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ABSTRACT: Based on the activity evaluation and characterization test, we explored the
hydrothermal aging mechanism of a vanadium-based SCR catalyst and constructed a dual-site
hydrothermal aging kinetic model in this study. The vanadium-based catalyst contains Bronsted acidic
sites and Lewis acidic sites, which show different sensitivities to hydrothermal aging, and the reduction
of active sites is the main reason for the NOx conversion efficiency reduction after hydrothermal aging.
The ammonia storage capacities of both sites have a high correlation coeflicient with the NOx
conversion efficiency. Based on the method of NH;-TPD curve peak resolution, we quantified the
transformations of the two active sites and established the relationship between the site density, the
aging temperature, and the duration to determine the aging factor. Then, a hydrothermal aging kinetic
model was constructed, and the parameter identification and verification of the model were carried out
through flow reactor experiments. The results show that the model constructed in this study can
accurately reflect the catalyst activity after hydrothermal aging.

1. INTRODUCTION

Diesel engines are still irreplaceable due to their advantages
such as excellent power, high reliability, and excellent fuel
economy,’ but the regulations on the NOx emitted by diesel
are becoming stricter. The diesel engine after-treatment system
widely uses ammonia-selective catalytic reduction (NH;-SCR)
technology to reduce NOx emissions.” At present, there are
many types of catalysts used in SCR. The vanadium-based
catalyst that has been widely used for decades possesses high
activity, excellent sulfur resistance, low fuel quality require-
ment, good product maturity, and low cost.” Therefore, even
under strict emission regulations, there are still great
application prospects in power plants, ships, agricultural
machinery, and heavy vehicles.*”

As a result of the relatively poor hydrothermal stability of the
vanadium-based SCR catalyst used in conjunction with DPF,
high-temperature thermal shock caused by the active
regeneration of DPF will increase the risk of hydrothermal
aging of the vanadium-based SCR catalyst.” Although the state-
of-the-art vanadium-based SCR catalyst has high temperature
tolerance, which has been successfully used in systems with
exhaust temperatures up to 650 °C and certain European
OEM applications,” the irreversible negative effects of high-
temperature hydrothermal aging on the SCR reactivity of the
vanadium-based SCR catalyst will gradually accumulate over
time. Therefore, it is essential to study the hydrothermal aging
mechanism and establish a hydrothermal aging model to
improve the hydrothermal stability and predict the service life
of the vanadium-based SCR catalyst.

There have been extensive studies on the hydrothermal
aging mechanism of vanadium-based SCR catalysts. Xi et al."’
found that an increase in the hydrothermal aging temperature
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not only led to the reduction of the BET specific surface area
and BJH pore volume of the catalyst but also caused the
formation of cracks in the base coating. Madia et al.'" also
proposed that the degradation of catalyst performance was due
to the reduction of the specific surface area and the generation
of multilayer crystalline vanadium after hydrothermal aging.
Beale et al."” believed that the hydrothermal aging mechanisms
of vanadium-based catalysts included the sintering and phase
change of anatase, the conversion of highly dispersed WO; to
monoclinic WO;, and the conversion of polymerized V,0; to
V,05 crystals. Went et al."* found that oligomeric vanadium
has great SCR activity and N, selectivity. The decrease in SCR
activity was mainly due to the lower activity of highly
polymerized vanadium and vanadium crystals. The conclusion
that vanadium was converted into V,Oj crystals is currently
supported by many scholars.'"'>'*~"? Other scholars have
found that in the process of hydrothermal aging, the inevitable
phase transition from anatase to rutile is included as a
deactivation factor.”'>'>*° Choung et al."® believed that the
reduction of the BET specific surface area was caused by the
sintering and phase transition of anatase, and Nova et al.”’
believed that the sintering of anatase can lead to the
agglomeration of vanadium. Madia et al.'" also mentioned
that sintering can cause an increase in the types of poly-
vanadium. In general, current researchers believe that the
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reduction of specific surface area, the agglomeration of
vanadium, and the sintering and phase change of the TiO,
support during hydrothermal aging are the main reasons for
the deactivation of vanadium-based catalysts during hydro-
thermal aging.

The widely accepted and applied SCR reaction mechanism
of vanadium-based catalysts is proposed by Ramis and Topsoe.
Ramis et al.”> proposed that NH; was adsorbed on the Lewis
acidic position to form an amino compound and then
decomposed to form an intermediate with gaseous NO.
Finally, N, and H,O were produced in the presence of the
catalyst, and vanadium oxide underwent redox reactions during
the entire process. Topsoe et al.”»** believed that NH; was
adsorbed on V*-OH to form an ammonium ion with a
Bronsted acidic site and then reacted with gaseous NO to form
an intermediate, and the intermediate was finally decomposed
into N, and H,O. During the entire reaction, the ortho V;*
O was first reduced to V,*-OH and then oxidized into Vi* = O
by the gaseous O,. In addition, Minghui et al.** studied the
ammonia distribution and reaction mechanisms of the Lewis
and Brensted acidic sites on the surface and found that both of
the sites were involved in the SCR reaction. Hanzi et al.*®
further proposed that the Lewis acidic position was critical at
high reaction temperatures, while the Bronsted acid dominated
the entire reaction at lower temperatures, and the surface
Lewis acid sites were converted to Bronsted acid sites at high
temperature and in the presence of water vapor. Song et al.”’
found that the Bronsted and Lewis acidic sites could transform
into each other. In general, with the deepening of research, our
understanding of the reaction mechanism of vanadium-based
SCR is constantly improving, and the points of controversy are
gradually becoming clear. However, in the process of
hydrothermal aging, the changes in the two active sites still
need to be further studied.

