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Transition metal cobalt exhibits strong activation capabilities for alkanes, however, the instability of Co
sites leads to sintering and coke deposition, resulting in rapid deactivation. Hierarchical zeolites, with
their diverse pore structures and high surface areas, are used to effectively anchor metals and enhance
coke tolerance. Herein, a post-treatment method using an alkaline solution was employed to synthesize
meso-microporous zeolite supports, which were subsequently loaded with Co species for propane de-
hydrogenation catalyst. The results indicate that the application of NaOH, an inorganic base, produces
supports with a larger mesopore volume and more abundant hydroxyl nests compared to TPAOH, an or-
ganic base. UV-vis, Raman, and XPS analyses reveal that Co in the 0.5Co/SN-1-0.05 catalyst is mainly in
the form of tetrahedral Co%*, which effectively activates C-H bonds. In contrast, the 0.5Co/S-1 catalyst
contains mainly Co30,4 species. Co?* supported on hierarchical zeolites shows better propane conversion
(58.6%) and propylene selectivity (>96%) compared to pure silica zeolites. Coke characterization indicates
that hierarchical zeolites accumulate more coke, but it is mostly in the form of easily removable disor-
dered carbon. The mesopores in the microporous zeolite support help disperse the active Co metal and
facilitate coke removal during dehydrogenation, effectively preventing deactivation from sintering and

coke coverage.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Propylene is a key chemical feedstock with significant market
demand, serving as a precursor for important chemicals such as
polypropylene, propylene oxide, acrylonitrile, and other derivatives.
The propane dehydrogenation (PDH) process for propylene pro-
duction has garnered considerable attention and research due to
its high propylene selectivity and favorable product purity [1,2].
Industrially, PDH catalysts are predominantly Pt-based or CrOx-
based. However, Pt is costly, while CrOx catalysts suffer from se-
vere coke formation and Cr species aggregation at high tempera-
tures, leading to rapid deactivation and irreversible environmental
and health hazards from Cr®+ [3-5]. Transition metals, with their
abundant reserves, strong alkane activation capabilities, and envi-
ronmental benignity, have recently been extensively explored for
PDH reactions. Among them, Co-based catalysts have emerged as a
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research focus due to their effective C-H bond activation and high
olefin selectivity [6-9].

However, Co-based catalysts still face the issue of low stability,
which is far from meeting the demand. The main reasons are as
follows: First, PDH is a high-temperature reaction, typically carried
out at temperatures exceeding 520°C. At these elevated tempera-
tures, the active metal the active metal components tend to sin-
ter, leading to catalyst deactivation [10]. Therefore, it is essential to
improve the anchoring of the active components, enhance the dif-
fusion rate, and increase the support’s resistance to coke formation
[11].

Microporous zeolites serve as ideal supports for metal species
because of their ordered pore structures and high surface areas.
However, traditional microporous zeolites generally suffer from
narrow intrinsic pore channels and limited compositional diversity,
which restrict their applications. Currently, considerable research
efforts are focused on introducing mesopores into microporous ze-
olite crystals to create hierarchical porous zeolites with at least

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. (a) XRD patterns of S-1 zeolites treated with different alkaline sources. (b) N, adsorption-desorption isotherms and (c) pore size distributions from BJH adsorption
for zeolites. (d) SEM and TEM images: I-1I, S-1; III-IV, SN-1-0.1; V-VI, ST-1-0.1. (e) Propane conversion and propylene selectivity (reaction conditions: 580°C, 0.2 g catalyst,

5 vol% propane balanced with N,, 10 mL/min).

two types of pores (intrinsic micropores and mesopores). Com-
pared to traditional zeolites, hierarchical zeolites, with their meso-
pores, not only facilitate the mass transfer of substrates and prod-
ucts, thereby reducing coke formation, but also enhance the sup-
port’s coke resistance, thereby significantly improving catalyst ac-
tivity and stability [12]. There are mainly two methods for synthe-
sizing hierarchical zeolites: a bottom-up direct synthesis approach
and a top-down post-treatment approach. Compared to direct syn-
thesis, the post-treatment method is simpler and more controllable
[13,14].

