Al2O3 +

Table 1 Different crystallite parameters of CRM-A catalysts by XRD results

Catalysts
(104) plane (110) plane

FWHM (°) D (nm) FWHM (°) D (nm)

CRM-W 0.531 15.44 0.369 22.37

CRM-5 0.552 14.85 0.386 21.38

CRM-4 0.511 16.04 0.405 20.38

CRM-3 0.554 14.80 0.422 19.56

Table 2 Surface physical properties of the CRM-A catalysts by BET results

Samples BET surface area (m2/g) Specific pore volume (cm3/g) Average pore size (nm)

CRM-W 36.37 0.159 17.46

CRM-5
CRM-4
CRM-3

54.56
46.14
72.42

0.187
0.168
0.179

13.79
14.56
9.91

Xiang Zhang et al. Precise regulation of acid pretreatment for red mud SCR catalyst 5



2OH– ! 2AlO2
– + H2O. Al ions in CRM-5 were mainly

adsorbed on RM as Al(OH)3 colloidal body, resulting in
less free Al ions. For CRM-4 and CRM-3 samples, the
reactions related to aluminum element were Al2O3 + 6H+

! 2Al3+ + 3H2O and Al(OH)3 + 3H+ ! Al3+ + 3H2O.
Besides, with the increase of H+ concentration, the
concentration of Fe3+ first increased, then decreased and
then increased again. This may be because the Fe3+ which
had been dissolved and dissociated before would react with
silicon and aluminum compounds to generate almandine
when pH = 4, reducing the content of free Fe3+. When pH =
3, almandine would be dissolved, and made Fe3+

dissociated. These results were consistent with XRD
results. Due to Na ions located in the RM channel and
skeleton were insoluble in water, the content of free Na ions
in CRM-W was very low. After acid pretreatment, it was
found that the more acid used, the more free Na ions
content. The change of Si with acid content was the same as
that of Na, indicating that acid pretreatment was an
effective approach to remove bound alkali.

3.3 The chemical state of surface composition

XPS spectra were employed to reveal the compositional
and chemical states of the three acid pretreated catalysts.
The Fe 2p spectra of the catalysts were illustrated in
Fig. 3(a). The characteristic peaks of 710.5 and 724.8 eV
could be attributed to Fe 2p3/2 and Fe 2p1/2, respectively.
By performing a peak fitting deconvolution, the Fe 2p3/2
could be separated into two peaks, the peaks at 712 and
711.9 eV correspond to Fe3+ and that of 710.1, 710.2, and
710.3 eV correspond to Fe2+, respectively. The peaks at
724.6 and 724.8 eV of Fe 2p1/2 and the satellite peaks at
718.8 and 719.4 eV were typical for Fe3+. These results
indicated that the Fe3+ and Fe2+ existed simultaneously on
these catalysts. Compared with CRM-4, the Fe3+ binding
energy of CRM-5 and CRM-3 slightly increased. The
higher binding energy indicated that the outer electron
cloud density near Fe3+ decreased. The reduction of
electron cloud density increased the electronegativity of
Fe3+, which was beneficial to improve SCR activity (Zhao
et al., 2013). The relative percentages of Fe2+ and Fe3+

were shown in Table 3. The ratio of Fe3+ calculated by
Fe3+ /(Fe2+ + Fe3+) were about 79.16% and 81.46% for
CRM-5 and CRM-3, respectively, whereas the ratio was
about 69.68% on the CRM-4. The high ratio of Fe3+ proved
that the high average oxidation state is the key to adsorb
NH3, which is conducive to the SCR reaction.
The Ce 3d XPS spectra of CRM-A catalysts were
displayed in Fig. 3(b). The peaks at 882.2–889.2 eV and
900.8–916.7 eV was attributed to Ce 3d5/2 and Ce 3d3/2,
respectively. The peaks around 882.2, 889, 898.3, 900.8,
907.7, and 916.7 eV belonged to Ce4+ species, while the
other peaks correspond to Ce3+ species. The relative
content of Ce3+ in CRM-5, CRM-4 and CRM-3 were
43.12%, 29.84% and 40.02%, respectively. Ce3+ had a

positive effect on catalytic activity because it can generate
more oxygen vacancies, which would promote NH3

adsorption (Zha et al., 2017). Also, Ce3+ could speed up
the NO to NO2 process, thereby increasing the low-
temperature activity (Yi et al., 2019). Therefore, CRM-5
and CRM-3 showed better SCR activity at 200°C–450°C.
The O 1s XPS spectra of CRM-A catalysts were displayed
in Fig. 3(c). The O 1s peaks can be fitted into two peaks,
which indicated that the CRM-A catalysts possessed two
kinds of oxygen. Peaks around 531.6 eV (denoted as Oα)
were attributed to the adsorbed oxygen, corresponding to
the O2