Although the reaction mechanism based on the dual active
sites and different sensitivities of different active sites to
temperature has gradually become a fact, the current kinetic
models for vanadium-based catalysts are dominated by single-
active-site models. Nova et al.”**° and Tronconi et al.”**
established single-site SCR reaction models and gave a
complete and detailed description of the NH;-SCR reaction.
In recent years, the models of V,05/TiO, catalysts established
by Yun et al,* Lothongkum et al,®* Yu et al,*® Usberti et
al,>® Beretta et al,”’ Shin et al,*® Xiong et al,” and
Soleimanzadeh et al.*’ according to different research purposes
and application scenarios are all single-active-site models. In
our previous study, a hydrothermal aging mechanism based on
dual active sites was proposed,’’ so it is reasonable and
necessary to establish a dual-active-site model. In addition,
there are not many studies on the hydrothermal aging model of
SCR catalysts. Bartley et al.** studied the thermal aging of
V,05-WO;/TiO, and copper- and iron-based SCR catalysts
and used the NHj; storage capacity to characterize the degree
of catalyst deactivation. Kim et al.”> obtained the axial
deactivation coefficient reflecting the aging of the catalyst for
a metal—zeolite SCR catalyst. Kim et al.** established an axial
hydrothermal aging model of vanadium-based catalysts to
simulate road aging of 120,000 miles. Supriyanto et al.*’
established a hydrothermal aging model on Cu-zeolites using
two aging factors to represent the degrees of hydrothermal
aging of the two active sites at different temperatures.

In summary, there are still considerable shortcomings in the
reaction kinetic models of vanadium-based catalysts, especially
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the models with the hydrothermal aging mechanism. Attention
should be paid to the changes in active sites during
hydrothermal aging. Different active sites have different
temperature ranges of activity, which is still not reflected in
the models, so it is significant to establish a reasonable reaction
kinetic model with the hydrothermal aging mechanism. In this
study, a commercial vanadium-based catalyst was used as the
object, and activity evaluation and characterization tests such
as XRD, BET, and NH;-TPD were carried out. The
hydrothermal aging characteristics and microscopic mechanism
of hydrothermal aging of the vanadium-based catalyst were
analyzed, especially the hydrothermal aging mechanism of
different active sites and their effects on the ammonia storage
capacity. On this basis, a hydrothermal aging model of dual
active sites was modeled, and the parameters were identified
and verified. This model provides a theoretical basis for the
prediction and evaluation of the activity and durability of
vanadium-based catalysts.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The catalyst used in the
experiment was a commercial V,0;-WO;/TiO, catalyst
containing 2.45% V,0;, 9.6% WO;, and 86.6% TiO,. The
catalyst was prepared by the incipient wetness impregnation
method. First, oxalic acid and NH,VO; were dissolved in pure
water, and the mixture was stirred for 30 min. Thereafter,
anatase TiO, and WO; powder were added, and then the
mixture was stirred for 1.5 h. Thereafter, the mixture was dried
and ground carefully. Finally, the obtained powder was
calcined for 3 h at 550 °C. The powder was tableted and
sieved through 40—60 meshes before the test.

2.2. Flow Reactor Experiments. A flow reactor system
was used for catalyst deactivation, activity evaluation, and
NH;-TPD in this study. The catalyst was placed in a quartz
tube of a tube furnace, the inlet gas composition was controlled
by mass flow controllers, and the outlet gas composition was
analyzed by an MKS Multi-gas 6030 FTIR spectrometer. For
the uniformity of flow and the consistency of results, each test
sample is composed of 100 mg of catalyst (40—60 mesh)
mixed with 50 mg of quartz san.

2.2.1. Hydrothermal Aging. To acquire hydrothermally
aged vanadium-based catalysts, fresh catalysts were initially
activated in a standard SCR atmosphere at 550 °C for 1 h to
improve the adaptability and tolerance of the catalyst. The gas
hourly space velocity (GHSV) was 120,000 h™, and the gas
composition was 300 ppm NO, 300 ppm NH,, 10% O,, 7%
H,O, and balanced with N,. Then, the catalyst was purged
with 10% O,, 7% H,0, and balanced with N, at 550 °C for 30
min to remove impurities. Thereafter, the catalysts underwent
a hydrothermal aging treatment with a gas consisting of 300
ppm NO, 300 ppm NH;, 10% O,, 7% H,O, and balanced with
N,. The aging temperature and aging time are shown in Table
1. Fresh samples are marked as “fresh”, and aging samples are
marked as “ht+Temperature-time”. For example, “ht600-15”
means a sample that has been hydrothermally aged at 600 °C
for 15 h.

