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ABSTRACT: Selective catalytic reduction denitration technology, abbreviated as SCR, is
essential for the removal of nitrogen oxide from the flue gas of coal-fired power stations and
has been widely used. Due to the strong demand for energy and the requirements for
environmental protection, a large amount of SCR catalyst waste is produced. The spent SCR
catalyst contains high-grade valuable metals, and proper disposal or treatment of the SCR
catalyst can protect the environment and realize resource recycling. This review focuses on
the two main routes of regeneration and recycling of spent vanadium—titanium SCR catalysts
that are currently most widely commercially used and summarizes in detail the technologies
of recycling, high-efficiency recycling, and recycling of valuable components of spent
vanadium—titanjum SCR catalysts. This review also discusses in depth the future
development direction of recycling spent vanadium—titanium SCR catalysts. It provides a
reference for promoting recycling, which is crucial for resource recovery and green and low-
carbon development.

1. INTRODUCTION flue gas denitrification projects that have been built or planned in
China.'""? Figure 1(c) shows the overall structure and process
flow of SCR technology in the out-of-stock device.” This
method has high deoxygenation efficiency (up to 80—90%) and
high technology maturity. As the core of the technology, the
SCR catalyst constitutes approximately 30—50% of the total de-

Globally, fossil fuels, such as natural gas, oil, and coal, are the
primary energy source required by national industries. Nitrogen
oxides (NO,) emitted in significant quantities during the
combustion of fossil fuels cause environmental pollution such as
acid rain, the greenhouse effect, and photochemical smog and

even harm human health.' ™ Figure 1(a) is a schematic diagram NO, system investment. "'* Due to the complex flue gas
of the different pathways of NO, pollution in the environmental environment, the SCR catalyst will be poisoned during long-
system.s Coal-fired power plants are considered one of the term use, which results in a reduction in specific catalytic activity
significant sources of anthropogenic NO, emissions to the and affects its denitration efficiency.*~"” Generally, the service
atmosphere.”” China is a sizable coal-consuming country. life of denitration catalysts is three to five years, depending on
According to statistics, China’s NO,, emissions have been more the composition of the flue gas and the type of combustion
serious than those of the United States and European Union system.18 The use of SCR technology is increasing, and the
countries in recent years, as shown in Figure 1(b).” To control catalysts abandoned by denitration units have gradually become
the generation of NO,, China included NO, in the list of the problematic. With the vigorous implementation of the carbon
total amount of air pollutants in the “T'welfth Five-Year Plan” peaking and carbon neutrahty goals and deepening people’s
and proposed that the overall NO, emission of active and newly understanding of sustainable development strategy, high
built coal-fired units should not exceed 100 mg/m’. Each efficiency, energy saving, emission reduction, and resource
thermal power plant has installed a flue gas denitrification device recycling have become the major concepts for the treatment and
to achieve this goal. As a result, the flue gas denitrification market reduction of waste. Considering its environmental impact and

has grown rapidly.

Flue gas denitrification technology mainly includes selective
noncatalytic reduction (SNCR) and selective catalytic reduction
(SCR). SNCR technology does not employ any catalyst but
reducing agents such as ammonia (NH,), urea, and ammonium
bicarbonate (NH,HCO;) to reduce NO, in the temperature
range of 850—1050 °C. The nitrogen removal temperature range
is extensive, and the nitrogen removal efficiency can only reach
about 50%."° In comparison, SCR is currently the mainstream
technology for denitrification, accounting for about 96% of the

economic value, the spent SCR catalyst with a complete
structure can be chosen to enter a suitable recycling scheme.
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Figure 1. (a) Schematic diagram of the NO, pollution pathway Reproduced with permission from ref S. Copyright 2023 Elsevier. (b) NO, emissions
from China, the US, and the EU over the past decade Reproduced with permission from ref 8. Copyright 2023 Elsevier. (c) SCR technology
denitration device structure and production process.” Reproduced with permission from ref 9. Copyright 2023 Elsevier.

Table 1. Comparison of Three Types of Catalysts'*'*
Conditions of Market
Catalyst type Structural manufacturing Characteristics use share
Honeycomb Load or uniform extrusion Large specific surface area, good wear resistance, less fly ash blockage, good ~ For all 60%—
monolith- catalytic activity conditions 75%
type
Flat plate-type  Metal plate or mesh as a skeleton, Low catalyst consumption, good flue gas evacuation capacity, high degree of ~Cleaner flue gas  20%—
surface loaded with active production automation, easy disassembly and assembly, poor wear 30%
components resistance
Corrugated Carrier is corrugated glass fiber Less active ingredient exposed, lighter mass, corrugated structure easily Mainly for low-  Around
plate-type loaded with an active coating blocked by deposition dust 5%
conditions

Catalyst regeneration is limited, and the completely deactivated
SCR catalyst has great recycling value because of its wide variety
of valuable metals."* Almost all SCR catalysts used in
commercial flue gas treatment are vanadium—titanium catalysts,
consisting of vanadia oxide (V,0;) and tungsten oxide (WO,)
or molybdenum oxide (MoQO;) on titania dioxide (TiO,),
denoted V,0,—WO;(Mo0O;)/TiO,."” Spent SCR catalysts are
rich in heavy metals such as arsenic and mercury released from
coal combustion, which are included in China’s “National
Hazardous Waste List (2021 Edition)”. If discarded randomly, it
will cause secondary pollution to the environmental system and
also cause a waste of resources. Therefore, the current research
hotspot has become how to effectively recover the valuable
components of spent vanadium—titanium SCR catalysts and
promote resource recycling.
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This review summarizes the regeneration and recycling
methods of spent vanadium-—titanium-based SCR catalysts
and outlines the procedures for extracting, separating, and
purifying valuable metals from spent vanadium-—titanium
catalysts in recent years. Finally, the future recycling of spent
vanadium—titanium catalysts has been explored from the
perspective of the recycling pathway of practical component
carriers. This review will reference the regeneration and
recycling strategies of spent catalysts.

2. STATUS OF SPENT VANADIUM-TITANIUM SCR
CATALYSTS

As the core of the denitrification system, the SCR catalyst plays a
vital role in the operation. The continuous optimization and
improvement of the catalyst is the key factor in promoting the

https://doi.org/10.1021/acsomega.3c07019
ACS Omega 2024, 9, 6036—6058
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Table 2. Main Compositions of Original and Spent Catalysts (wt %)

Catalyst TiO, V,04 WO, ALO; SiO, Fe,0, CaO K,0 As, O, Na,O SO, ref.
original 88.61 0.70¢ 4.66 0.58 3.69 0.05“ 1.04¢ — — — — 26
original 93.54“ 0.73“ 3.75¢ 0.26" 0.24“ 0.43¢ 0.52% 0.04“ 0.26" 0.06“ 0.43 27
spent 88.72 0.37¢ 3.78 0.85“ 3.96 0.07“ 1.50“ 0.20° — 0.09 — 26
spent 91.35¢ 0.55¢ 3.427 0.54 0.45° 0.45% 0.78% 0.47¢ 0.54“ 0.15% 0.46 27
spent 80.819 0.319¢ 4.834 1.786 1.345 0.609“ 2.867 0.095 — 0.266 — 28
spent 83.39 1.08 5.41 1.04 6.22 0.22 1.34 — — — 1.33 29
spent 81.78 1.19 4.20 1.7§ 6.83 0.285 2.06 0.061 — 0.096 0.18 30
“Data from ICP-OES and others from XRF.
(a)
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Figure 2. (a) Catalytic scheme for NO, removal. (b) Mechanism of the catalytic reduction step of the monomeric VO;H/TiO, (001) model.*!

Reproduced with permission from ref 31. Copyright 2020 Elsevier.

denitrification catalytic system. In the 1970s, V,0,—WO,;/TiO,
catalysts were extensively studied by Hitachi and Mitsubishi and
gradually became the dominating commercial catalysts in the
world.”® With the continuous in-depth rectification of industrial
waste pollution in China, the denitration market is slowly
developing, and the demand for denitration catalysts is
increasing. Currently, around one million tons of SCR catalysts
are used in China. The average operating life of V,0,—WO,/
TiO, catalysts is about 24,000 h. According to statistics, China
produces about 300,000 tons of SCR catalysts annually,”" and
the treatment of spent V,0,—WO,/TiO, catalysts has become
an urgent and severe problem.

