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A B S T R A C T

Spent selective catalytic reduction (SCR) catalysts are defined as hazardous wastes because of the toxicity of
V2O5 to the ecological environment. Recycling of V2O5 and TiO2 from the spent SCR catalysts has strikingly
social and environmental benefits as well as economic values. In this work, a “NaOH þ Na2CO3” system was
employed to recycle 99.2% of anatase/rutile TiO2 nanospheres with a nanospherical morphology from the
spent SCR catalysts by a simple sintering-leaching process. The observed photocatalytic performance of
anatase/rutile TiO2 nanospheres was higher than that of the other TiO2 recovered from the spent SCR catalysts,
commercial TiO2, and chemosynthetic TiO2, which can be ascribed to the enhanced separation of photo-excited
electron/hole in a direct Z-scheme of anatase/rutile TiO2 homostructures. Additionally, high-purity V2O5

microrods with high H2S removal performance were efficiently prepared by a hydrothermal method in the
leaching solution, which is superior to the traditional method including NH4VO3 precipitation and solvent
extraction as the present method can recycle vanadate from low-grade filtrate with a 99.6% of recovery rate.
This study develops an alternative method for controlling pollution of vanadate to soil and water and recycling
of valuable metals.
1. Introduction

Selective catalytic reduction (SCR) technology is widely used to
reduce NOx emission [1,2], while V2O5-supported TiO2 is mainly used
material [3–6]. With the promotion of SCR denitration technology in
cement, glass, steel, and thermal power industry, increasing amounts
of the spent SCR catalysts are generated and bring severe environ-
ment pressure because of the toxicity of V2O5 to ecological environ-
ment [7,8].

Recycling of V2O5 and TiO2 from the spent SCR catalysts can prevent
environmental pollution and avoid wastes of the valuable resources.
Recently, various hydrometallurgical processes, such as acid leaching
[9], alkaline leaching [10], salt leaching [11], and bioleaching [12],
together with roasting as a pre-treatment step, have been used to recycle
V2O5 and TiO2 from the spent SCR catalysts. Choi et al. [13] reported V
and W can be recycled from the spent SCR catalysts by a Na2CO3
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roasting-leaching process. The leaching rate of W increases rapidly as
functions of the Na2CO3 addition, time, and temperature. However, the
leaching rate of V is only 40% in the entire experiment, leading to the
wasting of V as well as the environmental pollution of toxic V, which is
ascribed to the formation of calcium vanadate (CaV2O6). Yang et al.
[14] extracted W and V from the spent SCR catalysts by a
roasting-leaching method. The leaching solutions of W and V were
enriched by using an ion-exchange and NaOH elution process, then
96.2% of W and 93.4% of V were separated by an ammonium salt
precipitation method from the enriched solutions. In addition,
nano-sized TiO2 and sodium titanate (Na2Ti3O7) microrods with supe-
rior adsorption capacity for heavy metal ions were recycled from the
leached residue. During those roasting-leaching process, V2O5 can
transform into soluble species and separate vanadate from TiO2, then
TiO2 and V2O5 can be prepared from filter residue and filtrate, respec-
tively [15].
u (Z.-G. Chen).
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Table 1
Chemical components of the spent SCR catalysts.

components TiO2 V2O5 SiO2 Al2O3 CaO Fe2O3 MgO Etc.

Contents (wt. %) 79.80 1.23 10.26 5.36 2.35 0.56 0.23 0.21

Fig. 1. An illustration of the preparation of anatase/rutile TiO2 nanospheres and V2O5 microrods from the spent SCR catalysts.
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The activity of recovered TiO2 depends on the morphology, the
spherical TiO2 in the spent SCR catalysts can easily melt down and
agglomerate together to form bulky materials in the process of high
temperature and strongly alkaline roasting, which degrade the activity of
recovered TiO2. Therefore, it is difficult to prepare TiO2 nanospheres
with high photocatalytic performance from the spent SCR catalysts using
conventional roasting techniques. In the past decades, WO3–TiO2 sheet
[16], TiO2 rods [17], and titanate [14] have been recycled from the spent
SCR catalysts by conventional roasting-leaching methods. In addition,
the concentration of vanadate in filtrate is usually less than the solubility
of NH4VO3 precipitation. The enrichment steps, such as ionic-exchange
and extraction, are necessary to precipitate NH4VO3. Hence, it is
pivotal to develop an environmentally-friendly technology with a high
recovery rate that can prepare TiO2 nanospheres from the spent SCR
catalysts, harvest vanadate from low-grade filtrate to address the pollu-
tion of vanadate, and promote the sustainability of SCR catalysts
industry.