2.2.2. XRD Studies. Phase transformation and sintering of
vanadium-based catalysts during hydrothermal aging were
characterized by XRD, which was performed on a PANalytical
X'Pert® diffractometer. Samples were scanned from 10 to 80°
(20) in steps of 0.02° s™' with a Cu Ka anode (1 = 0.015405
nm) at 40 kV and 40 mA. The calculation of the crystallite
dimension D was based on the Scherrer equation
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Table 1. Hydrothermal Aging Treatment Conditions

sample aging temperature/°C aging time/h
fresh
ht580-15 580 15
ht600-15 600 15
ht615-15 615 15
ht625-15 625 15
ht630-15 630 15
ht635-3 635 3
ht635-6 635 6
ht635-9 635 9
ht635-11 635 11
ht635-12 635 12
ht635-15 635 15
ht650-4 650
ht650-8 650 8
ht650-12 650 12
ht650-24 650 24
ht600-48 600 48
ht625-24 625 24
ht635-24 635 24
ht-diff-tT 600 °C 6 h + 625 °C5S h + 650 °C 4 h
oo ke
P cos ¥ (1)

where ky is a constant depending on the particle shape, 4 is the
wavelength of the X-ray radiation, f is the full width at half-
maximum (FWHM) of the diffraction peak, and 9 is the
diffraction angle.

After the phase transition, the content X (%) of the rutile-
phase TiO, in the aged sample was calculated as follows

X = (1 +0.794L/1.)" (2)

where I, and I, are the measured intensities of the (101) and
(110) plane reflections for anatase and rutile, respectively.

2.2.3. BET Studies. The specific surface area of the catalyst
samples was determined by liquid nitrogen adsorption. The
samples were vacuum pretreated at 150 °C for 12 h, and then,
the N, adsorption isotherms of the BET surface area at 77 K
were recorded by a Micromeritics Trista II instrument.

2.2.4. NH;-TPD Studies. NH;-TPD was used to characterize
the ammonia storage of fresh catalysts and hydrothermally
aged catalysts. For each sample, the adsorption was performed
by exposing it to a feed of 300 ppm NH; 7% H,O, and
balanced with N, at 100 °C for 1.5 h. Then, the NH; was shut
off and the sample was purged at the adsorption temperature
for 1.5 h to remove the physically adsorbed NH;. During the
desorption process, the temperature of the sample was
increased at a constant heating rate of 10 °C/min to 600
°C. All samples were tested several times, and the results were
completely consistent. The NH; desorption curve of the TPD

process was integrated, and the integrated area can be
considered as the ammonia storage of the sample.

2.2.5. Performance Evaluation. After each aging, a
performance evaluation test was conducted, and its steps
were as follows: NO oxidation, NH; adsorption, NH;
oxidation, NH; desorption, and standard SCR reaction. The
steps were conducted using 300 ppm NO (if needed), 300
ppm NH; (if needed), 10% O,, 7% H,0O, and balanced with
N,, and the space velocity was 300,000 h™'. The detailed gas
concentrations and steps of the reaction kinetics test are shown
in Table 2. The steps above were performed repeatedly at
every 50 °C from 200 to 450 °C.

The NOx conversion rate and NH; oxidation rate in the
standard SCR reaction were calculated as follows

Cxo, ~ Cno, ~ Cno

in 2out

Cro, (3)

NOx conversion rate =

NH, conversion rate

CNH - CNH
3in Sout

= —— > — NOx conversion rate
CNH3in (4)

where Cyo_ and Cyy,, are the concentrations of NO and NH,
at the inlet of the catalyst sample, respectively; Cyo_, Cno,. s
and Cyy, , are the concentrations of NO, NO,, and NHj at the
outlet of the catalyst sample, respectively.

3. RESULTS AND DISCUSSION

3.1. Hydrothermal Aging Mechanism. 3.7.7. NOx
Conversion Efficiency Analysis. As shown in Figure 1, the
fresh catalysts exhibit good activity and a wide temperature
window. The NOx conversion rate can reach 79.06% at 250 °C
and 90.4% at 450 °C. However, for the aged catalyst samples,
the NOx conversion rate decreased sharply, and the temper-
ature window was greatly reduced during the hydrothermal
aging process. In vanadium-based catalysts, there are Bronsted
acid sites and Lewis acid sites with different characterizing
positions, and both of them are involved in the SCR reaction.
The active sites at different positions have different stabilities
during the hydrothermal aging process, and with the deepening
of the aging degree, catalyst surface remodeling will occur. The
different sensitivities of the two active sites to hydrothermal
aging result in different relative deactivation degrees of active
sites at low temperatures and high temperatures after
hydrothermal aging. The relative deactivation of the sample
is defined by dividing the difference between the conversion
efficiencies of the fresh and aged samples by the conversion
efficiency of the fresh sample. As shown in Figure 2, the
relative deactivation degrees of the NOx conversion efficiency
in the low-temperature (around 250 °C) and high-temperature
(around 450 °C) segments are obviously stratified, which may

Table 2. Performance Evaluation Test Procedure

sample NO oxidation NHj; adsorption
time/min 25 30
NO/ppm 300 0
NH,;/ppm 0 300
0,/% 10 0
H,0/% 7 7

NH; oxidation NH; desorption standard SCR
20 30 35
0 0 300
300 0 300
10 10 10
7 7 7
2423 https://doi.org/10.1021/acsomega.2c06902
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Figure 2. Relative deactivation degrees of all hydrothermally aged
samples.