2.1. Overview of the Vanadium-Titanium SCR
Catalyst. The V,0,—WO,/TiO, catalyst is one of the best
catalysts for SCR denitrification because of its high-temperature

6038

catalytic activity, good sulfur dioxide (SO,) resistance, and
nitrogen (N,) selectivity.22 V,0,—WO;/TiO, catalysts are
usually divided into three types according to their morphology:
honeycomb monomer type, flat plate type, and corrugated plate
type. Table 1 shows a comparison of the three different types of
V,0,—WO;/TiO, catalysts. The primary performance of the
catalyst refers to the activity of NO, removal, which is not much
influenced by its structure. However, because of the high density
of active substances, the honeycomb catalyst has a remarkable
denitrification effect and a higher market share.®

2.1.1. Composition of the Vanadium—Titanium SCR
Catalyst. The V,0,—WO;/TiO, catalyst uses TiO, as the
carrier, V,Oj as the active component, and WO; or MoOj as an
additive. Its main characteristics are shown in Table 2. V,O, the
vibrant center of the catalytic reaction, creates an acidic catalyst

https://doi.org/10.1021/acsomega.3c07019
ACS Omega 2024, 9, 6036—6058
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surface, which is conducive to capturing NH;. TiO,, as a catalyst
carrier, stabilizes V,05 to promote catalyst activity as well as
extend service life.'” The active auxiliaries WO, and MoOj, are
the main forms of W and Mo present in the catalyst, deposited
on the bases of TiO,, which can prevent the transformation of
TiO, from anatase to rutile. The additives also block the
adsorption of sulfur trioxide (SO5) and avoid the sulfation of the
carrier. MoOj reacts more easily with arsenic oxide As,O; than
WO;, protecting V,O5 from As poisoning.B Active auxiliaries
also regulate catalyst activity and the catalyst temperature
window and enhance catalytic selectivity. WO; mainly controls
the catalyst activity in the high-temperature interval above 400
°C, and MoO; primarily compensates for the activity deficiency
in the low-temperature interval below 300 °C. In addition, WO,
can promote the formation of polyvanadate and increase the
acidic site on the surface of the catalyst to enhance the effect of
NO removal and improve the performance of the catalyst.”* As
observed by electron microscopy, Ti, W, and V appear mainly as
irregular particles, while Al, Si, and Ca are primarily in the form
of rod-shaped particles.”> Compared with the original catalysts,
the main valuable metal components of the spent catalysts
(Ti0,, WO;, V,05) are little changed and have the potential and
value for recycling.

2.1.2. Denitrification Mechanism of Vanadium—Titanium
SCR Catalysts. The SCR mechanism uses the rich pore-like
structure of the catalyst surface and its abundant active sites to
selectively reduce NO,, to nontoxic substances such as N, and
water (H,0) with NH; or urea as the reducing agent at a
controlled temperature range. Eqs 1—4 can express the
reduction of NH; and NO, in the presence of a catalyst, while
excessive oxidation of NHj leading to the production of N,O is
described by eq 5.

4NH, + 4NO + O, — 4N, + 6H,0 (1)
4NH, + 2NO, + O, — 3N, + 6H,0 2)
4NH, + 6NO — 3N, + 6H,0 (3)
8NH, + 6NO, — 7N, + 12H,0 (4)
4NH, + 30, + 4NO - 4N,0 + 6H,0 (5)

Based on density functional theory (DFT), Zhao et al’'
summarized the chemical reactions on the surface of V,0—
WO;/TiO, catalysts and basic structural models and pointed
out that the denitrification mechanism of NHj in the response
with NO to form N, and H,O generally follows the Eley—Rideal
(E-R) mechanism; i.e., the reductant NH; molecules are first
adsorbed on the active sites on the catalyst surface and activated,
and NH,NO is an essential intermediate in the reaction.
Specifically, NH; is first adsorbed on V=0 (Lewis acid site) to
form coordinated NH; and on V—OH (Brensted acid site) to
form protonated ammonium NH,*, which then reacts with NO,,
in the flue gas to form the intermediate species NH,NO, which is
then decomposed into N, and H,O and desorbed from the
catalyst, while oxygen O, from the flue gas diffuses onto the
catalyst active site to regenerate the catalyst. Figure 2(a) shows
the SCR reaction mechanism over a vanadium—titanium-based
catalyst.'”*” Arnarson et al.>” studied the reduction step of the
SCR mechanism using the monomeric VO;H/TiO,(001)
catalytic model, where NH; and NO react to form N, and
H,O as shown in Figure 2(b), and indicated that the reaction
follows the E-R mechanism.
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2.2. Causes of the Deactivation of Vanadium-—
Titanium SCR Catalysts. V,0,—WQO,/TiO, catalysts are
medium- to high-temperature flue gas denitrification catalysts
with an optimum reaction temperature range of 300—400 °C to
maintain high activity.”* ™" The catalysts are usually placed
upstream of the dedusting equipment to meet the mentioned
temperature requirements while avoiding the impact of flue gas
particles on the catalyst.'” However, the complex flue gas
environment can easily lead to catalyst deactivation. The reasons
for the deactivation of V,0,—WO,/TiO, catalysts can be
ascribed to physical and chemical factors.

2.2.1. Physical Factors.

(2.2.1a) Catalyst blockage. There are two leading causes of
blockage. First, the combustion of coal produces more
fly ash, which is deposited on the surface of the catalyst,
resulting in backup of the pore structure; second,
ammonium salts and sulfate particles are generated
under certain conditions due to the presence of
ammonia and sulfur in the flue gas, which adhere to
the catalyst surface, blocking the pore entrance of the
catalyst and impeding the active sites on the inner
surface of the catalyst, causing a decline in the catalytic
performance of the catalyst.

(2.2.1b)

Catalyst wear. In practice, as the gas flow scours the
catalyst surface over a long period, the mechanical
strength of the catalyst gradually decreases under the
loss of active material, resulting in a reduction in
denitrification performance. The degree of wear is
related to the mechanical strength of the catalyst and
the gas flow rate.

2.2.2. Chemical Factors.

(2.2.2a) High-temperature sintering of the catalyst and
volatilization of active components. As the temperature
increases, the TiO, carrier changes its crystalline form
from anatase to rutile, which reduces the pore volume
and specific surface area of the catalyst, thus affecting
the number of active sites and reducing denitrification
activity. Furthermore, high temperatures can cause the
active component to evaporate. Studies have shown
that catalysts will be severely deactivated at temper-
atures above 500 °C.*’

(2.2.2b)

Chemical poisoning. The chemical components in coal
are transformed into toxic components in the flue gas
by diffusion into the SCR catalyst pores and binding
closely to the active sites, participating in the catalytic
reaction and thus causing the catalyst to deactivate.
Chemical poisoning is currently the main cause of SCR
catalyst deactivation in coal-fired power plants'® and is
predominant in heavy oil-fired coal units. Substances
that can cause chemical poisoning of V,0;—WO;/
TiO, catalysts include alkali metals, alkaline earth
metals, acids (like SO, and hydrogen chloride (HCl)),
water vapor, and heavy metals (like As and Pb).*"*
Table 3 summarizes the mechanisms and character-
istics of the leading chemical poisons of SCR catalysts.

https://doi.org/10.1021/acsomega.3c07019
ACS Omega 2024, 9, 6036—6058
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Table 3. Mechanisms and Characteristics of the Main Poisons for SCR Catalysts

Type of

Characteristics

Poisoning mechanisms

poison
Alkali

Na"and K* cations attaching The main ways in which catalyst deactivation is caused in coal-fired

n;

Binding to the active acidic site of V,0; (hydrogen bonding in V—OH is replaced), inhibiting NH; adsorptio

3—45

1

boilers and the intensity of poisoning is related to alkalinity:

Cs>Rb>K>Na>Li
Alkaline earth metals have a weaker poisoning effect on SCR catalysts

4

to functional O, on the catalyst surface; metal particles deposited on the catalyst surface causing blockage

metals

than alkali metal oxides: K > Na > Ca > Mg**

The deactivation mechanism is similar to that of alkali metals, reducing the number of acidic sites and inhibiting NH; adsorption

Alkaline
earth
metals

SO,

50

48,49

Competitive adsorption with NO and NHj reactants;"” generation of ammonium sulfate-based substances with NH; to cover the active sites SO, has a greater impact on low-temperature catalysts
on the catalyst surface™

51

less active compared to the original acid site, which does not restore

The presence of HCI promotes the production of new acidic sites but is

the actual activity

In contact with HCI, the content of V of the more concentrated catalyst is reduced, resulting in lower activity

HCI

Less toxic and reversible; l;lléh impact on denitrification at low

temperatures (250 °C)>**

Competition with NH; and NO for adsorption inhibits the ability of the catalyst to adsorb these reactants®>

H,0

57

Undergoes three stages of adhesion, permeation, and deactivation;”’
5 replaces WOj5 to

MoO

59

55,58

low effect on specific surface area;””
improve resistance to arsenic poisoning

56

gaseous As blocks the catalyst micropores, preventing reactants from reaching the active site

55

As occupies the acidic active site on the catalyst surface, preventing the adsorption of NH; molecules to the active site on the catalyst
surface;
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3. RECYCLING OF SPENT VANADIUM~—TITANIUM SCR
CATALYSTS

For fully deactivated catalysts, landfill disposal is used in Europe
and the USA, and partial landfill and partial metal recovery is
used in Japan. Overall, few non-Chinese companies specialize in
the large-scale industrial recycling of spent SCR catalysts. China,
as a sizable coal-consuming country, cannot meet the demand
for the disposal of large volumes of waste denitrification catalysts
through landfills due to limited land resources. Since the large-
scale installation of denitrification units from 2012 onward, the
disposal and recycling of spent denitrification catalysts have
gradually received attention but are still a new field. Recycling
technology research by many institutions and enterprises is still
in the laboratory or pilot stage on a small scale, and the recycling
industry is hardly developed, lacking practical technology, and
far from meeting market demand. Globally, the technology of
SCR catalyst regeneration and recycling of spent vanadium—
titanium systems is not yet mature and is still being explored as a
research hotspot.