In this work, to maintain nanospherical morphology of TiO2 in the
spent SCR catalysts and prepare TiO2 nanospheres with high photo-
catalytic activity, a “NaOH þ Na2CO3” system was employed to dispose
the spent SCR catalysts as well as recycling of valuable metals via a
simple sintering-leaching process. Furthermore, a hydrothermal method
with a high recovery rate was developed to address the difficulty of
harvesting vanadate from the low-grade filtrate. This study develops an
environmentally-friendly disposal of the spent SCR catalysts as well as
the preparation of anatase/rutile TiO2 nanospheres and V2O5 microrods
with great potential industrial applications.

2. Materials and methods

2.1. Chemicals and materials

The spent SCR catalysts used in this study were collected from a
thermal power plant in Henan province of China. Chemical components
of the spent SCR catalysts were analyzed by titrimetry and the results are
shown in Table 1. The mainly effective compositions are TiO2 and V2O5.
The analytical grade reagents including NaOH, Na2CO3, H2SO4 (98 wt%
in H2O), HNO3 (69 wt% in H2O), H3PO4 (85 wt% in H2O), FeSO4⋅7H2O,
phenolphthalein (C20H14O4), N-Phenylanthranilic acid (C13H11NO2),
ethylene diamine tetra acetic acid (EDTA, C10H16N2O8), sulfosalicylic
acid (C7H6O6S⋅2H2O), and NH3∙H2O (25 wt% in H2O) were obtained
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from Shanghai Chemical Reagents Co., Lit. All reagents without addi-
tional purification and deionized (DI) water were used in all processes.
2.2. Sintering and leaching of the spent SCR catalysts

The sintering and leaching process is shown in Fig. 1. The spent SCR
catalysts were firstly shredded to screen through mesh size of 200 after
air swept to remove the dust from the surface. The mixtures, consisted of
the as-shredded spent SCR catalysts, Na2CO3 and NaOH at a mass ratio of
11:10:1, were sintered for 90 min at 500 �C in a muffle furnace. The
sintered products were transferred to a beaker in which a certain volume
of DI water was added. The beaker was agitated on a magnetic stirrer at
room temperature for 2 h, and the filtration was adopted for solid-liquid
separation.
2.3. Preparation of TiO2 nanospheres

The filter residue was added into DI water and pH of the solutions was
controlled using HCl solution. The mixture was agitated on magnetic
stirrer at room temperature for 2 h, and ions including Fe3þ, Ca2þ, Mg2þ,
etc., were dissolved in water and separated from TiO2 nanospheres. TiO2
nanospheres were washed repeatedly with a dilute solution of HCl to
remove excess residues, and further dried at 120 �C for 2 h followed by
calcining at 500 �C for 2 h.
2.4. Evaluation of photocatalysis

To evaluate the photocatalytic performance of TiO2 nanospheres
prepared from the spent SCR catalysts, photocatalytic degradation of 2,4-
dinitrophenol was performed under Xenon light. 10 mg TiO2 nano-
spheres were dispersed in 100 mL aqueous solution of 2,4-dinitrophenol
(20 mg L�1). The mixture was irradiated under Xenon light. The residual
concentration of 2,4-dinitrophenol solution (ct) was analyzed by spec-
trophotometry during photocatalysis. The degradation ratio of 2,4-dini-
trophenol was calculated by Equation (1).

Degradation ratio ¼ ce � ct
ce

� 100 % (1)

The equation of the first-order kinetics (Equation (2)) was adopted to
simulate the degradation kinetics of 2,4-dinitrophenol.