be related to the difference in the active sites that dominate the
reaction at low temperatures and high temperatures. The low-
temperature reaction is mainly dominated by the Bronsted acid
site, and the high-temperature reaction is mainly dominated by
the Lewis acid site.”® Therefore, 250 °C is selected to represent
the conversion efficiency at the low-temperature stage and 450
°C to represent the conversion efficiency at the high-
temperature stage, and the relationship between the activities
of the two active sites and the hydrothermal aging mechanism
is determined. The latest research generally suggests that the
sintering and phase transformation of the TiO, support, the
reduction of the specific surface area, and the agglomeration of
vanadium during the hydrothermal aging process of vanadium-
based catalysts are the main reasons for the loss of activity. The
relationship between the degree of relative deactivation and the
above hydrothermal aging mechanism will be discussed.
3.1.2. Catalytic Characterization Analysis. The phase
transition and particle size growth of the catalyst were studied
by XRD experiments, and the results are shown in Figure 3.
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When vanadium-based catalysts undergo carrier sintering and
phase transformation during hydrothermal aging, the anatase
grain size and phase transformation ratio will gradually increase
with the aging degree. Based on egs 1 and 2, the crystallite size
of TiO, and the content of rutile TiO, in the phase-
transformed samples are obtained. As shown in Figure 4, for
samples with the same hydrothermal aging time, such as ht625-
24, ht635-24, and ht650-24, the crystallite size of TiO,
increases from 45.73 to 50 and finally to 59 nm. The phase
transformation proportion of rutile is significantly affected by
the degree of aging, and it increases with the aging temperature
and time. The phase transition ratios of ht625-24 and ht635-24
are 1.19 and 4.68%, respectively, while that of ht650-24
suddenly increases to 29.23%. Therefore, the phase transition
of TiO, is more likely to occur at relatively high temperatures.
Besides, the relationship between the particle size of anatase
grains and the catalyst conversion efficiency exhibits an
obvious negative correlation, as shown in Figure 4.

The reduction of BET surface area is also one of the main
reasons for the decrease in the conversion rate after
hydrothermal aging. For the samples with the same aging
temperature and different aging degrees, the BET specific
surface area decreases from 44 m?/ g of ht650-4 to 20 m?/ g of
ht650-8 and finally to 5 m?/ g of ht650-24. As shown in Figure
S, there is a significant positive correlation between the BET
specific surface area and the NOx conversion rate at 250 and
450 °C, and the correlation coefficient at 450 °C is slightly
lower than that at 250 °C.

3.1.3. Ammonia Storage Performance Analysis. The
desorption peak area of NH;-TPD can help characterize the
ammonia storage capacity of the active sites over vanadium-
based catalysts. As shown in Figure 6, the NH; desorption
peak of the fresh catalyst is the highest, and the peak value of
the sample after hydrothermal aging gradually decreases with
aging time and increasing temperature, and the corresponding
integral area of the NH; desorption peak also decreases
continuously after aging, which means that the ammonia
storage capacity decreases continuously during aging. In
addition, for the hydrothermally aged samples at the same
temperature in Figure 6a, as the aging time increases, the NH;
desorption peak has a tendency to move to high-temperature
regions, but it does not have a linear relationship with the
aging time. This phenomenon is also found by comparing the
samples with the same aging time and different aging
temperatures, as shown in Figure 6b. This is because the
characterization of different active sites in vanadium-based
catalysts is related to the location and morphology of the active
sites. Therefore, when there is more than one active site
involved in the reaction, the change in the desorption peaks
comprehensively presented by multiple active sites can express
the change rule of the active sites during the hydrothermal
aging process to a certain extent.

The different temperatures corresponding to the desorption
peak indicate the strength of active sites. In this study, the
number of catalyst active sites was determined by the area of
the desorption peak, and the different active sites were
distinguished by resolving NH; desorption curve, which has
been applied in some studies.” As shown in Figure 7, the
Gaussian peaks of the NH;-TPD curve were divided into three
peaks at around 200 °C, around 300 °C, and around 400 °C.
The fit of the peak resolution results for all samples is over
99%. Then, the relationship between the decreasing trend of
ammonia storage and the decreasing trend of NOx conversion

https://doi.org/10.1021/acsomega.2c06902
ACS Omega 2023, 8, 2421-2434


https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
T T T T T T T T T T T T T
H ¢ anatase TiO, vrutile TIO, eWO, 1
ht635-24
80000 [ e
ht625-24 ]
60000 1i600-48 }
E ]
z heso-24 .| | v
@ o A M A A R
o 40000 -
=
ht650-12 ]
|
20000 |- ht650-8 | , ’\ ‘ -
. B Y W WV . R
ht650-4 o ¢+ ‘e . .o . E
Fresh l
Ul . 1 L 1 ] 1 . ] R ] )
10 20 30 40 50 60 70 80

20/°
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was compared, as shown in Figure 8. The particle size, specific
surface area, and NHj storage capacity of the catalyst can
reflect the change in the active site of the vanadium-based
catalyst after hydrothermal aging to a certain extent. In this
study, the cosine similarity was selected to calculate the
relationship between these values and the conversion
efficiency, and the results are shown in Table 3. The NH;-
TPD integral area, which indicates the ammonia storage
volume, shows the highest correlation in both the low-
temperature and high-temperature sections. On the one hand,
the NH; storage characteristics of the catalyst are directly
determined by the number of active sites and the strength of
activity; on the other hand, according to the E—R mechanism,
NHj; adsorption is also a crucial step in the SCR reaction of the
catalyst, so it can be said that the conversion efficiency of the
catalyst is directly affected by the number of active sites. When
the catalyst is severely deactivated, the number of active sites is
seriously insufficient, which will make the conversion efficiency
extremely low.