3.1. Regeneration Technology for Spent Vanadium—
Titanium SCR Catalysts. The true effective deactivation level
of a “deactivated catalyst” is 30% to 40% of the total activity. In
other words, 60% to 70% of the basic activity is still retained in
most cases. Therefore, regenerating deactivated catalysts for
direct recycling is an ideal way to reduce costs and energy
consumption and recycle resources. Whether a deactivated
catalyst can be restored to its former activity by regeneration
depends on the cause of the deactivation and the ease with which
it can be regenerated. Therefore, before regenerating spent
catalysts, analysis and diagnosis of the valuable component
content, specific surface area, strength, and catalytic denitrifica-
tion activity should be conducted to determine the value of the
regeneration options. Deactivated catalysts with some potential
for recovery can be regenerated using suitable and effective
regeneration methods. Currently, there are mainly physical
regeneration, chemical regeneration, and current new regener-
ation methods.

3.1.1. Physical Regeneration. 3.1.1a. Ultrasonic-Assisted
Water Washing. Water washing can remove floating dust,
accumulated ash, impurities inside the blocked pore, and toxic
substances such as soluble alkali metal salts from the surface of
V,05—WO;/TiO, catalyst modules. The water-washing regen-
eration method is simple and convenient, with low regeneration
costs and low equipment requirements. However, for severely
poisoned catalysts, water-washing regeneration is limited, and
ultrasonic-assisted washing can remove the more challenging
adherents. Liu et al.” used ultrasonic-assisted water washing to
remove iron deposited on the surface of spent SCR catalysts by
ultrasonic cleaning. Figure 3 shows a comparison before and
after ultrasonic cleaning. However, high-pressure rinsing can
wash away some active ingredients, so subsequent soaking is
often required to replenish the active ingredients.

3.1.1b. Active Component Loading. Yu et al.®° used a
combination of experiments and simulations to calculate the
interaction of ammonium hydrogen sulfate NH,HSO, with
V,05—WO;/TiO, catalysts, showing that TiO,-loaded
NH,HSO, dissociates to NH," and SO,>~ during the reaction.
V,05, WO3, and MoOj; can form a protective layer to inhibit the
adsorption of NH,HSO, by TiO, and accelerate the response of
NH," with NO. Because of the active components, such as V,Oq
and WO, the V,0,—WO,/TiO, catalyst can achieve relatively
regular operation. However, in the actual process, the

https://doi.org/10.1021/acsomega.3c07019
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Figure 3. Images of spent SCR catalyst before and after ultrasonic water cleaning.*® Reproduced with permission from ref 28. Copyright 2022 Elsevier.
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denitrification performance of the catalyst decreases due to the
loss of active components because of prolonged commissioning.
Therefore, solutions containing, e.g., ammonium metavanadate,
ammonium paratungstate, and ammonium paramolybdate can
be used to impregnate deactivated V,0,—WO;/TiO, catalysts
for effective regeneration by replenishing them with active
components such as V, W, and Mo. Qiu et al®' used a
microwave-heated mixture of ethanol and water to wash the
spent catalyst, followed by impregnating the active component
with a solution containing ammonium vanadate NH,VO; and
ammonium tungstate (NH,),WO, for 2 h, then achieved
efficient regeneration by rapid microwave drying and calcina-
tion. The results showed that the surface area of the catalyst
could be increased by 123.2% over that of the deactivated
catalyst when using a 20% ethanol content under microwave
heating. By impregnating the active component, the V content
increased by 62.2%, and the NO conversion of the catalyst
increased from 39% to 90% at the temperature of 320 °C. The
efficient green advanced oxidation process of the oxidative
ammonium bicarbonate leaching (OABL) at medium temper-
ature and atmospheric pressure proposed by Li et al. includes an
active ingredient impregnation step ((Figure 4(a),(b)).”” The
results showed that the denitrification activity of the regenerated
catalyst after loading the active component was close to that of
the fresh SCR catalyst, achieving a NO conversion of 91% at 400
°C.
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3.1.2. Chemical Regeneration. 3.1.2a. Heat Treatment
Regeneration. Thermal treatment regeneration can be divided
into thermal regeneration and thermal SO,-acidification
regeneration. Thermal regeneration refers to heating the spent
catalyst at a certain rate, generally under an inert atmosphere,
and maintaining it for a certain time at the final temperature
before cooling to room temperature. The presence of an
ambient gas prevents oxidation reactions, based on which
reducing gases such as NH; or H, can be introduced to react
with surface-deposited salts to decompose them. SO,-acid-
ification regeneration refers to the high-temperature calcination
of the spent catalyst in an SO, atmosphere after water washing to
increase its active acid level and achieve reusability. Xu et al.**
carried out simulations of in situ SO, poisoning of V,0,—WO,/
TiO, catalysts at 200 °C in an atmosphere of 500 ppm of NHj,
500 ppm of SO,, 5% H,0, 5% O,, and N,. The results showed
that SO, poisoning on 1% V—W—Ti was mainly due to the
formation of adsorbed NH,HSO,, and its activity can be
restored by decomposition at 400 °C. Kato et al.® thermally
regenerated As-poisoned V,03—WO;/TiO, catalysts with
methanolic steam. The authors identified the temperature
range of 250—275 °C as optimal for thermal regeneration with
methanol steam to achieve successful removal of As with low
impact on catalyst activity. Thermal treatment techniques are
generally effective in removing alkali metal and As from As-
poisoned spent catalysts.
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3.1.2b. Chemical Cleaning and Regeneration. By ultrasonic
water washing, the micropores of the catalyst surface are deeply
cleaned from fly ash and the catalyst surface from adsorbed toxic
elements. Still, the substances causing chemical poisoning of the
catalyst, such as CaO, As,0O;, PbO,**™% and other harmful
oxides, are not entirely removed from the catalyst surface. The
removal of the oxides can be achieved by immersing the blown
and water-washed V,0,—WO;/TiO, catalyst in chemical
reagents such as acidic and alkaline solutions and organic
polyethers.
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Acid Washing. An acid solution is used as a cleaning solution
to clean and regenerate the replaced SCR catalyst. The acid-
washing process generally involves soaking the deactivated
catalyst in inorganic acids such as sulfuric acid (H,SO,), nitric
acid (HNO,), and hydrochloric acid (HCI)®”~* or organic acid
solutions, such as oxalic acid and acetic acid,”””" and then
rinsing the catalyst with deionized water until neutral and finally
drying and roasting to obtain the regenerated catalyst. Tian et
al.”? regenerated commercial V,03—WO;/TiO, catalyst after As
poisoning by washing with H,SO, (Figure 5(a)). The results
show that this method exposes acid sites and removes As oxides
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from the catalyst surface, while chelated SO,>~ generates new
Bronsted acid sites and improves catalytic performance.
However, H,SO, cleaning also results in a certain loss of V so
that the activity of the regenerated catalyst remains relatively low
at 300—400 °C. Yu et al.”' removed impurities from Pb-
poisoned deactivated catalysts by washing with ethylenediami-
netetraacetic acid (EDTA), H,SO,, acetic acid, oxalic acid, or
HNO;, showing that single acid washing increased the specific
surface area and Bronsted acid sites, leading to increase partial
catalytic performance. The combination of EDTA-2Na and
H,SO, was found to be the most effective for the regeneration of
the above acid washes, outweighing HNO;, EDTA, oxalic acid,
H,SO,, and acetic acid in that order (Figure 5(b)). Li et al.”
regenerated the V,0,—WO;/TiO,—SiO, catalysts poisoned
with Pb, As, and alkali metals by washing with acetic acid and
H,SO, (Figure 5(c)). The results showed that the removal of
Pb, Na, As, and K reached 99.2, 99.9, 98.8, and 93.9%,
respectively. Compared to the conventional H,SO,-wash
regeneration process, the acetate washing of alkali-deactivated
catalysts can save the activation solution soaking step while
ensuring the regeneration effect.