2– caused by the surface oxygen defect, or the O–

corresponding to –OH, and the peak around 529.8 eV
(denoted as Oβ) represented lattice oxygen (Wang et al.,
2018). The surface contents of Oα and Oβ were displayed
in Table S2, and the Oα/(Oα + Oβ) ratio of CRM-5, CRM-
4, and CRM-3 were 13.58%, 16.39% and 20.67%,
respectively. The results showed that the increased acid
amount could increase the surface chemically adsorbed
oxygen. Based on all the XPS characterization data, we
concluded that Oα contributed less to the reaction than
Lewis acid sites of Fe ion sites and oxygen vacancy with
coordinatively unsaturated Ce3+. Therefore, the surface
chemically adsorbed oxygen was not the main factor
affecting the SCR activity.

3.4 Redox and surface acidity behavior

The NH3-TPD evaluated the overall acidic properties of
the three acid pretreated catalysts. As shown in Fig. 4(a),
all NH3-TPD profiles presented two desorption peaks.
Compared with NH3 molecules adsorbed on Lewis acid
sites, NH4

+ ions adsorbed on Brønsted acid sites had lower
thermal stability (Han et al., 2019b). The desorption peaks
at 200°C–300°C resulted from the NH3 desorption at
Brønsted acid sites, whereas NH3 desorption at Lewis acid
sites formed the desorption peaks at 350°C–550°C (Wang
et al., 2016; Zhang et al., 2020). The peaks of 225°C and
256°C corresponded to Brønsted acid sites; 434°C, 449°C,
and 454°C corresponded to Lewis acid sites. As known,
the peak area was proportional to the number of acid sites
on the catalysts, and catalysts with more acid sites tended
to have better performance. As can be seen from Fig. 4(a),
the CRM-5 had the largest amount of acid sites, especially
the amount of Brønsted acid, which was consistent with the
SCR activity results. For the CRM-4 and CRM-3, there
was no significant difference in the overall acid amount
between them, and even the amount of Lewis acid at pH =
4 was more than that at pH = 3, which may indicate that the
contribution of Brønsted acid sites was significantly
greater than that of Lewis acid sites in the SCR reaction
process. In addition, compared with CRM-3, the two NH3

desorption peaks of CRM-4 moved to higher temperature,
which was another important factor that contributed to its
lower SCR activity.
The H2-TPR experiments were carried out to investigate
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the effect of Fe species on the redox properties of the
CRM-A catalysts, and the results were shown in Fig. 4(b).
The reduction peaks appeared at about 500°C and 700°C
were attributed to the reduction process of Fe2O3! FeO
and FeO! Fe, respectively (Liu et al., 2018; Chen et al.,
2021). The peaks slightly shifted toward higher tempera-
ture for CRM-5 and CRM-3, compared with CRM-W and
CRM-4. This demonstrated that iron oxides in CRM-5 and
CRM-3 catalysts were less easily reduced. For one thing,
the existence of Fe-O-Al bond, which were formed by the
interaction between Fe and Al, strengthened the Fe-O-Fe
bond. And the strong interaction between the stoichio-
metric Ce and O (Ce4+-O-Ce4+) as well as the interaction
between the non-stoichiometric Ce and O (Ce3+-O-Ce4+)
provided the CRM-5 and CRM-3 catalysts with more
oxygen vacancies. The increase of oxygen vacancies also
reduced the reducibility of the catalysts (Zhang et al.,

2015; Jia et al., 2020). Figure 4(c) showed the practical H2

consumption of the CRM-A catalysts. The acid pretreat-
ment process removed the agglomerated metal salts and
released the Fe3+ active species, which increased the H2

consumption of the catalysts. It can be seen that the H2

consumption of both CRM-5 and CRM-3 were signifi-
cantly higher than that of CRM-W, while the H2

consumption of CRM-4 was only slightly increased. This
is because most Fe3+ of CRM-4 catalyst generated into
almandine but was not released, which was not conducive
to the REDOX cycle in NH3-SCR reaction (Guo et al.,
2017).