3.2. Kinetic Modeling with Hydrothermal Aging.
3.2.1. Hydrothermal Aging Factor Modeling. As a result of
the highest correlation between ammonia storage and the NOx
conversion efficiency, the change in ammonia storage during
aging was used in this study as an aging factor linking the aging
mechanism to the global kinetic model. Based on the NH;-
TPD characterization test, the different active sites were
identified by the corresponding temperature of the desorption
peaks, and the number of active sites was characterized by the
area of the desorption peak.”” Therefore, the different active
sites were distinguished by resolving the NH; desorption
curves, referring to previous studies.**"*

Regarding the V,0,/TiO, catalyst, the Bronsted active site is
a weak acidic site, while the Lewis acid site is a strong acidic
site.”” Our previous study reported that in the process of
hydrothermal aging, the deactivation rules below 350 °C and
above 350 °C are obviously different.*’ Therefore, the peak
area below 350 °C is regarded as active site 1 (S1), and Sl is a
combination of weak acidic sites and medium-strong acidic
sites.”** The peak area above 350 °C is regarded as active site
2 (S2), and S2 is the Lewis acid site.
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Figure 6. Results of the ammonia storage determination test of all
hydrothermally aged samples: (a) samples with different hydro-
thermal aging times; (b) samples with different hydrothermal aging
temperatures.

To obtain the ammonia storage corresponding to the
different active sites of each sample, the NH; desorption peaks
in the ammonia storage measurement test were integrated, and
the ratio of ammonia storage is calculated as follows

NH,; integral area, ;.4

ratioNHS = -
NH, integral areag,

©)

where ratioyy, represents the ratio of ammonia storage, NH;

integral area,,.y represents the ammonia storage of hydro-
thermally aged samples, and NH; integral areag,, represents
the ammonia storage of the fresh sample.

Based on the Arrhenius equation, Luo et al.”' proposed a
method considering the ammonia storage rate change of two
sites with aging temperature and aging time over Cu-zeolites.
We proposed a modified formula to reflect the relationship
between the change in ammonia storage of each site and the
aging temperature and time over the aged vanadium-based
catalyst

2426

Temperature /'C

Figure 7. Peak resolution results of ammonia storage tests over a fresh
sample and the ht635-15 sample.
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Figure 8. Comparison of the ammonia storage capacity and the NOx
conversion rate.

f(T,t) = ratiogy, = —my-In (T —200) — my Int+n
(6)
where f(T, t) represents the regular function of the ammonia

storage ratio, T represents the aging temperature, t represents
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Table 3. Relationship between Catalyst Particle Size,
Specific Surface Area, Ammonia Storage, and NOx
Conversion Efficiency

NOx conversion anatase particle BET specific ammonia
efficiency diameter surface area storage
low TEMP stage 0.614 0.981 0.984
high TEMP stage 0.836 0.903 0.971
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Figure 9. Ammonia storage change of S1 as a function of the aging
temperature and time.
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Figure 10. Ammonia storage change of S2 as a function of the aging
temperature and time.

the aging time, and m;, m,, and n are all dimensionless
constants.

After identifying and verifying m;, m,, and n, the fitted
results are shown in Figures 9 and 10. Equations 7 and 8
represent the ammonia storage change functions of SI and S2
in the hydrothermal aging process, respectively.

The change function of S1 in the hydrothermal aging
process is given as follows
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£(T, ) = =3.38In (T — 200) — 0.300-In t + 22.8
(7)

The change function of S2 in the hydrothermal aging process is
given as follows

(T, t) = —4.02:In(T - 200) — 0.366:Int +27.3  (3)
The weighting coeflicient of temperature m, is greater than the
weighting coefficient of aging time m,, so in the process of
hydrothermal aging, the influence of temperature is higher than
the influence of aging time, which is consistent with our
previous study."' The different functions between the two
active sites reflect their different sensitivities to hydrothermal
aging.

3.2.2. SCR Reactor Modeling. Commercial software
MATLAB/Simulink was used to perform the kinetic modeling,
A 0D reactor model was developed assuming that the
temperature and gas concentrations throughout the control
were homogeneous. The mass transfer of the gaseous and
surface phase components in the reactions is shown in eqs 9
and 10

act, oGy, ( )
. = _y—2 _gA(C" — C"
ot I ©)
oct, W
(1 _ 8)' at‘ = ﬂlAg(Cg,l - Cs,i) - Z v’r]rl
j (10)

where ¢ is the porosity factor of the catalyst, v, is the flow rate
of the exhaust flow, z is the distance of the catalyst sample in
the axial space, i represents the gas composition, j represents
the reaction of NH; adsorption and desorption, NH;
oxidation, standard SCR, and so on, 7; is the chemical reaction
rate, v;; is the corresponding stoichiometric constant, and A, is
the geometric specific surface area; f; is the mass transfer
coefficient; C, and C, represent the gaseous and surface
adsorption gas density, respectively.