Alkaline Washing. Yu et al.”* used a dilute sodium hydroxide
(NaOH) solution to wash V,0,—WO;(Mo0,)/TiO, catalysts
deactivated after a service life of approximately 37,000 h. The
results showed that this method achieved the effect of removing
impurities, increasing the specific surface area and porosity and
restoring the V** content, with the relative activity increasing to
0.74 at 380 °C. However, this method partially dissolves active
V, reducing its regeneration effectiveness. Qi et al.” investigated
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the treatment of As-poisoned catalysts with deionized water,
acetic acid, and alkaline sodium carbonate (Na,COj;) solutions
and demonstrated that effective As removal and a NO,
conversion of 98.45% of the original efficiency could be achieved
after this regeneration process. Jia et al.’® treated the catalysts
with 0.001 mol/L acetic acid and 0.0015 mol/L ammonia
solution and achieved an activity recovery of the regenerated
catalyst between 94.3% and 97.4% in the temperature range of
300—400 °C. Lou et al.”’ regenerated an end-oflife V,05—
WO;/TiO, catalyst with high As content using a stepwise alkali-
acid leaching process, as shown in Figure 6. Under optimized
conditions of 80 °C, a 1 mol/L alkaline solution, and a 3:1 liquid
to solid ratio, the As content could be reduced from 1.92% to
below the detection limit. The commercial catalyst standard
could be achieved by acid washing and reimpregnating the active
ingredient.

Organic Polyether Reagent Cleaning. Li et al.”® treated
CaO-poisoned V,0;—WO;/TiO, catalysts using the 1-hydrox-
yethyl-1,1-diphosphate (HEDP) solution impregnation meth-
od. The results showed that the denitrification performance of
the HEDDP-treated poisoned catalysts was significantly improved
by achieving higher CaO removal and less loss of active
ingredients. Li et al.”” used alkylphenol polyoxyethylene ether
10 (OP-10) to clean and regenerate Ca-poisoned V,0,—WO,/
TiO, catalysts, resulting in 78% removal of Ca and less than 15%
removal of V, which was better than employing conventional
H,SO, as a cleaning solution, confirming that OP-10 could
effectively restore the catalytic performance of the spent catalyst.
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Washing and regeneration of V,0,—WO;/TiO, catalysts with
acidic/alkaline solution are more effective than regeneration by
water washing.80 However, washing with acidic or alkaline
solutions can cause equipment corrosion to a certain extent.
Loss of active elements can occur during this washing method,
decreasing the catalytic performance of V,0,—WO;/TiO,
catalysts.'* Some studies have shown that the regeneration
effect of mixed acidic/alkaline washing (dilute NaOH-HNO,
solution) is superior to single acid—base washing, which can
effectively overcome the disadvantages of single acid washing,
resulting in the loss of active elements, and single-base washing,
resulting in poor contaminant removal and deposition of alkali
metal ions.®' At the same time, chemical reagent washing should
focus on the development of more environmentally clean
process methods that can retain the active components to a
greater extent by effectively removing the catalyst poisons.

3.1.3. New Regeneration Methods. In addition to
physicochemical regeneration methods, there has been con-
tinuous research into the regeneration of spent catalysts in
combination with novel techniques such as electrochemistry,
bioleaching, and ammonium salt decomposition of deposits
from the perspective of optimizing stepwise procedures.

Xue et al.”> proposed a process method for the electro-
chemical detoxification of spent SCR catalysts by in situ
generation of active oxygen in alkaline media to recycle As-
poisoned deactivated commercial V,0,—WO;/TiO, catalysts,
mainly through the step of crushing and sieving, magnetically
stirred electrochemical advanced oxidation, filtration and
separation, acid washing, active ingredient impregnation, and
drying and calcination (Figure 7(a),(b)). It was found that the
structure and original composition of the catalyst after
electrochemical treatment on a TiO, carrier was well retained
and could be utilized for recycling or further retreatment
processes. The catalytic deoxygenation activity could reach its
original levels after impregnating the active component on the
detoxification catalyst. Li et al.** used an electrothermal alloy to
heat the catalyst surface temperature to expand the working
temperature window of the catalyst. At the same time, it was
found that electrical heating could effectively regenerate the
NH,HSO,-poisoned catalyst and restore the NO,, conversion to
the level of a fresh sample (Figure 7(c)). Niu et al.*' used an
active bioleach solution from indirect bioleaching with Acid-
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ithiobacillus thiooxidans for the deep removal of As from the
recycled product. According to the results, the microbially
secreted bioleach solution contained high levels of cysteine,
which promoted As removal and had a strong activating effect on
the product. Based on a mixture of acetic acid, oxalic acid,
H,SO,, and phosphoric acid as selective agents for the effective
removal of contaminants from SCR catalyst surfaces, Kapkowski
et al.** proposed an optimal three-step procedure of acidic
cleaning in a mixture of acetic acid, H,SO,, phosphoric acid, and
oxalic acid, followed by an auxiliary treatment in an alkaline
NaOH and hydrogen peroxide (H,0,) solution and the
subsequent removal of residual alkali with acetic acid. This
method ensures the recovery of catalyst efficiency to a level
comparable to that of new catalysts and is equally suitable for
high-volume treatment in industrial power stations. Zheng et
al.*> added ammonium nitrate (NH,NO,) to spent SCR
catalysts with simulated NH,HSO, deposition deactivation
and found that the addition of NH,NOj; not only improved NO,,
conversion at low temperatures but also accelerated the removal
of NH,HSO, on the catalyst surface and effectively prevented
the new deposition of NH,HSO,.

The regeneration of V,0,—WO;/TiO, catalysts employs
different treatment methods depending on the type of
deactivation. Specifically, spent SCR catalysts, as hazardous
wastes, are rich in As, Sn, and Pb hazardous components due to
the perennial influence of flue gas from thermal power plants.
Among them, poisoning is the leading cause of its deactivation.
It is mainly deposited on the catalyst surface and internal
channels in the form of As,O; and As,O;. Currently, the industry
standard for the regeneration of spent catalysts has a limit of 200
mg/kg for As residual concentration, and the removal of this
type of component is the focus of regeneration process
research.”’ Combined acid and alkali purification is the
mainstream commercial method. It can remove As and alkali
metals at the same time, increase acidic sites,”” and remove As>*
and As’* in deep channels to obtain regenerated products.
However, the chemicals themselves are damaging to the
substrate and do not guarantee the complete removal of As
residues occupying the V,Os active sites.*® This still has an
impact on the activity of the regenerated catalyst. Therefore, it is
a common goal to explore milder regeneration reagents with
deep purification of As residue carriers.
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As industrial production continues to innovate and the flue
gas environment becomes more complex, future treatment
methods can be based on the effective retention of active
ingredients, shortening the process flow, and improving
recovery efficiency, combining the concept of environmental
sustainability and exploring process method optimization
techniques in different fields to achieve low-energy, efficient,
and clean regeneration of catalysts. In particular, biological
regeneration methods as environmentally friendly practices have
potential and advantages, and further exploration of bacteria
strains for eflicient removal of toxic substances could be a point
of interest.

3.2. Valuable Metal Recovery Methods for Spent
Vanadium—-Titanium SCR Catalysts. More than 20% of
deactivated catalysts are not reusable due to structural damage
and irreversible deactivation.” For these deactivated catalysts
with low recovery potential, when regeneration is no longer able
to achieve reuse value and meet reuse criteria, considering metal
recovery is a favorable approach to reducing potential pollution
hazards and fully utilizing the resources contained in the spent
catalysts due to their richness in strategic metals such as V, W,
and Ti. Typically, metals in deactivated catalysts are recovered in
three significant stages: pretreatment, recovery of precious
metals, and separation and purification. After pretreatment, the
metal extraction process is further divided into wet recovery, dry
recovery, and a combination of wet and dry methods, depending
on the extraction method. Figure 8 shows the valuable metal
recovery process of the spent SCR catalyst.

3.2.1. Wet Recovery. Wet recovery involves the use of
leaching agents to break the bonds between V, W, and O in the
catalyst, mainly affecting the bonding of V—-0,, W—0O,, and W—
0,,*° thereby removing the components V,05 and WO, from
the carrier. Depending on the leaching agent, wet recovery can
be divided into acid leaching, alkaline leaching, and new leaching
methods adapted to the environment.