3.5 Anti-poisoning test

Figure 5(a) showed the influences of H2O and SO2 on the
CRM-5 catalyst at 300°C. Only 9% of NO conversion was

Table 3 Surface chemical properties of the CRM-A catalysts by XPS results

Catalysts

Relative atomic ratio (%) Surface atomic concentration (%)

Fe 2p Ce 3d Fe 2p

Fe3+ Fe2+ Ce4+ Ce3+ Fe3+ Fe2+

CRM-5 79.16 20.84 56.88 43.12 18.64 4.91

CRM-4 69.68 30.32 70.16 29.84 18.47 8.04

CRM-3 81.46 18.54 59.98 40.02 23.84 5.42

Fig. 3 XPS spectra of the CRM-5, CRM-4, and CRM-3 catalysts over the spectral regions of (a) Fe 2p, (b) Ce 3d, and (c) O 1s.

Xiang Zhang et al. Precise regulation of acid pretreatment for red mud SCR catalyst 7



lost when H2O was introduced, and part of the catalytic
activity was recovered after it removal. In contrast, nearly
20% of NO conversion was lost with the introduction of
SO2, and the NOx conversion recovered to 93% upon the
removal of SO2. When H2O and SO2 were added together
to the system, the NOx conversion decreased significantly,
slowly decreasing from 100% to 71%. When both were
removed, the NOx conversion only recovered to 90%.
Figure 5(b) recorded the FT-IR spectra of used CRM-5
catalyst in the presence or absence of SO2 and H2O. The
peaks at 3390, 3230, and 1640 cm–1 corresponded to the O-
H tensile vibration peaks of chemisorbed water and-OH
groups. The bands at 1425 cm–1 belonged to asymmetrical
vibrations of NH4

+ at the Brønsted acid sites, while peaks
at 945, 1038 and 1125 cm–1 were attributed to the sulfate
species. Compared with the CRM-5 fresh catalyst, the
CRM-5 poisoned catalyst had a significant NH4

+ absorp-
tion peak and weak SO4

2– absorption peaks. This indicated
that NH4

+ and SO4
2– deposited on the surface of the

catalyst when H2O and SO2 were introduced, resulting in a
decrease in the number of active sites and reducing the
NOx conversion.
The above results indicated that when H2O was intro-

duced, it would produce competitive adsorption with NH3.
This reduced the activity, but the effect was reversible.
Compared with H2O, SO2 had an adverse influence on the
CRM-5 catalyst, and the effect was irreversible. There are
two reasons: 1) SO2 reacted with the reactants (NH3 and
O2) to produce hard-to-decompose ammonium sulfate.
Ammonium sulfate would deposit on the surface of the
catalyst, reducing the number of active sites and leading to
reduction of NOx conversion (Lee and Bai, 2018); 2) SO2

could react with metal oxides to form metal sulfates,
resulting in the catalyst deactivation.

3.6 Theoretical calculation

The influence of Al doping for Fe-based catalyst on the
adsorption reaction gas (NH3, NO) was calculated by DFT
method. The calculation was carried out on the non-
stoichiometric Fe2O3 surfaces to ensure the calculation
results reliable. The optimized adsorption model of NO
and NH3 on α-Fe2O3 (001) and Al-Fe2O3 (001) surfaces
were shown in Fig. 6. The atomic distance and Ead of each
stable model after optimization were listed in Table 4. The
results showed that the distance between N and Fe and Ead

Fig. 4 (a) NH3-TPD profiles of the CRM-5, CRM-4, and CRM-3 catalysts, (b) H2-TPR profiles of the catalysts, and (c) H2 consumption.