Herein, various types and concentrations of alkaline solutions
were used to treat silicate-1 (S-1) zeolite, resulting in mesopores
of varying sizes. Subsequently, a series of catalysts were prepared
by loading Co species onto the treated supports using an incipi-
ent wetness impregnation method. Among these, the catalyst de-
rived from Co-loaded S-1 treated with a 0.05mol/L NaOH solu-
tion (0.5Co/SN-1-0.05) exhibited the best performance, exhibiting
nearly 6 times the catalytic activity of the untreated Co/S-1 cat-
alyst. The increased mesopore volume generated after treatment
not only facilitated the dispersion of metal species but also signif-
icantly enhanced the catalyst’s coke resistance.

The XRD patterns of S-1 after non-alkali source treatment are
shown in Fig. 1a. The results indicate that both the parent zeo-
lite and the zeolites treated with two different alkaline solutions
exhibit characteristic peaks corresponding to the MFI topology at
20 =7.9°, 8.7°, and 22°-25° [15]. The diffraction peak intensities of
all samples are essentially similar, suggesting that the two alkaline
treatments do not significantly affect the crystal structure of S-1
zeolite. The N, physical adsorption desorption experiment (Figs. 1b
and c) reveal that the S-1 zeolite exhibits a Type I isotherm, indica-
tive of a conventional microporous structure [16]. In contrast, SN-
1-0.1 and ST-1-0.1 samples show varying degrees of an H3-type
hysteresis loop, with the loop being more obvious for the NaOH-
treated SN-1-0.1 sample [17]. The structural data and pore size dis-
tribution (as shown in Table S1 in Supporting information) indicate
that the mesopore volume of both samples increases after alkaline
treatment, while the specific surface area and micropore volume
decrease. This reduction is attributed to the partial destruction of

the micropore structure during the alkaline removal of framework
silica. Moreover, the mesopore volume of NaOH-treated SN-1-0.1
is obviously larger than that of TPAOH-treated ST-1-0.1, and the
micropore volume is basically the same, which is consistent with
the adsorption-desorption curve results, indicating that SN-1-0.1
contains a higher quantity of mesopores. This observation is fur-
ther supported by the TEM images in Fig. 1d, which show a greater
and more obvious presence of mesopores in SN-1-0.1 compared to
ST-1-0.1. Subsequently, the three supports were impregnated with
the same amount of cobalt, and the resulting samples were tested
for propane dehydrogenation activity (Fig. 1e). The results indi-
cate that the initial activity of the 1Co/S-1 sample, which was not
treated, is intermediate between the 1Co/SN-1-0.1 and 1Co/ST-1-
0.1 samples, which were treated with NaOH and TPAOH solutions,
respectively. Although the initial activity of the 1Co/ST-1-0.1 sam-
ple is lower than that of 1Co/S-1, it exhibits better stability and
has a certain induction period. This induction period may be at-
tributed to the dynamic evolution of the active cobalt sites (Fig. S1
in Supporting information). Conversely, the 1Co/SN-1-0.1 sample
demonstrates both higher initial activity and stability compared
to 1Co/S-1. This indicates that alkaline treatment significantly en-
hances the stability of the samples and that cobalt supported on
NaOH-treated support shows superior activity. The improvement
in stability is attributed to the enhanced capacity of the meso-
pores formed by alkaline treatment to accommodate carbon de-
position, thereby effectively mitigating deactivation [18]. The ob-
served differences in initial activity between the different alkaline
treatments may be due to the role of TPAOH solution. As a tem-
plate agent for S-1 zeolite, TPAOH not only dissolves the parent
zeolite but also induces the re-growth of crystals on the surface of
the parent zeolite, resulting in fewer surface defects and less cobalt
species distributed within the mesopores, which leads to lower
activity [19,20].