3.2.1a. Acid Leaching. The acid leaching method, which
mainly uses acidic reagents to transfer the valuable metals in the
catalyst into acidic solutions, is widely used for its low cost and
effective recovery advantages. V,Oj in the catalyst is soluble in
acids, while WOj is soluble in alkali. Consequently, in the acidic
solution, W remains in the residue, which also contains TiO,
since it reacts only weakly to acids and bases. Accordingly, acid
leaching targets the extraction of V, and the current process
mostly uses inorganic acids such as HCI, H,SO,, and HNO; but
also organic acid reagents such as oxalic acid for leaching. Nie et
al.®® identified the leaching mechanisms of NaOH, H,SO,, HCI,
and HNO; for V and W and compared to their leaching
capacities using DFT calculations and experimental studies. The
leaching experiment was carried out under the conditions of
different inorganic acid solutions with a concentration of 5 mol/
L, a solid—liquid ratio of 1:20 g/mL, a temperature of 80 °C, and
a time of 8 h. The order of leaching capacity and leaching rate of
inorganic acid solutions for V decrease in the order H,SO,
(69.0%) > HCI (52.5%) > HNO; (42.2%), and W was almost
not leached under these conditions. Zhang et al.”” investigated
the reducing acid leaching system of H,SO, and sodium sulfite
(Na,S0;) to recover V: with an H,SO, concentration of 5 wt %,
a leaching temperature of 95 °C, a material—liquid ratio of 1:10
g/mlL, a leaching time of 2 h, and adding 1 g of Na,SO; to the
mixture every 0.5 h, nearly 100% V removal rate can be achieved.
By comparing with inorganic acids, Yao et al.*” found that the
leaching efficiency of W in oxalic acid could reach 70%, which
was significantly higher than that achieved in HCI (16%) and
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HNO; (19.5%). Wu et al.”” studied the selective leaching of V
with oxalic acid and the reaction mechanism, as shown in Figure
9. Under the optimized conditions of an oxalic acid
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Figure 9. Selective leaching process of V and Fe with oxalic acid.”
Reproduced with permission from ref 90. Copyright 2018 Elsevier.

concentration of 1.0 mol/L, a reaction temperature of 90 °C,
a liquid—solid ratio of 20 mL/g, a particle size smaller than 75
pum, and a leaching time of 180 min, the leaching rate of V
reached more than 84%.

For the direct acid leaching of Ti and W, Zhao et al.®
considered that the increased content of K, Na, and Fe in the
spent V,0,—WO;/TiO, catalyst was not conducive to catalyst
recovery, and Si, Al, and Ca were insoluble in the H,SO,
solution; therefore, their separation from Ti and W could be
achieved during the acid digestion process. Therefore, the
authors used hot concentrated H,SO, as a leaching agent for the
simultaneous leaching of W and Ti from the V,0;—WO,/TiO,
catalyst and shortened the process route as shown in Figure 10,
obtaining as optimum conditions a temperature of 150 °C, a
reaction time of 60 min, an H,SO, concentration of 80%, a mass
ratio of H,SO, to TiO, of 3:1, and dilution to an H,SO,
concentration of 20% after the reaction. Under these conditions,
the leaching efficiency of Ti and W reached 95.92% and 93.83%,
respectively. After further hydrolysis and calcination steps,
titania powder with low levels of impurities and reconstructed
porosity properties was obtained.

The acid process recovers V products with high purity but, at
the same time, leaches out other impurity metal components
that are easily soluble in acid, which require the input of reducing
agents for reduction. There is still relatively little direct leaching
of Ti and W. Subsequent research can be conducted for the
direct leaching of Ti and W in various aspects. In addition, acidic
reagents have a corrosive effect on the equipment. Finding more
environmentally friendly leaching reagents and process methods
is still something that needs to be investigated.

3.2.1b. Alkali Leaching. Alkali is considered to be the best
reagent for the simultaneous leaching of the valuable metals V
and W from spent V,0,—WO,/TiO, catalysts,”" with the
advantages of lower costs and higher leaching efficiency. V and
W can be transferred to the alkaline reagent solution by alkali
leaching according to eqs 6—7), while TiO, is retained in the
residue phase.

V,0; + 2NaOH — 2NaVO, + H,0 (6)
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WO, + 2NaOH — Na,WO, + H,0 (7)
Commonly used alkaline leaching reagents include NaOH,
H,0,, and (NH,),CO;. Wu et al.”> used the NaOH alkaline
leaching method and achieved leaching rates of 87 wt % for V
and 91 wt % for W at the optimum conditions of a NaOH
concentration of 0.3 kg/kg catalyst, a pulp density of 3%, a
leaching temperature of 70 °C, a particle size of less than 74 yim,
and a leaching time of 30 min. Su et al.”' premixed NaOH with
spent catalyst and obtained 68.3% V leaching and 50.1% W
leaching at the optimum conditions of a leaching temperature of
100 °C, a NaOH/ catalyst ratio of 0.9, a liquid to solid ratio of 18,
a stirring speed of 900 rpm, and a leaching time of 240 min.
Furthermore, premixing NaOH and catalyst significantly
increased V and W leaching and reduced silicon leaching at 25
°C and atmospheric pressure. Cao et al.”” investigated the effects
of (NH,),CO; concentration, H,O, concentration, time, and
temperature on the leaching efficiency and the leaching
thermodynamics and kinetics of V and W, as shown in Figure
11. The optimum leaching conditions were obtained as 1.5 mol/
L H,0,, 70 °C, 2.0 mol/L (NH,),COj, a liquid to solid ratio of
25:1, and a leaching time of 30 min. The recovered products
were V,0 and ammonium paratungstate (APT), with
recoveries of V and W equal to or exceeding 98% and 99%,
respectively. The apparent activation energy after leaching was
64.18 kJ/mol for V and 58.95 kJ/mol for W. The leached residue
crystals were identified as anatase TiO,, which was structurally
stable and could be used as a carrier for the remanufactured
catalyst.

The spent SCR catalyst
2.0 mol/L. (NH,),CO; 30min
1.5 mol/L H,0, L:8=25:1
‘ Ammonium leaching }‘—| Ammonium synthesis I‘f
Filtration
¥ ¥ o)
Residue Leachate Y
o
z
Organic Raffinate
Drying and grinding Stripping Evaporation
(NaCH) ctystallization
Anatase TiO, ; l’ . 1
NzOH Precipitation PT
(Ca0)
Cay(VO,),
NH,VO,

Figure 11. W and Ti recovery process using (NH,),CO;/H,0,
leaching.” Reproduced with permission from ref 93. Copyright 2021
Elsevier.

In contrast to leaching at atmospheric pressure, Kim et al.”*

proposed an alkaline leaching process with a solution of NaOH
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and Na,COj; under pressure and found that high V and W
leaching efficiency could be achieved while reducing the
concentration of NaOH. They mixed 2 mol/L NaOH and 0.2
mol/L Na,COj solutions to leach V and W from spent V,04—
WO;/TiO, catalysts under pressure and achieved leaching rates
of 99.6% and 98.8% for V and W, respectively, at an optimum
temperature of 300 °C, a leaching time of 120 min, a liquid to
solid ratio of 20:1, and stirring speed of 1000 rpm. Choi et al”®
used a steam-assisted high-pressure reaction in a sealed
autoclave and found that the NaOH pressure leaching process
was more effective in dissolving V and W from the spent V,05—
WO;/TiO, catalyst. Under leaching conditions of a NaOH
concentration of 3 mol/L, a temperature of 250 °C, a solid-to-
liquid ratio of 0.4, and a particle size below 150 mm, the leaching
efficiencies of V. and W were 91.5% and 87%, respectively.

Using alkaline reagents results in the coleaching of V and W.
Hence, the separation of V and W needs further consideration in
subsequent purification steps to obtain high recovery rates.

3.2.1c. New Environmentally Friendly Leaching. Compared
to conventional acid—base leaching, the choice of milder and
more effective reagents is the focus of current research into
leaching processes in response to environmental protection and
energy efficiency.

Microbial leaching is gentler and more environmentally
friendly and avoids high energy consumption. Wang et al.”®
studied the leaching of V using a combination of five methods:
depleted nutrient, eutrophic, S-mediated, Fe-mediated, and
mixed S-mediated and Fe-mediated. The total W and V leaching
rates by the S-mediated, mixed, depleted, eutrophic, and Fe-
mediated methods were 90%, 35%, 33%, 20%, and 7%,
respectively. Among them, the S-mediated method achieved
the highest leaching rate, probably due to the action of
Acidithiobacillus and Sulfobacillus that contributed to the
leaching of V and W. However, the mechanism of bioleaching
needs to be further clarified. The disadvantages of the microbial
leaching process are too long leaching times and stringent
leaching process conditions to culture the microorganisms.

To avoid the generation of large amounts of leaching
wastewater and to reduce corrosion of equipment and
environmental pollution, Liu et al”” selected nine different
ionic liquids (ILs) for the extraction of V and W from spent
catalysts. The results showed that V,04 could be dissolved in
basic ILs ([MEA]L, [TMG]L, N,,,,[L-Pro], N,;,,[Sar]) and
not in neutral ILs ([BMIM][BF,], [BMIM][PF¢], [TMG]-
[BF,]) at 45 °C—120 °C. The pH needs to be considered in the
acidic case, and at pH = —0.43, V,0O; can be dissolved in
[Hnmp]HSO,. The order of leaching efficiency for vanadium is
N,,50[L-Pro] > Nyyy,[Sar] and [Hnmp]HSO, > [MEA]L and
[TMG]L, with leaching efficiencies of up to 70% at temperatures
below 100 °C. The above five reagents were also effective for the
leaching of tungsten with efficiencies of up to 77%. Ionic liquids,
as new green solvents with the advantages of both high-
temperature molten salts and organic reagents, are used for the
leaching of valuable metals from spent SCR catalysts as a new
and sustainable technology. Its leaching effect is comparable to
that of acid—base leaching and holds some promise. However,
the application is limited by a combination of cost and
technology. With this approach, the continuous development
of economical and efficient new ionic liquid leaching agents
could be a subject for further research.