Fig. 2. (a-b) TEM images of the spent SCR
catalysts (a) and as-prepared TiO2 nano-
spheres (b). (c) HRTEM image of the as-
prepared TiO2 nanospheres. (d) XRD pat-
terns of the spent SCR catalysts and as-
prepared TiO2 nanospheres. (e) Illustration
of the preparation of TiO2 nanospheres. (f)
Photocatalytic performance and degradation
kinetics of the as-prepared TiO2 nanospheres
for 2,4-dinitrophenol. (g) Schematic de-
scriptions the migration of photo-excited
electron/hole in the as-prepared TiO2

nanospheres.
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ln
ct
ce
¼ � k� t (2)
where k is the rate constant of the first-order kinetics in the process of
photocatalysis of 2,4-dinitrophenol.

2.5. Preparation of V2O5 microrods

pH of alkaline filtrate was firstly adjusted to 11–12 by using a solution
of H2SO4, and then MgCl2 was added to filtrate to separate MgSiO3
precipitation from the filtrate. The precipitate was filtered after 2 h.
Secondly, pH of above filtrate was adjusted to 1.8 by using a solution of
H2SO4 [18], and then the filtrate was transferred to a 100 mL
Teflon-lined kettle and heated at 120 �C for 36 h. The hydrothermal
products were collected by centrifugation, washed with DI water, and
dried in an oven. After calcination at 500 �C for 2 h in a muffle furnace,
brown V2O5 microrods were obtained.
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2.6. H2S removal performance

100 mg V2O5 microrods were dispersed in 100 mL sour water (pro-
vided by Luoyang Sinopec Technologies Co., Lit) with the initial con-
centration of 1300 mg L�1. The mixture was agitated on a magnetic
stirrer at room temperature and solid-liquid separation was achieved by
centrifugation. The residual concentration of H2S in sour water was
analyzed by iodometry [18].

2.7. Sample characterization

The phase compositions of TiO2 nanospheres and V2O5 microrods
were studied by X-ray diffraction (XRD, D8 Focus, Bruker, Germany), and
morphology of TiO2 nanospheres and V2O5 microrods were assessed by
field-emission scanning electron microscope (FESEM, Sigma HD, Zeiss,
Germany) and high-resolution transmission electron microscopy
(HRTEM, Tecnai G2 F20, FEI, America).



Table 2
A comparison of photocatalytic performance of anatase/rutile TiO2 nanospheres
with other TiO2 recovered from the spent SCR catalysts, commercial TiO2 and
chemosynthetic TiO2 photocatalysts.

Samples Solution Light source Rate constant
of first-order
kinetic

Ref.

0.2 g L�1,
anatase/rutile
TiO2

nanospheres,
recovered from
spent SCR
catalyst

20 mg L�1, 2,4-
dinitrophenol,
100 mL

150 W Xenon
light

k ¼ 0.0603
min�1

Our
sample

WO3–TiO2 sheet,
recovered from
spent SCR
catalyst

10 mg L�1,
methyl orange,
50 mL

30-W UV
lamp
(365 nm)

0.03721
min�1

[16]

1.3 g L�1, TiO2

rods, recovered
from spent SCR
catalyst

10 mg L�1,
rhodamine B,
150 mL

450 W xenon
lamp

0.0035
min�1

[17]

0.2 g L�1, P25,
commercial
TiO2 from
Evonik-Degussa

25 mg L�1,
reactive red 2,
50 mL

150W xenon
lamp

0.00263
min�1

[39]

0.2 g L�1, anatase
TiO2,
commercial
TiO2 from
Ishihara Sangyo

20 mg L�1,
phenol, 500 mL

20W
fluorescent
lamp

0.00168
min�1

[40]

0.2 g L�1, TiO2

particles,
prepared by
precipitation

10 mg L�1,
methylene blue,
100 mL

150 W
halogen lamp

0.0050
min�1

[41]

0.2 g L�1, bean-
like TiO2

particles,
prepared by
solvothermal
method

10 mg L�1,
methylene blue,
100 mL

150 W Xenon
lamp with the
filter of
420 nm

0.03013
min�1

[42]

8.0 g L�1, TiO2

particles,
prepared by sol-
gel method

38.8 mg L�1,
2,4-dinitro-
phenol, 150 mL

Sunlight k ¼ 0.0286
min�1

[43]
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3. Results and discussion