Subsequently, the effects of NaOH solution with different con-
centrations on the S-1 zeolite were studied, as shown in Fig. 2a. All
samples exhibit characteristic diffraction peaks of the MFI frame-
work structure, indicating that increasing the concentration of the
alkali solution does not lead to complete collapse of the zeolite
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Fig. 2. (a) XRD patterns of S-1 zeolites treated with different alkaline concentrations. (b) N, adsorption-desorption isotherms and (c) pore size distributions from BJH
adsorption for zeolites. (d) TEM images: I-1I, SN-1-0.05; 111, SN-1-0.1; IV, SN-1-0.2; V-VI, SN-1-0.5. (e) OH-FTIR spectra.

framework. However, it is noticed that with increasing alkali con-
centration, the intensity of the diffraction peaks decreases signifi-
cantly. According to the relative crystallinity (Table S2 in Support-
ing information), this suggests that higher alkali concentrations re-
sult in greater dissolution of the zeolite framework silicon, more
mesopore formation, and larger mesopore sizes (Figs. 2b and ¢, and
Table S3 in Supporting information) [21,22]. Similarly, TEM images
also reveal the presence of pronounced mesopore structures within
the zeolite after alkali treatment (Fig. 2d). As the concentration of
the alkali solution increases, the number of mesopores within the
zeolite increases; however, excessive alkali concentration leads to
severe structural damage, resulting in fragmentation and collapse
(Fig. S2 in Supporting information). To further explore the effect of
different alkali concentrations on the number of hydroxyl sites in
the zeolite, the OH-FTIR spectrum is shown in Fig. 2e. The peak
at 3740 cm’! attributed to the stretching vibration of the termi-
nal hydroxyl groups in the zeolite, and the peaks from 3600 cm!
to 3300 cm™! are attributed to the hydroxyl groups in the silanol
nests, i.e., the vibration peaks of the hydroxyl nests [23]. The re-
sults show that as the concentration of the alkali treatment solu-
tion increases, the number of hydroxyl nests in the S-1 zeolite fol-
lows a volcano-type trend, initially increasing and then decreasing.
The maximum content of hydroxyl nests is observed in the zeolite
treated with a 0.05 mol/L alkali solution.

Characterization of hydroxyl groups revealed that the support
treated with 0.05 mol/L NaOH solution has a higher content of hy-
droxyl nests, which are often associated with the presence of active
sites. Therefore, catalysts 0.5Co/SN-1-0.05 and 0.5Co/S-1 were pre-
pared using the NaOH-treated SN-1-0.05 and untreated S-1 zeo-
lites as supports, respectively, to investigate the effects of hydroxyl
nests and mesopores generated by alkali treatment. The XRD pat-
terns of both catalysts show no diffraction peaks corresponding to
Co species, indicating that Co species are uniformly distributed on
the support (Fig. 3a) [24]. After Co loading, both catalysts exhibit a
decrease in micropore volume, suggesting that metal sites occupy
a portion of the micropores (Figs. 3b and c). SEM mapping results
(Fig. 3d) show that the Co species in both catalysts are uniformly
distributed as small particles, highly dispersed on the hierarchical

pore supports, with no evidence of larger particles or agglomera-
tion.

Subsequently, the performance of the catalysts in propane de-
hydrogenation reactions was evaluated. The cobalt contents in the
0.5C0/SN-1-0.05 and 0.5Co/S-1 samples are 0.48 wt% and 0.44
wt%, respectively, as determined by ICP-OES. There was a signifi-
cant difference in catalytic activity between the two samples (Fig.
4a). The 0.5Co/SN-1-0.05 sample exhibited an initial propane con-
version rate of 58.6% with a propylene selectivity of 97.5%. In con-
trast, the 0.5Co/S-1 sample showed a much lower conversion rate
of only 12.1%, with propylene selectivity also lower than that of
0.5Co/SN-1-0.05. The stability of the 0.5Co/SN-1-0.05 catalyst was
tested over a 12-h period for propane dehydrogenation (Fig. S3 in
Supporting information). The 0.5Co/SN-1-0.05 catalyst reached a
maximum conversion rate of 59.2% after 100 min of reaction and
maintained a conversion rate of 50.2% after 12h, with a deacti-
vation rate constant (kq) of 0.033 h!, indicating very slow deac-
tivation and good stability for propane dehydrogenation. Kinetic
experiments were then conducted to investigate the intrinsic ac-
tivity of the two samples in the PDH reaction. Fig. 4b shows the
Arrhenius plots for each catalyst. The apparent activation energy
(Ea) or the 0.5Co/S-1 sample was 137.67 kJ/mol, while the appar-
ent activation energy for the 0.5Co/SN-1-0.05 sample was only
70.08 kJ/mol, approximately half of the former, indicating a lower
dehydrogenation barrier for 0.5Co/SN-1-0.05. Similarly, at 550°C,
the turnover frequencies (TOF) for the 0.5Co/S-1 and 0.5Co/SN-
1-0.05 samples were 12.04 h'! and 42.58 h!, respectively, with
the TOF for 0.5Co/SN-1-0.05 being 3.5 times higher than that
for 0.5Co/S-1 (Fig. 4c). These results demonstrate that the intrin-
sic activity of 0.5Co/SN-1-0.05 is significantly higher than that of
0.5Co/S-1, indicating a fundamental difference in the state of active
sites. Additionally, the regeneration performance of the 0.5Co/SN-
1-0.05 sample was tested (Fig. 4d). After three regeneration cycles,
the initial conversion rate remained at 60.5%, with propylene se-
lectivity consistently around 97%, demonstrating excellent regener-
ation stability of the 0.5Co/SN-1-0.05 catalyst.