3.2.2. Dry Recycling. Dry recovery mainly involves the
extraction of target metals from hard-to-decompose minerals
and waste by roasting the oxidized metals at high temperatures,
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here mainly divided into alkaline roasting and molten salt
methods.

3.2.2a. Alkaline Roasting Method. The roasting process is a
solid-phase reaction between reagents and spent SCR catalysts
at high temperatures to form salts, with the main reagents being
NaOH and Na,COj. Metals such as V, W, Si, and Al react with
the molten alkali to form water-soluble sodium salts. In contrast,
Ti reacts with the molten alkali to form water-insoluble sodium
titanate.”® The sodium roasting-water leaching process is an
effective way to extract V and W from spent SCR catalysts.
Cueva et al.”” compared a standard roasting process using solid
NaOH as the roasting agent with an innovative process using
dissolved NaOH, concluding that roasting in NaOH solution
was a more efficient method, reducing silicon leaching to nearly
half while maximizing V and W leaching. The process is shown

in Figure 12. Choi et al.'” investigated the impact of the
Spent SCR Deionized Deionized
catalyst water water
| | w
e " , ater
Grinding Mn;mg Roasting Leaching
NaOH(s) ﬂ Filtration

Leach liquor V&W Low
Si Concentration

Figure 12. NaOH solution roasting leaching process.

parameters of Na,COj; addition, temperature, and roasting time
for Vand W on the extraction efficiency. The results showed that
the effect on W extraction when adding Na,COj to the roasting
process of spent catalyst was significant, and the extraction
efficiency of W increased significantly with the increase in
Na,COj; dosage, where excess Na,COj inhibited the formation
of calcium tungstate (CaWO,). The maximum extraction of W
was 92% under the optimum reaction conditions with a Na,COj;
particle size of less than 106 gm and an equivalence ratio (the
ratio of the amount of Na,CO; added to the total content of W
as Na,WO, and V as NaVO; in 10g of raw material) of 10. Moon
et al.'”" investigated the water leaching and acid leaching of
spent SCR catalysts after alkali melting with Na,COj;. The
reaction of the spent SCR catalyst with Na,CO;, the water
leaching process in a temperature range of 303—373 K, and
liquid-to-solid ratios of 2—20% resulted in leaching efficiencies
greater than 99.2% for both W and V. The HCI leaching
efficiency of Ti was 98.3% after 3 h of leaching with 8 mol/L HCl
at 353 K and a liquid-to-solid ratio of 10%.

3.2.2b. Compound Salt Melting. To reduce the roasting-
leaching temperature and the amount of used Na,COj; and to
increase the leaching rate of V and W, a salt component is
generally added to the alkali-based roasting step, thus lowering
the roasting melting point and increasing the efficiency of the
reaction. Song et al.”” used a molten salt roasting-leaching
method with Na,CO;—NaCl—KCl to recover valuable metals
from spent V,0,—WO;/TiO, catalysts, as shown in Figure
13(a), achieving optimal W and V leaching rates of 99.3% and
98.4% at roasting conditions of 12% Na,CO;—40% NaCl—-KCl
and 750 °C. Yang et al.'*” studied the extraction of W and V with
Na,CO;—NaCl, as shown in Figure 13(b), achieving leaching
rates of 94.9% and 95.5% for V and W, respectively, and
recoveries of 93.4% and 96.2% at roasting conditions of 16%
Na,CO;—8.8% NaCl and 750 °C. The leaching residues of
nano-TiO, and sodium titanate nanowires were also used as

https://doi.org/10.1021/acsomega.3c07019
ACS Omega 2024, 9, 6036—6058
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Figure 13. (a) Na,CO;—NaCl—KCl molten salt roasting-leaching method to recover titanium dioxide and sodium titanate nanowires TiO,/STNWs
from spent V,0,—WO,/TiO, catalysts as Cd(II) adsorbent.”’ Reproduced with permission from ref 29. Copyright 2018 Elsevier. (b) Na,CO;—NaCl
Yungan roasting process to recover TiO,/STNWs from spent V,05—WO;/TiO, catalysts and extract and separate W and V.'* Reproduced with

permission from ref 102. Copyright 2020 Elsevier.

heavy metal adsorbents. The addition of NaCl allowed
decomposition-generated chlorine Cl, to act as a catalyst and
oxidant to promote the oxidation of low-valent V, thus
facilitating the leaching of V. Wang et al.'”* compared different
types of sodium additives and found that the leaching efficiency
of NaOH—NaCl roasting for V and W was up to 91.39% and
98.26% higher compared to acid and alkaline leaching,
respectively. At the same time, the addition of low melting
point NaOH promoted the reaction to a greater extent than the
addition of sodium additives with different melting points.
Under the optimum roasting conditions of 750 °C, a roasting
time of 2.5 h, a sodium additive to catalyst mass ratio of 2.5, and a
NaCl to NaOH mass ratio of 1.5, V and W leaching efficiencies
were 93.25% and 99.17%, respectively.

The composite salt melting method in dry recovery can
decrease the melting point, reduce the number of roasting
reagents, and shorten the process compared to a single alkaline
roasting way. It can achieve more effective leaching of V. and W.
However, the added chloride component may cause secondary
contamination during the roasting process, and the impact on
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the specific heavy metal adsorption application needs to be
considered.

3.2.3. Combined Wet and Dry Method. As some catalyst
components are not homogeneous, sometimes one method, wet
or dry, does not achieve good recovery, and a combination of
wet and dry methods addresses the shortfall and achieves the
leaching target. Choi et al.'’* used a roasting—HCl decom-
position—NaOH leaching-precipitation process to recover W
from spent V,0,—WO;/TiO, catalysts for the synthesis of
CaWO, (Figure 14). According to the results, the addition of
CaO during the roasting process could effectively improve the
extraction efficiency of W. Using 4 mol/L HCI solution as the
decomposition solution, the removal of V reached 92.5%, and
the loss of W was negligible. The dissolution of H,WO, with 1
mol/L NaOH solution gave W yields more significant than 99%.
Calcium chloride (CaCl,) was then added to the sodium
tungstate (Na,WO,) solution for the synthesis of CaWO,, and
the final product contained 96.1 wt % CaWO,, giving a total W
recovery of 96.4% from the feedstock using this process.

https://doi.org/10.1021/acsomega.3c07019
ACS Omega 2024, 9, 6036—6058
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Figure 14. Recovery of W from spent V,0s—WO;/TiO, catalyst by the
roasting—HCI decomposition—NaOH leaching—precipitation process
for the synthesis of CaWO,."** Reproduced with permission from ref
104. Copyright 2018 Elsevier.

Yao et al.*”’ used CaO-H,C,0, sequential calcination—oxalic
acid leaching to recover W from spent V,0,—WO;/TiO,
catalysts and investigated the conversion mechanism of W
during two calculations. The results showed that W partially
reacted with Ca during the first calcination to form CaWO,,
which was converted to the soluble chelate compound
H,[WO,(C,0,)H,0] after leaching by dilute oxalic acid, as
shown in eqs 8—9:

CaWO, + H,C,0, + H,0 — H,WO, + CaC,0,-H,0
(8)
)

The filtrate was roasted twice; the W leaching rate reached up to
87%; and the purity of the resulting WO; was up to 91%. Teng et
al."%® used a combined wet and dry process to achieve efficient
separation and leaching of Ti, V, and W elements from waste
V,05—WO;/TiO, catalysts. The optimum process conditions
for acid leaching—reduction leaching of V were a temperature of
140 °C and a liquid-to-solid ratio of 30:1. In comparison, the
optimum process conditions for sodium roasting and leaching of
W were a calcination temperature of 750 °C and a reactant to
Na,CO; mass ratio of 1:1.5. Under these conditions, the
leaching rates of V and W reached 97.6% and 93.6%,
respectively. The anatase TiO, obtained by H,SO, leaching
was roasted at 750 °C, and the recovery was 97.17% with a purity
of 95.35%.

The above process can effectively leach the major valuable
metals V, W, and Ti from the spent catalyst. Table 4 summarizes
the corresponding methods. Exploring shorter processes and
environmentally and economically viable extraction processes
remains a direction for future research efforts.

3.2.4. Separation and Purification of Vanadium and
Tungsten. After the above leaching and extraction of the
valuable metals from the spent V,0,—WO;/TiO, catalyst, the
V- and W-rich leach solution and the Ti-rich residue obtained by
filtration need to be further processed, separated, and purified to
achieve the separation and utilization of V, W, and Ti. For
solutions containing V, W, and other valuable metal elements,
further separation and treatment is required for the leachate,

H,WO, + H,C,0, — H,[WO,(C,0,)H,0]
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depending on the differences in the nature of V. and W ions, to
achieve the separation and recovery of the two metals. The
processes can be mainly categorized as chemical precipitation,
ion exchange, and solvent extraction methods.