3.1. Preparation and evaluation of TiO2 nanospheres

Fig. 2(a) presents a typical TEM image of the spent SCR catalysts. As
can be seen, the spent SCR catalysts compose of TiO2 nanospheres and
their surface is wrapped by other ingredients, exhibiting core-shell
nanostructure with a thickness of ~2.5 nm for the shell. Fig. 2(b) pre-
sents a typical TEM image of the as-prepared TiO2 products after the
recycling. Compared with the spent SCR catalysts, the surface of the as-
prepared TiO2 products is very clean and uniform without any impu-
rities. Especially, most of them remain the nanosphere morphology. This
is different from the other recycled TiO2 rods [14,17], sheets [16], and
particles [19] because of the agglomeration and meltdown of original
TiO2 nanospheres. The agglomeration of TiO2 nanosphere deteriorates
the liberation of soluble species during the leaching process, and further
reduces the purity of the recycled TiO2 products. The results suggest that
our “NaOHþNa2CO3” sintering system can not only help to maintain the
nanosphere morphology of TiO2 in the spent SCR catalysts, but also
recycle 99.2% of TiO2 from the spent SCR catalysts. The diameter of the
as-prepared TiO2 nanospheres is slightly less than that of the spent SCR
catalysts due to the removal of the impurity shell.

Fig. 2(c) presents a HRTEM image of the as-prepared TiO2 nano-
spheres. 0.35 nm and 0.32 nm lattice fringes affiliate to the d spacings of
(101) plane of anatase TiO2 and (110) crystal plane of rutile TiO2 [20].
Fig. 2(d) displays the XRD patterns of the spent SCR catalysts and
as-prepared TiO2 nanospheres. In the XRD pattern of the spent SCR cat-
alysts, the diffraction peaks can be indexed to the anatase TiO2 (No.
21–1272), and no additional peak is indexed to other ingredients,
because of the low crystallinity and well dispersion of other ingredients
on the TiO2 surface [21–24]. The as-prepared TiO2 nanospheres comprise
of anatase phase (No. 21–1272) and rutile phase (No. 21–1276) [25],
which is in agreement with the HRTEM analysis. The diffraction peaks at
25.4� and 27.4� can be indexed to (101) planes of anatase and (110)
plane of rutile TiO2. XRD patterns of the spent SCR catalysts and
as-prepared TiO2 products indicate that anatase TiO2 partially transform
into rutile at 500 �C [26,27]. In addition, the phase content was calcu-
lated according to XRD patterns of the as-prepared TiO2 nanospheres
using Jade analysis software. The content of anatase and rutile phase
TiO2 are 69.8 wt% and 30.2 wt% in the as-prepared TiO2 nanospheres,
respectively. The phase conversion of TiO2 nanospheres helps the liber-
ation of soluble species occupied interstitial positions of TiO2 lattice and
improves the purity of recycled TiO2 products. The results of XRD and
HRTEM consistently indicate that anatase/rutile TiO2 nanospheres can
be completely separated from the spent SCR catalysts. According to
above results, a synthetic processing of anatase/rutile TiO2 nanospheres
is illustrated in Fig. 2(e). As previously discussed, our “NaOHþ Na2CO3”

system is used to transform impurity shell including vanadate and met-
asilicate into soluble species in a muffle furnace. The reactionmechanism
can be expressed by the following equations:

V2O5 þ 2NaOH →
Δ
2NaVO3 þ H2O (3)

M2ðSiO3Þn þ nNa2CO3 →
Δ
nNa2SiO3 þM2On þ nCO2 ↑ ðM

: Fe;Al; Ca; Mg⋯Þ (4)

As can be seen, the insoluble vanadium and metasilicate react with
NaOH and Na2CO3 at high temperatures to form soluble species, leading
to the volumetric expansion of impurity shell during alkaline sintering.
The shell of soluble vanadate and metasilicate breaks into pieces and
anatase/rutile TiO2 nanospheres are released from the spent SCR cata-
lysts during the leaching process.

Photocatalytic performance and degradation kinetics of the as-
prepared TiO2 nanospheres for 2,4-dinitrophenol were evaluated and
the results are shown in Fig. 2(f). As can be seen in Fig. 2(f), the
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concentration of 2,4-dinitrophenol solution (ct) decreases when the re-
action time is prolonged and 99.9% of 2,4-dinitrophenol was oxidized in
120 min. The oxidation reaction of 2,4-dinitrophenol complies with first-
order kinetics and the first-order kinetics rate constant of photocatalysis
is 0.0603 min�1. The result indicates that anatase/rutile TiO2 nano-
spheres possess powerful photocatalytic ability and can be utilized as
photocatalysts for practical applications.