3.2.3. SCR Reaction Kinetic Modeling. The Arrhenius

equation is used to determine the chemical reaction rate

EA,i]
RT (11)

where i represents the reaction, r represents the reaction rate
of reaction i, k; represents the pre-exponential factor of reaction
i, and E,; represents the activation energy of reaction i.

The process of NH; adsorption and activation on the
catalyst surface is a key part of the entire SCR reaction. NH;
will be adsorbed in large quantities on the two active sites. The
adsorption process is usually regarded as not requiring
activation energy. NH; desorption adopts the Temkin-type
reaction kinetic model.”” The desorption reaction expression
of NHj is given in eq 12

n=k; eXP(—

Edes,NH3 = Edes,NHs1 - ai®i

(12)

where ©; represents the NHj; coverage of site i, and g;
represents a constant.

After experimental observation and verification, the rate of
NH; adsorption and the desorption capacity were found to
decrease with the deepening of aging. The aging factor is based
on eqs 7 and 8. The initial ratio of ; and €, is 1.8. The
conversion efficiency of NOx in the case of a high NO content
mainly depends on the reaction rate of the standard SCR
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Table 4. Chemical Reaction Equations and Aging Factors Considered in the Model”

no. reaction
R1 NH, + S, — S, — NH,
R2 S, — NH, —» NH;, + S,
R3 NH, + S, — S, — NH,
R4 S, — NH; — NH, + S,
1 3

RS $; = NH; + NO + 70, > N, + ;H,0 + §,
R6 S, — NH, + NO + 0, > N, + SH,0 + S,
R7 8, = NH, + ;NO + 1NO, — N, + 7H,0 +§,

1 1 3
RS $, = NH, + ;NO + ;NO, - N, + H,0 + S,

3 1 3
R9 S, = NH; + 50, = N, + JH,0 +§,

N 3
RIO S, — NH, + 50, - NO + 2H,0 + §,

3 1 3
R11 $, — NH, + 20, > ;N, + 2H,0 + S,

5 3
RI2 S, — NH, + 30, - NO + JH,0 + 8,

1
RI3 NO + 10, = NO,
R14 NO, - NO + 50,
RIS NO + 0, - NO,
1

R16 NO, — NO + 10,

reaction rate

rags 1 = fi (T, £)-Qy-kygs 1Crz(1 — ©4)
E les
o = F(T) )@k exp| =521 = a0)) 0,
rags 2 = f2 (T, £)-Qykygs 2Cxus (1 — ©y)
E es
Taes 2 = f, (T, 1) Qykyes eXP[_%(l - “262)]62
ES
taaa = f (T, ) Qrkgg eXP(— 1:;:1>CNO®1
Eq
tuaz2 =5 (T, 1) Qykeq e"P(— JE«'Z)Crxro(az
Ej as|
Tt = £ (T, 1) Qrkgg exp(— ;;] )CNOCN02®1
Efas
Thast_2 :fz(T: £)-Qy kg o eXP(_ R;Z)CNOCNOZG)Z
B 6
szt = VA (T, £) Qb wo eW(_%)GI'CSZ

K ENH3_No_ 0.6
ot = VA (T, £ Qp ks no s exP(‘%)Gl'coz

Nz N2 2 = 1/, (T, £)-Q, ks w2 Xp ( - % ) 0,- Cg‘g
msNo2 = U/f, (T, ¥ Q) ki no 2 eXP(_ w)e)z'c%g
tnvonoz_t = £ (T, £)kyo_Noa_1 €Xp ( - %) “C5>Cno

oz no1 = £, (Ts t)knos o 1 €XP ( - %) “Cnoa
Bosens). cicy,

RT

Eno2 No 2 ) | c
RT NO2

NO_NO22 = fz (T, t) 'kN07N0272 exp ( -

norno2 = £, (T, t)knoy no_2 eXp ( -

“Note: S1, active site 1; S2, active site 2; R1—R4: NH; adsorption and desorption; RS—R6: standard SCR; R7—R8: fast SCR; R9—R12: NH;

oxidation; R13—R16: NO oxidation and NO, reduction.

Table S. Parameter Identification Results of the Activation
Energy and Pre-exponential Factor

it

reaction activation energy kJ/mol pre-factor s~

Tads_1 E.aa Kaaa 2.75 x 107
Tdes 1 Egest 65.26 Kies1 1.22 x 10"
Fads_1 E.0 Koo 431 X 107
Tdes 2 Egesr 54.00 Ky 5.05 x 10%°
Td 1 Eqa 89.56 K 1.42 x 101
Tstd 2 Ega 95.12 Kar 3.46 x 102
Toast_1 Egti 4545 K1 1.75 X 10°
Toast 2 Ego 53.21 Koo 8.89 x 10°
'NH3_N2_1 Enns N2 1 165.38 Knms no 1 7.62 X 10"
NH3_ N2 2 Eni n22 163.18 Kz w2 229 x 10"
NH3_NO_1 Exms no 1 195.53 Kys_no 1 3.90 x 10"
NH3_NO_2 Exns no 2 216.68 Kxns o 2 246 x 10"
NO_NO2_1 Eno no2 s 87.52 Ko no2 1 2.98 x 10°
NO_NO2 2 Eno no2 2 90.19 Kno no2 2 2.54 x 10°
™NO02_NO_1 Enoz no 1 50.20 Kyoz no 1 2.67 x 10°
NO2 NO 2 Enoz no 2 61.67 Koz no 2 9.47 X 10°