3.2.4a. Chemical Precipitation Method. The chemical
precipitation method is mainly used to separate and purify V
and W by adding precipitating agents to different compounds
with different solubilities. The main precipitation methods
currently used for the purification and separation of V- and W-
containing leachates are ammonium precipitation for the
recovery of V and calcium precipitation for the recovery of W.
Ammonium salts are added to the leachate to obtain NH,VO,
sludge, which is calcined at high temperature to obtain V,0j,
according to eqs 10—11:

NaVO; + NH,Cl - NH,VO; | +NaCl (10)

(11)

The filtrate is then added to Ca salt solution to obtain CaWO,
precipitate, which is acid-washed and calcined to give WOj,
reacting as in eqs 12—14):

2NH,VO, — V,0; + 2NH, 1 +H,01

(NH,),WO, + CaCl, » CaWQ, | +2NH,CI (12)
CaWOQ, + 2HCI —» H,WOQ, | +CaCl, (13)
H,WO, - WO, + H,01 (14)

Yang et al.'®® used Na,CO;~NaCl molten salt roasting and
leaching to extract W and V from spent V,0,—WO,;/TiO,
catalyst and obtained enriched W and V solutions by ion
exchange and NaOH elution. The further separation involved
ammonium precipitation, and the recoveries of Vand W were up
to 93.4% and 96.2%, respectively. Wang et al.”* used H,SO,—
ascorbic acid to coleach V and enrich V by pH adjustment. Then
NH,CI was selected as the precipitant to obtain ammonium
polyvanadate (APV), and the product V,O5 was obtained by
roasting at 550 °C for 1 h. The chemical precipitation method is
simple, inexpensive, and high-throughput. Still, the product
purity is low, and this method is relatively suitable for
purification and separation when high product purity is not
required.

3.2.4b. lon Exchange Method. The ion exchange method
mainly uses ion exchange resins to separate and purify V. and W
ions based on their different selectivity for these ions. Kim et
al.'”” adsorbed W and V on synthetic extraction resins and then
desorbed them for recovery from the separated sodium silicate.
According to the analysis of the adsorption mechanism of the
synthetic resins, W followed an ion-exchange sorption
mechanism, while V followed a physical sorption mechanism;
the sorption of V was less than that of W because of the higher
selectivity for WO,>~ than for VO,~. The synthetic methyl-
cellulose-grafted anion extraction resin was found to have 1.77
times and 1.39 times higher sorption performance for Vand W
than the standard resin, respectively. Wu et al.”” passed a strong
base leaching solution through a strong base anion exchange
resin (Ambersite IRA900) and investigated the effect of the
leaching parameters of added NaOH amount, pulp density,
leaching temperature, particle size, and time on the leaching of
W and V (Figure 15). A selective loading of WO,*~ was obtained
at high pH, and the adsorbed W could be eluted with a mixture
of 1 mol/L NaCl and 0.5 mol/L NaOH. The final W
concentration of the solution was 8.4 g/L with a purity of
98%. The ion exchange method is generally not suitable for

https://doi.org/10.1021/acsomega.3c07019
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Figure 15. Strong base leaching of spent SCR catalyst followed by W
extraction through a strong base anion exchange resin process.

large-scale industrial applications due to its small throughput,
poor selectivity, and high cost for the limited use of the resin.
3.2.4c. Solvent Extraction Method. Solvent extraction is the
use of extractants to purify or separate V. and W components
from the solution. The main extractants currently used for V or
W extraction from leach solutions are Cyphos IL 104, primary
amine N1923, diethylhydroxydodecanone oxime (LIX 63),
trioctylphosphine oxide (TOPO), trioctylmethylammonium
chloride (Aliguat 336), and bis(Z-ethylhexyl)ghosphoric acid
(HDEHP).'"”*™""! In particular, Xiao et al.'”” used acidified
primary amine N1923 to extract V and W and V, Mo
preferentially. W were separated by selective stripping of V
and W with H,SO, and ammonia solutions, respectively (Figure
16). At a pH of 6.7, compared to an O/A (oil phase/aqueous
phase) of 1, a contact time of 4 min, and a primary amine N1923
concentration of 10%, 99.91% V and 96.86% W were extracted.
In the presence of H,SO, and ammonia, the vapor extraction of
V and W reached 95.34% and 95.50%, respectively, and the
organic phase remained recyclable. The solvent extraction

Spent SCR catalyst

l

Alkaline leaching

l “Mo: 2.5g/L
. . W: 0.9 g/L
Leaching solution | . 541,
N1923

N1923 concentration: 10%

Extraction temperature:25°(
Extraction time: 4 min

pH: 6.7
O/A: 1

94.16% Mo ¥ i
99.91%V

Mo solution Organic phase
96.86% W

1 Loss: §.24% Mo

Stripping - 1 M H,SO,
82.58%V

Loss: 4.82%\\'} —

V solution Organic phase

|
Stripping [« 0.5 M NH;-H,0

l 1 91.17% W

N1923 W solution

Figure 16. Separation processes of V, Mo, and W in alkaline leachate
from spent SCR catalysts using acidified primary amine N1923 as
extractant.'® Reproduced with permission from ref 109. Copyright
2022 Elsevier.
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method is characterized by high product purity, large
throughput, and high recovery levels and is suitable for
purification and separation when high product purity is required.
However, the extractants are mostly volatile organic substances
of low toxicity, and their use poses certain environmental risks.

At present, in addition to the process of achieving pure
products, there is continuous research on the direct high-value
utilization of V.and W obtained after separation and purification
for the preparation of photocatalytic materials like Zn;(VO,),/
ZnWO,'"” and for the synthetic assembly of VO, battery
materials,'"* and others. This is conducive to reducing process
losses and improving the efficiency of V and W utilization. As a
subsequent direction of V and W separation technology, it can
be further considered to focus on value-added utilization on the
basis of low-cost and effective recycling to reduce environmental
pollution. At the same time, there is still a relatively complete
technical evaluation system as to whether the products obtained
from the SCR catalyst recovery process really meet the demand
and are economically viable. It is necessary to use environmental
evaluation methods for technical analysis and collocation.

3.3. Recycling of Spent Vanadium-Titanium SCR
Catalyst Carriers. 3.3.1. Applications of Elemental Ti
Products. Ti is of great recovery value as the main carrier
component of spent V,0;—WO;/TiO, catalysts with a mass
fraction of more than 80%. For the separation of titanium-rich
slag by the alkaline leaching and roasting process, the insoluble
titanate is usually acid-washed, filtered, and calcined to obtain
TiO, powder. Ma et al."'* used Na,CO, roasting to transform
the TiO, in the spent SCR catalyst to sodium trititanate
(Na,Ti;O,) at a Na,COj to catalyst mass ratio of 3:1. Na, Ti;O,
was leached out for 3 h at a temperature of 80 °C using 3.73 mol/
L H,SO, with an acid to catalyst mass ratio of 30:1. The leaching
rate of Tireached 97.5%. Then, the pH of the acid leach solution
was adjusted to neutral with Na,CO;, and the filtrate was roasted
at 600 °C for 3 h to obtain nanoanatase TiO, and a small amount
of rutile TiO, with high purity. Zhang et al.'"> used the NaOH
molten salt method to efficiently (>98%) convert the Ti
component to sodium metatitanate a-Na,TiO; at the optimum
conditions of a roasting temperature of 550 °C, a roasting time
of 10 min, a mass ratio of NaOH to spent SCR catalyst of 1.8:1,
and a NaOH concentration of 60—80 wt %.The a-Na,TiO; was
then subjected to water leaching, acid solubilization, hydro-
thermal treatment, and regeneration to produce a high-purity
(>99.0%) TiO, photocatalyst with excellent performance, which
can meet commercial requirements. The process is shown in
Figure 17.