The photocatalytic degradation of the as-prepared TiO2 nanospheres
for 2,4-dinitrophenol has been repeated 5 times, the standard deviation
was calculated to evaluate the photocatalytic stability of the as-prepared
TiO2 nanospheres. As shown in Fig. 2(f), the standard deviation is less
than 0.63, indicating photocatalytic activity of the as-prepared TiO2
nanospheres hardly change for 5 cycles. The results show that the as-
prepared TiO2 nanospheres achieve high stability and activity, which
can be ascribed to the higher dispersibility and photochemical stability of
the as-prepared TiO2 nanospheres.

The transfer of photo-excited electron/hole in anatase/rutile TiO2
nanospheres is shown in Fig. 2(g). Anatase and rutile TiO2 construct a
direct Z-scheme homostructure system [7,20,28–32]. The electrons in
the conduction band of anatase TiO2 recombine with the holes in the
valence band of rutile TiO2. Therefore, electrons in the conduction band
of rutile TiO2 and holes in the valence band of anatase TiO2 are spatially
separated. The photo-excited hole in the valence band of anatase TiO2

reacts with H2O to form �OH. Simultaneously, photo-excited electrons in
the conduction band of rutile TiO2 react with O2 to form �O�

2 . �OH and



Fig. 3. (a–b) Effect of hydrothermal tem-
perature and time on recycle rate of V2O5

microrods during hydrothermal process. (c)
XRD pattern of the as-prepared V2O5 micro-
rods. (d) SEM image of the as-prepared V2O5

microrods. (e) TEM image of the as-prepared
V2O5 microrods. (f) HRTEM image of the as-
prepared V2O5 microrods. (g) The compari-
son of conversion rate of H2S in sour water
between the as-prepared V2O5 microrods and
commercial V2O5 powder. (h) The H2S
removal kinetics of the as-prepared V2O5

microrods and commercial V2O5 powders.
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�O�
2 can directly/indirectly oxidize 2,4-dinitrophenol into CO2, H2O, and

others [33–38].
In addition, photocatalytic performance of anatase/rutile TiO2

nanospheres was compared with the reported photocatalysts and sum-
marized in Table 2. As can be seen, the first-order kinetics rate constant of
anatase/rutile TiO2 nanospheres is faster than that of the reported pho-
tocatalysts including other TiO2 recovered from the spent SCR catalysts
[16,17], commercial TiO2 [39,40], and chemosynthetic TiO2 photo-
catalysts [41,42]. The higher photocatalytic performance of the
as-prepared TiO2 nanospheres is mainly derived from their higher
862
specific surface areas and separation rate of photo-excited electron/hole.
Firstly, the specific surface area of as-prepared TiO2 nanospheres is
greater than that of TiO2 rods, TiO2 sheets, and TiO2 particles. Secondly,
a direct Z-scheme homostructure system constructes in the as-prepared
TiO2 nanospheres. Namely, the electrons in the conduction band of
anatase TiO2 recombine with the holes in the valence band of rutile TiO2,
then electrons in the conduction band of rutile TiO2 and holes in the
valence band of anatase TiO2 are spatially separated. Therefore, the
photocatalytic performance of the as-prepared TiO2 nanospheres is better
than that of commercial TiO2 and chemosynthetic TiO2 photocatalysts.
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The results indicate that our anatase/rutile TiO2 nanospheres possess
powerful photocatalytic ability and could be utilized as photocatalyst for
practical applications.