reaction and the fast SCR reaction. The change in ammonia
storage shows the highest correlation with the conversion
efficiency of NOx. Therefore, after verification, the aging
factors corresponding to the standard SCR reaction and the
fast SCR reaction can be determined by eqs 7 and 8. For
vanadium-based catalysts, with an increase in the aging
temperature, the proportion of NH; oxidation side reactions
shows an increasing trend. After fitting and verification, it is
concluded that the aging factor of NH; oxidation to N, on S1
is 1/f; (T, t), the aging factor of NH; oxidation to N, on S2 is

2428

1/f, (T, t), the aging factor of NH; oxidation to NO on Sl is
1/f1 (T, )X, and the aging factor of NH; oxidation to NO on
S2 is 1/f, (T, t)*. K is the aging factor correction parameter,
which requires parameter identification. For the reversible
reaction between NO and NO,, the aging factor can also be
expressed by eqs 7 and 8. The complete chemical reaction rate
equation and corresponding aging factor are shown in Table 4.

3.3. Model Parameter Identification and Verification.
3.3.1. Reaction Kinetic Parameter Identification. After the
reaction kinetics test, six samples were selected for parameter
identification: the fresh sample and hydrothermally aged
samples ht635-6, ht635-9, ht635-11, ht635-15, and ht625-15.
The parameter identification toolbox was used for parameter
identification. The parameter identification algorithm used the
least-squares method. In the Simulink parameter identification,
the variable step size setting was adopted, the simulation time
was 61,660 s, the maximum number of iterations was 500, and
the convergence accuracy was 0.001. The input included the
aging time, aging temperature, test temperature in the reaction
kinetics test of different aging samples, and concentrations of
NH,, NO, NO,, H,0, and O,.

As shown in Table §, after the above parameter
identification process, all of the activation energy and pre-
exponential factor results of the reaction kinetics equation and
the material balance equation were obtained. Besides, €, and
Q, are the initial active site densities, and their values are
103.11 and 54.84 mol/m?, respectively. € is a constant, and its
value is 0.4. The values of a; and a, are 0.752 and 0.665,
respectively. The identification result of the correction
parameter K for the aging factor of NH; oxidation to NO is
2.01.
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Figure 11. Comparison between simulation and experimental results of sample ht635-3: (a) NOx conversion rate; (b) NH; conversion rate.
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Figure 12. Comparison between transient simulation results and experimental results of NH;, NO, and NO, over sample ht635-12.

3.3.2. Model Steady-State and Transient Verification.
After determining the parameters of the hydrothermal aging
reaction kinetic model, the model was further verified. Six
samples were selected for parameter identification: ht635-3,

ht635-12, ht600-15, ht615-15, ht630-15, and ht-dift-tT.

2429

For the samples aged at the same temperature, ht635-3 and
ht635-12 were used to represent mild and moderate hydro-
thermal aging, respectively, and the steady-state and transient
verifications were carried out. Steady-state verification was
carried out by measuring NOx conversion and NHj; conversion
between 200 and 450 °C on ht635-3 sample. The NOx and

https://doi.org/10.1021/acsomega.2c06902
ACS Omega 2023, 8, 2421-2434


https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06902?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
100 100
—&— Exp —#— Exp
80 |- 80 |-
g S
= =
260 | 2 60t
o S
> >
=] =1
S S
40 | ~ 40t
8 S
2 Sample ht600-15 ~ Sample ht615-15
0t R2=0.9936 0t R?=0.9899
(a) (a)
0 1 1 1 1 1 1 0 1 1 1 1 1 " 1 L 1 " 1
200 250 300 350 400 450 200 250 300 350 400 450
Temperature/°C Temperature/°C
16 20
—#— Exp 13| —#—Exp
14 - .
=@ Sim 6L —@® Sim
; 12 F ol
S 10} Sample ht600-15 . R Sample ht615-15
§z & 2_
N R2=0.9557 /. Z 10 R#=0.9909
5 Sl
o I +
% Z 6}
4k
2 b
(b) _ (b)
. 0L L
200 250 300 350 400 450 200 250 300 350 400 450
Temperature/°C

Temperature/°C

Figure 13. Comparison between simulation results and experimental
results of sample ht600-15: (a) NOx conversion rate; (b) NH,
conversion rate.

NH; conversion rates were calculated according to eqs 3 and 4,
respectively. In Figure 11, the coefficients of determination of
the NOx and NH; conversion rates of the sample ht635-3 are
both greater than 0.97, indicating that the simulation error of
the standard SCR reaction in the steady-state stage of the aged
sample is low.