Due to the rich component and recovery value of spent
V,0;—WO;/TiO, catalysts, using them as a source of Ti is an
effective and meaningful way to offer the potential for more
value-added utilization. The purification of high-purity metal Ti
elements or their use to prepare alloys and nanoultrafine
powders has become a significant direction for the alpplication of
spent catalysts at present (Figure 18). Zhang et al. '% proposed
an environmentally friendly and efficient method for the
preparation of TisSi; and TisSi,—TiAl; alloys using spent SCR
catalysts, Ti-containing blast furnace slag, and aluminum (Al)
alloy scrap. Ti and Si were extracted from the spent catalyst and
Ti-containing blast furnace slag using Al alloy scrap as the
reducing agent under simultaneous production of the Ti—Si—Al
alloy. Finally, the Ti—Si—Al melt was separated by electro-
magnetic directional crystallization to obtain TiSi; and TisSi,—
TiAl, alloys, which is a method with lower energy consumption
than in the conventional Ti metallurgy process. Chen et al.""”
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recovered 99.2% TiO, nanospheres from spent SCR catalysts by
using a systematic sintering—leaching approach containing
NaOH and NaCOj;. The z-format in the homologous structure
significantly inhibits photoexcited electron—hole complexation,
resulting in better photocatalytic performance of the recovered
TiO, nanospheres than other sources of catalyst carriers. The
high-purity V,05 microrods were retrieved by a hydrothermal
method from the low-grade filtrate that exhibited high hydrogen
sulfide (H,S) removal performance. Bai et al.''® studied the
conversion of TiO, obtained after the removal of impurities by a
wet process to Ti,CO by carbothermal reduction, followed by
further purification of Ti,CO by oleic acid capture and the
deposition of high-purity Ti metal at the cathode as a
consumable anode in molten potassium chloride salt. The
authors achieved a conversion of low-grade TiO, between 60%
and 99.5% to high-purity Ti metal from a spent catalyst. Qian et
al."'? extracted Ti from spent catalysts to generate titanyl oxide
sulfate (TiOSO,) by an acid leaching method. The compound
was used for surface-loading of fly ash carrier (FA) by a
hydrolytic precipitation method to form Ti—FA composite
particles with good photocatalytic activity. Long et al.''’
proposed a way to prepare high-quality titanium-containing
pellets from spent SCR catalysts. After adding 5.0 wt % spent
catalyst to the ore pellets, the drop strength of the green pellets
increased from 3.8 times/0.5 m to 7.7 times/0.5 m, the
compressive strength from 16.5 N/pre to 21.5 N/pre, and
rupture temperature from 487 to 553 °C with a 50% reduction in
binder dosage. The strength of the product can meet the
requirements of large blast furnaces.

3.3.2. Complete Reuse of Catalyst Carriers. The carriers
retained after the regeneration treatment and valuable extraction
process can also be reused to prepare fresh denitrification
catalysts, enablingg the recycling of the denitrification catalyst
itself. Liu et al.” investigated the Fe removal rate and TiO,
carrier recovery from spent SCR catalysts, as shown in Figure
19(a,b). Fe deposited on the surface and the residual Fe (III) in
the native structure of the spent SCR catalyst were removed by
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ultrasonic cleaning, NaOH activation, and then acid washing,
respectively. H,SO, dissolves the Fe as Fe*" and ascorbic acid
facilitates the dissolution of Fe by reducing Fe®* to Fe'.
Ultimately, 97.1% of the Fe in the spent V,0,—WO,;/TiO,
catalyst was removed, and the anatase TiO, carrier recovered
from the spent V,0,—WO;/TiO, catalyst can be used again as a
carrier material for the production of V,0,—WO,/TiO,
catalysts.

Spent catalysts can be reused to prepare fresh vanadium-based
and manganese-based catalysts by extracting V, retaining the
titania powder carrier, and conditioning it to commercial
standards, followed by reloading with V,05 and MnO,. Wu et
al.”® used oxalic acid solution to selectively and efficiently leach
V from spent V,0,—WO;/TiO, catalysts in a new process to
achieve V leaching of up to 86.3% and Fe removal of 100%, and
the resulting unreacted WO;/TiO, carrier was suitable for
reloading with active ingredients to formulate fresh V,04—
WO,/TiO, catalysts. Zhao et al.*® leached both W and Ti from
the V,0,—WO;/TiO, catalyst using H,SO, as a bleaching
agent, followed by hydrolysis and calcination, resulting in titania
powder with low impurity and reconstructed pore properties,
which could be further reused after modulation. The acid
digestion reaction is shown in Figure 19(c). Zhou et al.'*’
adopted a multistep immersion method to achieve the synthesis
of MnO,-loaded deactivated V,0,—WO;/TiO, catalysts. The
SCR catalyst subjected to the new process regeneration can
operate within a more comprehensive temperature range,
especially at low temperatures, showing excellent performance
on mercury oxide (HgO) oxidation and longer service life.

Whether regenerated or recycled, retaining the catalyst carrier
for conditioning to titanium tungsten powder standards and
then reusing it to prepare fresh denitrification catalysts is an
effective form of resource recycling of waste catalysts. In general,
simply cleaning and regenerating the catalyst for reblending can
have an impact on the original performance of the catalyst and
may lead to new problems. It is necessary to focus on the carrier
requirements and continuously optimize the process to bring the
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regenerated carrier up to the standard of the virgin
denitrification titanium and tungsten powder to realize the
solid waste recycling of spent environmental catalysts system-
atically.

3.3.3. Other Functionalized Applications. Spent V,0s—
WO,;/TiO, catalysts contain oxides with catalytic activity, which
are innovative as catalytic carriers for functional applications in
different fields (Figure 20). Tian et al."*! synthesized magnetic
composite photocatalysts (ZMF@S10) with a high photo-
catalytic performance by using waste zinc—manganese batteries
as manganese—zinc ferrite and spent V,0;—WO;/TiO, catalyst
as raw material. Using the carrier properties of TiO, in waste
SCR catalysts, it has become a hot research topic in recent years
to prepare coated liquid or mixed ceramic products with metal
oxides loaded with the corresponding components for the
degradation of pollutants and the production of clean energy,
following the principle of “treating waste with waste”. Zhang et
al.'** used the solid phase method to mix waste V,0;—WO,/
TiO, catalyst and calcium carbonate CaCOj; as raw materials in a
TiO, to CaO molar ratio of 1:1 and calcined the material at 1000
°C. TiO, was converted to synthetic perovskite powder (SPP),
inhibiting its dissociation and eliminating its high-temperature
conversion to the rutile phase, which then acts as an opacifier
that can eliminate ceramic yellowing of glazes and improve
ceramic opacity. Jin et al.'*’ fully exploited the catalytic
properties of V,0; and TiO, by grinding the spent SCR catalyst
into powder, adding alumina (AL, O;), diatomaceous earth, and
agglomerates, calcining at 1000 °C to obtain ceramics, and
loading nickel oxide (NiO) to prepare NiO-based catalysts for
the reforming of formaldehyde and hydrogen from water vapor,
reaching selectivities of 100% for H,, 31.9% for CO, and 53.2%
for CO, with a formaldehyde conversion exceeding 93.0% at a
reaction temperature of 500 °C.

TiO, has photocatalytic properties, and V and W can also
form heterogeneous structures with TiO,."'>"**~"*" Tt was
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found that the combination of TiO, carriers with excellent
photocatalytic properties from spent V,0,—WO;/TiO, cata-
lysts and the contained metals V and W can be used to produce
porous ceramics for application in photocatalysis to solve
environmental problems as an innovative solid-waste research
direction for the reuse of spent V,0,—WO;/TiO, catalyst.

4. SUMMARY AND OUTLOOK

Recycling spent V,0;—WO;/TiO, catalysts is a hot topic of
current research. The treatment by regeneration methods can
restore the activity to a certain extent, and spent V,0,—WO,/
TiO, catalysts that are difficult to regenerate have great value for
extraction and recycling due to their high content of valuable
metals. This review summarizes the recycling strategies for spent
V,04—WO,/TiO, catalysts in three categories, regeneration,
recycling, and recycling of valuable components, and provides an
outlook for future research directions. Furthermore, this review
provides a summary of recovery strategies from the perspective
of the regenerative treatment and recycling of valuable
components of spent V,0,—WO;/TiO, catalysts with an
outlook on future research directions:

(1) Future regeneration of spent V,0,—WO,/TiO, catalysts
can implement the concept of environmental sustain-
ability from the perspective of effective retention of active
ingredients, shortening the process flow and improving
recovery efficiency, and explore process method opti-
mization techniques in combination with different fields
to achieve energy-saving, efficient, and clean regeneration
methods. Among them, biological regeneration is
environmentally friendly and economical, and physical
strains with better removal effects than reagent cleaning
can be further explored for different causes of poisoning.

(2) For the recovery of the valuable metals V and W, on the
basis of continuous optimization of the leaching process,
more innovative ways of direct functional utilization can
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be developed to reduce losses and waste in the process of
product regeneration; TiO, carriers combined with the
photocatalytic properties of V and W to prepare porous
ceramics for applications in the field of photocatalysis to
solve environmental problems can become an innovative
direction for future research and development. In
contrast, the leaching method of Ti can be optimized
from the perspective of effective control of the crystal
shape to avoid subsequent repeated processing.
Strengthen the research of high-throughput, deep
learning, and artificial intelligence methods in the field
of spent SCR catalysts recycling, build an intelligent
screening system, and form intelligent identification and
control of high-value utilization of valuable elements.
Expand the coprocessing scheme of spent SCR catalysts
and other solid waste resources and build new synthesis
methods for multiscale and multidimensional nanoma-
terials, such as tungsten oxide nanowires, nickel tungstate
nanoparticles, etc.

At present, there is no complete technical evaluation
system for the regeneration and recycling of spent SCR
catalysts, and further clarification is needed as to whether
the regenerated products are genuinely suitable for
subsequent industrial application and whether they
effectively reduce economic losses. In the future, from
the perspective of economic applicability, different
regeneration technology methods can be compared and
evaluated in combination with simulation evaluation
methods such as environmental input and output, life
cycle assessment, and whole life cycle cost.

3)

(4)

(5)
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