Based on the above results, it is evident that the active sites
of the two samples should have distinct characteristics, thus fur-
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Fig. 3. (a) XRD patterns of 0.5Co/S-1 and 0.5Co/SN-1-0.05. (b) N, adsorption-desorption isotherms and (c) pore size distributions from BJH adsorption for zeolites. (d) SEM
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Fig. 4. (a) Propane conversion and propylene selectivity for 0.5Co/S-1 and
0.5Co/SN-1-0.05 (reaction conditions: 580°C, 0.2g catalyst, 5 vol% propane bal-
anced with N, 10mL/min). (b) Arrhenius curves and apparent activation ener-
gies of 0.5Co/S-1 and 0.5Co/SN-1-0.05. (c) TOF comparison of sample 0.5Co/S-1
and 0.5Co/SN-1-0.05 (reaction conditions: 550°C, 0.5Co/SN-1-0.05: 0.1 g, 5 vol%
propane balanced with N;, 45 mL/min; 0.5Co/SN-1-0.05: 0.1g, 5 vol% propane bal-
anced with N3, 25 mL/min). (d) Regeneration test for 0.5Co/SN-1-0.05 catalyst.

ther research was conducted into the state of the Co species in
the sample active sites. UV-vis spectroscopy was used to probe
the oxidation states and coordination geometry of the Co species
in different forms. As shown in Fig. 5a, both samples exhibit
two absorption peaks at 220nm and 310nm, corresponding to
the MFI framework structure of the zeolite. The 0.5Co/SN-1-0.05
catalyst shows characteristic peaks around 520nm, 580 nm, and
660 nm, attributed to the d-d transitions of tetrahedrally coordi-
nated Co(ll) (*A,(F)— 4T{(P)), indicating the presence of Co2* in
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Fig. 5. (a) UV-vis spectra of 0.5C0/S-1 and 0.5Co/SN-1-0.05 catalysts. (b) Raman
spectra of 0.5Co/S-1 and 0.5Co/SN-1-0.05 catalysts. (c) XPS profiles of 0.5Co/S-1 and
0.5C0/SN-1-0.05 catalysts. (d) In-situ DRIFT spectra with CO flows.

a tetrahedral coordination within the zeolite framework. In con-
trast, the 0.5Co/S-1 sample shows a weak peak at 675nm, sug-
gesting the presence of only a partial amount of Co?t on the sur-
face of 0.5Co/S-1. Additionally, broad absorption bands at 425 nm
and 750nm are observed, associated with the 0% — Co** and
0% — Co3*+ charge-transfer transitions in Co30,4 [25-27]. There-
fore, the primary form of Co species in 0.5Co/SN-1-0.05 is tetra-
hedrally coordinated Co?*, while in 0.5Co/S-1, Co species mainly
exist in the form of Co304. Similarly, Raman spectroscopy results
(Fig. 5b) show comparable findings. Two distinct Raman bands
at approximately 370 cm™! and 800 cm™! correspond to the MFI
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Fig. 6. (a) In situ C3Hg-DRIFT spectra. (b, ¢) Color mapping spectra.