Transient verification of the performance evaluation process
of the sample ht635-12 is shown in Figure 12, and the
determination coefficients of all gas components are greater
than 0.93. The error of simulation mainly occurs at 450 °C.
Although it can be seen that the concentration of NH; at 450
°C is in good agreement, the NO formed by the oxidation of
NH; could not be accurately simulated. The aging factor itself
has certain errors in the high-temperature section, which may
lead to inaccurate simulation results in the same section. As a
result of the high aging degree of the sample, the proportion of
side reactions in the high-temperature section increases.

The steady-state verification results of the samples under the
same aging time are shown in Figures 13 and 14, and the
samples are ht600-15 and ht615-18, respectively; the transient
verification results are shown in Figure 15, and the sample is
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Figure 14. Comparison between simulation results and experimental
results of sample ht615-15: (a) NOx conversion rate; (b) NH;
conversion rate.

ht630-15. For samples ht600-15 and ht615-15 verified in the
steady state, the determination coeflicient of the NOx
conversion efficiency is as high as 0.99, and the reason for
the error in the NH; oxidation process is consistent with the
previous analysis.

As shown in Figure 15, for the sample ht630-15 used for
transient verification, the highest conversion efliciency is about
72.63%. The determination coefficient for NH; concentration
was 0.9686, and the determination coefficient for NO
concentration was 0.9806, which indicates good fitting
accuracy.

In addition to the above verifications, we also verified the
multistage hydrothermal aging. The samples used for
validation were first aged at 600 °C for 6 h, then at 625 °C
for 5 h, and finally at 650 °C for 4 h (ht-diff-tT). The
simulation results and experimental results of the ht-diff-tT
sample are shown in Figure 16. The comparison between the
simulated value and the measured value shows that the
accuracy of the simulation is very good, and the determination
coeflicients of NO and NH; are both higher than 0.96.
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Figure 15. Comparison between transient simulation results and experimental results of NH;, NO, and NO, over sample ht630-15.

In summary, the hydrothermal aging kinetic model
established in this study is suitable for aging samples with
different aging temperatures and different aging times. It is
reasonable and accurate to use the change rule of the ratio of
ammonia storage as the aging factor in the aging process. The
kinetic modeling of the hydrothermal aging reaction for
vanadium-based catalysts considers two active sites that are
affected by the aging temperature and aging time differently.
The model constructed in this study is suitable for predicting
catalysts with a moderate aging degree, and the prediction
accuracy for NO and NHj; concentrations is greater than 0.95.
When the catalyst has extremely deteriorated, the proportion
of side reactions and products at high temperature changes,
and the macroscopic performance of the powdered catalyst
also changes, which affects the measurement accuracy of the
experiment, and the error at high temperature will increase.

4. CONCLUSIONS

In this study, the hydrothermal aging mechanism of vanadium-
based catalysts was explored, and the microscopic mechanism
was applied to establish a hydrothermal aging reaction kinetics
model of dual active sites.

The NOx conversion rate of the catalyst samples after
hydrothermal aging decreased sharply, and the temperature
window was greatly reduced; when the aging temperature
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reached a certain value, the NOx conversion rate was very
sensitive to an increase in the hydrothermal aging temperature.
The higher the aging temperature, the greater its effect on
conversion. Moreover, the sensitivity of the NOx conversion
rate at different temperatures is different. The relative
deactivation degree at lower temperatures is relatively high at
the beginning, and the subsequent growth slows down, while
the relative deactivation rate at higher temperatures is low in
the beginning and then gradually increases. Therefore,
considering the relative inactivation degree of different
temperature sections, it can also be divided into the high-
temperature section (around 400 °C) and the low-temperature
section (around 250 °C).

In the process of hydrothermal aging, the sintering of the
catalyst carrier and the growth of particles will occur, so that
the dispersion of vanadium species deteriorates, the specific
surface area of the catalyst decreases, and the number and
distribution of active sites are indirectly affected. Comparing
the correlations between the carrier particle size, specific
surface area, ammonia storage capacity, and NOx conversion
efficiency, the ammonia storage amount shows the highest
correlation with the NOx conversion efficiency. In the process
of hydrothermal aging, the essence of deactivation is the
reduction of catalyst active sites. The change law of the
number of active sites can be characterized by the change law
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Figure 16. Comparison between transient simulation results and experimental results of NH;, NO, and NO, over the sample ht-diff-tT.

of ammonia storage capacity during the aging process. As a
result of the different sensitivities of the Lewis and the
Bronsted acid sites to hydrothermal aging over vanadium-
based catalysts, their capacities decrease differently and the
ratio of active sites changes. This explains the difference in the
relative deactivation degree of the catalyst in the high-
temperature and low-temperature sections after hydrothermal
aging.

The ammonia storage test was carried out on the samples
after hydrothermal aging, and the obtained NH; desorption
peaks were separated. The integral areas of different temper-
ature sections represent different active sites, and the change
functions of different active sites during hydrothermal aging
were obtained. Using this law as the aging factor, a
hydrothermal aging kinetic model of dual active sites was
established. For NH; adsorption and desorption, standard SCR
reaction, fast SCR reaction, and NO oxidation reaction, the
chemical reaction rate equations are multiplied by the aging
factors to characterize the aging reaction rate equations. The
accuracy and universality of the model are verified from
multiple perspectives, including isothermal aging, isochronous
aging, and multistage aging samples.
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