Fig. 5 (a) H2O and SO2 effect on NOx conversion over the CRM-5 catalyst, (b) FT-IR spectra of fresh and poisoned CRM-5 catalyst.
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of NO adsorption on Fe2O3 (001) were 1.779 Å and
– 2.263 eV, respectively. The interatomic distances of NO
adsorption on Al-Fe2O3 (001) were 1.999 Å (adsorbed on
Al site) and 1.801 Å (adsorbed on Fe site), and the Ead were
– 1.839 eV (adsorbed on Al site) and – 2.278 eV
(adsorbed on Fe site). The NO was more tend to adsorb
on Fe sites of Al-Fe2O3 (001), which indicated that Al
doping was beneficial to NO adsorption on Fe2O3. The Ead

of NH3 on Fe2O3 (001) model was – 2.798 eV, and that of
NH3 on Al-Fe2O3 (001) model were – 2.857 eV (adsorbed
on Fe site) and – 2.978 eV (adsorbed on Al site),
respectively. These indicated that NH3 more easily adsorbe
on the Al site of Al-Fe2O3 (001), and the adsorption is
more stable. DFT results showed that the adsorption
capacity of the Al-O3-Fe for NH3 and NO is stronger than
that of Fe-O3-Fe, which enhanced the NOx conversion of
the catalyst.
Combined with XRD and ICP characterization, it can be

found that Al ions were in a free state for CRM-5. Part of
Al ions would enter Fe2O3, resulting in enhanced
interaction between Al and Fe2O3, which improved the
adsorption capacity of the catalyst for NH3 and NO. When
pH = 4, some Al ions combined with free Fe ions and Si
ions to form inactive substance almandine. The interaction
between Al and Fe2O3 was weakened and the adsorption of
NH3 and NO was suppressed. When pH = 3, the almandine
dissolved and the iron oxide formed colloid to adsorb free
Al ions, which was beneficial to the interaction between
them.

4 Conclusions

In this paper, the content of acid in red mud catalyst was
controlled by adjusting the pH value of the titration
endpoint, so as to research the effects of different acid

Fig. 6 Optimized adsorption model of the NO on (a) α-Fe2O3(001), (b) and (c) Al-Fe2O3 (001) surfaces; optimized adsorption model of
the NH3 on (d) α-Fe2O3 (001), (e) and (f) Al-Fe2O3 (001) surfaces. The iron atoms are gray, the aluminum atoms are purple, the oxygen
atoms are red, and the hydrogen atoms are white.

Table 4 The optimal distance and Ead for models to adsorb NO and NH3

Gas Model Adsorption site Atomic distance (Å) Ead (eV)

NO α-Fe2O3 (001) Fe 1.779 – 2.263

Al-Fe2O3 (001) Al 1.999 – 1.839

Al-Fe2O3 (001) Fe 1.801 – 2.278

NH3 α-Fe2O3 (001) Fe 2.141 – 2.798

Al-Fe2O3 (001) Al 2.007 – 2.978

Al-Fe2O3 (001) Fe 2.134 – 2.857
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pretreatment (dealkalization) processes on the acidity and
reducibility of red mud. Acid pretreated catalysts (CRM-3,
CRM-4, and CRM-5) showed higher SCR activity than
water washing treatment catalyst (CRM-W): nearly 100%
of NOx conversion was acquired for acid pretreated
catalysts at 325°C, CRM-W catalyst yielded only 78% of
NOx conversion. Additionally, among the three acid
pretreated catalysts, CRM-5 exhibited the highest NOx

conversion, followed by CRM-3, while CRM-4 showed
significantly lower NOx conversion. Good pore structure,
high initial reaction rate, high Fe3+/(Fe3++ Fe2+) and Ce3+/
(Ce3+ + Ce4+) ratio, strong surface acidity, much H2

consumption and strong interaction between Fe and Al
were the reasons for the excellent NH3-SCR performance
of CRM-5 and CRM-3 catalysts. The results of DFT
indicated that the adsorption capacity of Al-O3-Fe on NH3

and NO was stronger than that of Fe-O3-Fe, which
improved the NOx conversion of the catalyst. However,
for CRM-4 catalyst, most of Fe3+ and Al3+ formed
almandine but were not released, which weakened the
interaction between Al and Fe. Also, almandine deposited
on the catalyst surface covered the active sites, resulting in
poor NH3-SCR activity.
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