topology of the zeolite. New Raman bands at 465 cm™!, 593 cm!,
and 680 cm! in the 0.5Co/S-1 catalyst are attributed to Co304
species. The Raman band at 1046 cm™! corresponds to the asym-
metric stretching vibration of Co®+-0-Si in the framework, while
the Raman band at 1160 cm™! in the 0.5Co/SN-1-0.05 catalyst in-
dicates successful incorporation of Co atoms into the zeolite frame-
work [28,29]. XPS analysis of Co 2p (Fig. 5c¢) reveals two broad
and asymmetric main peaks in both samples at 775-790eV and
790-810eV, corresponding to Co 2p3;, and Co 2pyp,, respectively
[30]. The 0.5 Co/S-1 catalyst shows two spin-orbit double peaks
for Co?* and Co®*t and a broad satellite peak, with 781.5eV as-
signed to Co?t, 780.0eV to Co3*, and a Co?t/Co3* ratio of 1.51.
The 0.5Co/SN-1-0.05 catalyst also shows characteristic peaks cor-
responding to Co?* and Co3+, with a Co?t/Co3* ratio of 3.39.
This indicates that the Co species in the 0.5 Co/SN-1-0.05 catalyst
mainly exist in the form of tetrahedral Co?* anchored to the zeo-
lite framework, while the Co species in the 0.5 Co/S-1 catalyst are
mostly in the form of Co304 aggregates [31,32]. Furthermore, in-
situ FTIR spectroscopy (Fig. 5d) was used to analyze the Co species
under CO adsorption conditions. The double peaks in the range of
2100 cm™! to 2300 cm! represent the characteristic peaks of free
CO gas, while the peak at 1900 cm! is associated with the zeo-
lite. The peak at 2030 cm™' is attributed to CO adsorption on the
linear coordination of Co?* species in the zeolite framework [32].
These results indicate that the Co species in 0.5Co/SN-1-0.05 are
predominantly in the form of Co?* anchored to the zeolite frame-
work, while the Co species in 0.5Co/S-1 are mainly in the form
of aggregated Co304. The differences in the active sites account
for the distinctly different performances observed in the PDH re-
action. The reason for this difference in active sites may be due
to the fact that [Co(H,0)5]*" generated from Co(NOs3), dissolu-
tion in water has difficulty entering the untreated S-1 zeolite chan-
nels. In contrast, alkali treatment generates mesopores that allow
[Co(H,0)]%* to easily penetrate the zeolite and become anchored
by hydroxyl nests[32]. Consequently, only a minimal amount of Co
species enters the S-1 zeolite, with most remaining on the sur-
face, resulting in Co304 dominance in 0.5Co/S-1. Conversely, the
abundant mesopores and hydroxyl nests in SN-1-0.05 facilitate the
good dispersion and anchoring of Co species within the zeolite,
leading to a predominance of unitary Co%* in 0.5Co/SN-1-0.05.

In situ infrared spectroscopy of propane (Fig. 6a) was used to
investigate the dehydrogenation mechanism of the active sites. At
the initial temperature of 50°C, an absorption band at 2967 cm!,
corresponding to gas-phase propane, was immediately detected. As
the temperature increased, the intensity of the bands at 1370 cm™!
and 1456 cm! gradually decreased. These bands are attributed
to the C-H vibrations of propane methyl groups and methylene
groups adsorbed on cobalt, respectively. The weakening of the C-H
vibration peaks indicates the transformation of propane. The con-
tour map provides a clearer comparison of the changes in the char-
acteristic peaks with temperature for the two samples (Figs. 6b

and c). The peak associated with methyl groups begins to weaken
at 150°C and nearly disappears at 250°C, while the methylene
peak remains significantly visible at 300 °C. This suggests that for
the 0.5Co/SN-1-0.05 sample, the propane dehydrogenation reac-
tion preferentially activates the methyl C-H bonds first, followed
by the activation of the methylene C-H bonds [33]. This indicates
that the dehydrogenation reaction on this catalyst follows a step-
wise mechanism, where the removal of methyl C-H bond first, fol-
lowed by the removal of methylene C-H bond.