3.2. Preparation and H2S removal of V2O5 microrods

After removal of silicate from filtrate, V2O5 can be prepared by a
hydrothermal method from filtrate. Fig. 3(a–b) plot the effect of hydro-
thermal temperature and time on recovery rate of V2O5 during hydro-
thermal process. The recovery rate of V2O5 increases from 33.3% to
99.6% as temperature increases from 60 �C to 120 �C and then remains
steady. With the increase of hydrothermal time, recycle rate of V2O5
increases rapidly and then levels off. Therefore, the optimum hydro-
thermal temperature and time are 120 �C and 36 h, respectively. The
experimental results indicate that the recovery rate of hydrothermal
method is higher than that of the reported recovery methods including
NH4VO3 precipitation [44,45], solvent extraction [46–48], and their
combination [49–51]. Fig. 3(c) presents the XRD pattern of the recovered
products. The diffraction peaks at 15.3�, 20.3�, 21.7�, 26.1�, 31.0� and
34.3� can be indexed to (200), (001), (101), (110), (301) and (310)
planes of V2O5 (No. 41–1426) according to the international centre for
diffraction data. No additional peak can be detected in XRD patterns of
V2O5, indicating high purity of the recovered products. Fig. 3(d) shows a
typical SEM image of the recovered products, which exhibit high dis-
persibility and a uniform rod-like morphology with diameters ranging
from 300 to 400 nm. These results suggest high-purity V2O5 microrods
can be efficiently prepared by the hydrothermal method. Firstly, V2O5
precipitation generates through the hydrolysis of vanadate under the
hydrothermal condition. Then, driven by the minimization of the total
energy of the system, the primary V2O5 precipitation aggregate together
through Ostwald ripening to form the micrometer-sized V2O5 microrods
under hydrothermal conditions [52]. Fig. 3(e) presents a typical TEM
image of the as-prepared V2O5 microrods. As can be seen, a rod-like V2O5
with high dispersibility was recycled by hydrothermal method from
filtrate. Fig. 3(f) presents a HRTEM image of the as-prepared V2O5
microrods, and a 0.44 nm lattice fringe affiliates to the d spacings of
(001) plane of V2O5 microrods.

Sour water containing undesirable H2S is mainly produced from at-
mospheric and vacuum columns of oil refineries. Activities of the as-
prepared V2O5 microrods and commercial V2O5 powders were
compared in terms of eliminating H2S from sour water and the results are
plotted in Fig. 3(g). The as-prepared V2O5 microrods can eliminate
completely H2S within 100 s, whereas only 88.7% H2S was eliminated by
commercial V2O5 powders. Furthermore, the analysis of standard devi-
ation was applied to evaluate the stability of the as-prepared V2O5
microrods. The experiments of eliminating H2S from sour water have
been repeated 5 times. As shown in Fig. 3(g), standard deviation is less
than 2.5 and the activity of the as-prepared V2O5 microrods is almost
unchanged for 500 s, indicating that the as-prepared V2O5 microrods can
achieve a high stability and activity, which can be ascribed to the higher
dispersibility and specific area of the as-prepared V2O5 microrods. The
removal kinetic of H2S from sour water was furthermore simulated to
compare the activity of the as-prepared V2O5 microrods with commercial
V2O5 powders. Fig. 3(h) shows that H2S removal kinetics of the as-
prepared V2O5 microrods and commercial V2O5 powders complies with
first-order kinetics [53]. The kinetic constant of the as-prepared V2O5
microrods is about 2.4 times greater than that of commercial V2O5
powders, indicating the recycled V2O5 microrods have great potentials in
practical applications.

4. Conclusions

In this work, a “NaOH þ Na2CO3” system is employed to recycle
anatase/rutile TiO2 nanospheres from the spent SCR catalysts via a
simple sintering-leaching process. The results indicate that the
“NaOH þ Na2CO3” system can maintain nanospherical morphology of
863
TiO2 as well as recycle valuable metals from the spent SCR catalysts.
Under the optimized condition of sintering and leaching, anatase/rutile
TiO2 nanospheres are prepared from the spent SCR catalysts and show
higher photocatalytic performance than that of the other TiO2 recovered
from the spent SCR catalysts, commercial TiO2, and chemosynthetic TiO2
photocatalysts. Such higher performance is ascribed to a direct Z-scheme
in anatase/rutile TiO2 homostructures that can significantly suppress the
recombination of photo-excited electron/hole. In addition, high-purity
V2O5 microrods with high H2S removal performance can be also recy-
cled from the low-grade filtrate by a hydrothermal method. Our study
affords an environmentally-friendly disposal of the spent SCR catalysts to
efficiently separate anatase/rutile TiO2 nanospheres and V2O5 microrods
with potential industrial applications as well as dispose environmental
pollution of the spent SCR catalysts.
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