To understand the reasons for catalyst deactivation, we con-
ducted structural characterization of the catalysts after the reac-
tion. The XRD and N, adsorption-desorption results (Fig. S4 and
Table S4 in Supporting information) indicate that the framework
structure of the catalyst remains unchanged, still exhibiting a typi-
cal MFI topology. However, the carbon deposition during the reac-
tion has blocked some pore channels, particularly the mesopores in
the catalyst. Given that the structure of the active sites may change
during the reaction, we further investigated the structure of the
active sites after the reaction (Fig. S5 in Supporting information).
The UV-vis results show that the active sites in the 0.5Co/SN-1-
0.05 catalyst did not undergo significant changes before and af-
ter the reaction, while the signal for the 0.5Co/S-1 sample was
less clear due to interference from coke. Subsequently, we ana-
lyzed the types of cobalt species in the reacted catalysts using XPS,
and the results were consistent with those of the fresh catalysts.
This suggests that the deactivation of the catalyst is not caused by
changes in the nature of the active sites. The catalysts were sub-
jected to thermogravimetric analysis (TGA) after reacting for 12 h
to determine the carbon deposition content. As shown in Fig. 7a,
the coke content for 0.5Co/S-1 was 3.84%, whereas for 0.5Co/SN-
1-0.05 it was 11.9%. Although the coke content on 0.5Co/SN-1-
0.05 was higher than that on 0.5Co/S-1, this is associated with the
higher conversion rate of 0.5Co/SN-1-0.05. Under the same condi-
tions, the conversion rate of 0.5Co/SN-1-0.05 was five times that of
0.5Co/S-1. The low conversion rate on 0.5C0/S-1 results in minimal
coke deposition, whereas 0.5Co/SN-1-0.05 achieved a high propane
conversion rate of 59%, leading to greater coke accumulation over
12 h. Despite the higher coke content, the 0.5Co/SN-1-0.05 cat-
alyst exhibited good performance in stability tests, attributed to
the superior coke tolerance of the hierarchical pore structure of
the zeolite support. Further characterization of the coke content
and types was performed using DTG and Raman spectroscopy. Fig.
7b shows the DTG image of the used samples, showing that the
main weight loss peak temperature for 0.5Co/SN-1-0.05 is lower
than that of 0.5Co/S-1, indicating that the coke on 0.5Co/SN-1-
0.05 is more loosely dispersed and easier to remove by calcina-
tion. Fig. 7c shows the UV-Raman spectra of the used samples.
The peak at 1581 cm’! corresponds to the C-C stretching vibra-
tions of ordered graphite-like carbon (sp? hybridized), while the
peak at 1370 cm! is attributed to the bending vibrations of C-H
bonds in disordered carbon (sp? hybridized) [33,34]. Ordered car-
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Fig. 7. (a) UV-Raman, (b) TGA and (c) DTG over 0.5Co/S-1 and 0.5Co/SN-1-0.05 catalysts after reaction.

bon is denser and more difficult to remove compared to disordered
carbon. The spectra reveal prominent peaks at both 1581cm™ and
1370 cm!, for both catalysts, with the total peak area for 0.5Co/SN-
1-0.05 being significantly larger than that for 0.5Co/S-1, confirm-
ing that both catalysts contain coke and that 0.5Co/SN-1-0.05 has
more coke. This result is consistent with the TGA data. Additionally,
the ratio of the peak areas at 1581 cm'! to 1370 cm™! indicates that
0.5Co/SN-1-0.05 has more loosely dispersed and easily removable
disordered carbon, while 0.5Co/S-1 predominantly contains more
stable and difficult-to-remove ordered carbon, consistent with the
DTG results. The higher coke tolerance and lower weight loss tem-
perature of 0.5Co/SN-1-0.05 contribute to its excellent stability and
regeneration performance.

In conclusion, the 0.5Co/SN-1-0.05 catalyst with a meso-
microporous structure was successfully prepared using post-
treatment with an alkaline solution. The alkaline etching of the
zeolite not only introduced mesopores but also generated a sub-
stantial number of hydroxyl nests. The resulting mesoporous struc-
ture facilitated the easier ingress of [Co(H,0)s]** species into the
zeolite pores, while the hydroxyl nests provided abundant anchor-
ing sites for Co species, leading to a more uniform and dispersed
distribution. Furthermore, the mesoporous structure demonstrated
excellent coke tolerance, mitigating deactivation of the active sites
due to coke accumulation. As a result, the 0.5Co/SN-1-0.05 cat-
alyst exhibited significantly superior PDH performance compared
to 0.5Co/S-1. Overall, this study provides valuable insights into
the synthesis of meso-microporous zeolite catalysts through post-
treatment methods.
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