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Abstract: Co-based catalysts have shown great promise for propane dehydrogenation (PDH) re-
actions due to their merits of environmental friendliness and low cost. In this study, ordered
mesoporous molecular sieve-supported CoOy species (CoOy/Al-SBA-15 catalyst) were prepared
by one-step organometallic complexation. The catalysts show worm-like morphology with regular
straight-through mesoporous pores and high external specific surface area. These typical features can
substantially enhance the dispersion of CoOyx species and mass transfer of reactants and products.
Compared with the conventional impregnation method, the 10CSOC (10 wt.% Co/Al-SBA-15 pre-
pared by the organometallic complexation method) sample presents a smaller CoOx size and higher
Co?*/Co3* ratio. When applied to PDH reaction, the 10CSOC delivers higher propane conversion
and propylene selectivity. Under the optimal conditions (625 °C and 4500 h~!), 10CSOC achieves
high propane conversion (43%) and propylene selectivity (83%). This is attributed to the smaller
and better dispersion of CoOx nanoparticles, more suitable acid properties, and higher content of
Co?* species. This work paves the way for the rational design of high-performance catalysts for
industrially important reactions.

Keywords: propane dehydrogenation; mesoporous molecular sieve; organometallic complexation;
propylene selectivity

1. Introduction

Propylene stands as a pivotal chemical raw material, with applications spanning
the production of crucial chemical intermediates like polypropylene, acrylonitrile, and
propylene oxide. These intermediates then serve as the foundation for synthesizing plastics,
rubbers, and fibers [1-3]. Nevertheless, the conventional methods of propylene production,
encompassing fluid catalytic cracking (FCC) and steam cracking of naphtha, have fallen
short in catering to the escalating global demand for propylene [4]. The emergence of
advanced shale gas and natural gas hydrate extraction techniques has augmented the acces-
sibility and cost-effectiveness of propane, making propane dehydrogenation to propylene
(PDH) a remarkably viable process [5,6]. From a thermodynamic viewpoint, the direct
dehydrogenation of propane is a strong endothermic reaction, and the equilibrium con-
version is about 18% and 50% at 500 °C and 600 °C, respectively. In order to achieve a
higher conversion, the reaction needs to be carried out at high temperature. But at high
temperature, side reactions such as C-C cracking are easy to occur, resulting in the decrease
in propylene selectivity and rapid deactivation [7]. Currently, the industrialization of PDH
is predominantly achieved through the Catofin process with Cr-based catalysts, and the
Oleflex process with Pt-based catalysts [6-12]. However, further advancements in PDH
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technology are hindered by several challenges, including the substantial costs, expedited
deactivation of Pt-based catalysts, and the environmental hazards of Cr-based catalysts [13].

Researchers have ventured into exploring diverse alternative catalysts, including metal
oxides, boron and carbon-based materials [7,14-17]. Among these, Co-based catalysts
have garnered increasing attention in PDH applications due to their low toxicity, cost-
effectiveness, and remarkable catalytic activity [18]. However, the catalytic proficiency of
these catalysts is intricately linked to the morphology and dimensions of cobalt species,
which are governed by the support material and synthesis methodology [19]. Notably, the
literature suggests that larger CoOx nanoparticles can induce undesirable side reactions,
such as coke formation and propane cracking, whereas smaller nanoparticles exhibit
superior catalytic activity for propane dehydrogenation [20]. Furthermore, isolated Co?*
species, functioning as Lewis acidic sites, demonstrate higher catalytic performance in
PDH compared to CoOx nanoparticles [21,22]. Consequently, optimizing the content of
isolated Co?* species in Co-based catalysts through appropriate support selection and
synthesis techniques poses a pressing scientific challenge. Recently, Dai et al. [22] employed
a one-step hydrothermal method to synthesize a Co/Al,Oj catalyst, attributing its high
propylene selectivity to the abundant presence of isolated Co?* species.

In the catalysis realm, the ordered mesoporous molecular sieve AI-SBA-15 has gar-
nered considerable attention as a catalyst support [23,24]. When compared to the traditional
Al,O3 support, AI-SBA-15 exhibits several advantages, including a higher surface area,
enlarged mesoporous pores, and reduced acidity. These attributes contribute significantly
to enhancing the dispersion of active species, promoting the internal diffusion of reactants
and products, and inhibiting cracking, isomerization, and excessive dehydrogenation reac-
tions catalyzed by acid sites. Therefore, AI-SBA-15 emerges as a superior choice for catalyst
support in the dehydrogenation of propane.

In this work, due to the high surface area and good diffusivity, highly ordered meso-
porous molecular sieves Al-SBA-15 are used as supports to prepare Co/Al-SBA-15 catalysts
by the organometallic complexation and impregnation methods, respectively. The cobalt
species present in the catalysts are characterized and studied. The Co/Al-SBA-15 catalysts
prepared by the organometallic complexation method show smaller CoOx nanoparticle
sizes and a higher content of Co?" species. The PDH performances of the catalysts are
evaluated under different reaction process parameters.

2. Materials and Methods
2.1. Materials

Polyether P123 (MW: 5800), tetraethyl orthosilicate (TEOS, 98%) and aluminium
isopropoxide (99%) were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China).
HCl1 (36 wt.% in HyO), CoCl, (99%), Co(NO3)2-6Hz0 (99%) and ethylenediamine (99%)
were purchased from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China).

2.2. Catalysts Preparation
2.2.1. Synthesis of Ordered Mesoporous Al-SBA-15 Molecular Sieve

Ordered mesoporous Al-SBA-15 molecular sieve was synthesized according to the
following method. In a standard synthesis procedure, a specific amount of aluminum
isopropoxide and 9 mL of TEOS were mixed to obtain desired Si/ Al ratios of 50. After
the initial mixture was formulated, it was introduced into a 10 ml aqueous HCl solution
adjusted to a pH of 1.5. This mixture was vigorously agitated for a duration exceeding
3 h. Subsequently, the agitated mixture was combined with a separate solution containing
4 g of P123 dissolved in 150 mL of aqueous HCI solution, which was also set at a pH of
1.5 and maintained at 40 °C. The combined solution was further agitated for 1 h at the
aforementioned temperature. Subsequently, the mixture was enclosed in Teflon bottles and
allowed to react under closed conditions at 100 °C for a period of 48 h. The resulting solid
product was then separated through filtration, dried at 110 °C, and ultimately calcined in
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air at 600 °C for a duration of 6 hours, with a controlled heating rate of 1 °C/min. This final
sample was labeled as AI-SBA-15.

2.2.2. Preparation of Co/Al-SBA-15 Catalyst by Organometallic Complexation Method

Co/Al-SBA-15 catalyst was prepared by organometallic complexation method ac-
cording to the following method. In a standard synthesis procedure, a specific amount of
aluminum isopropoxide and 9 mL of TEOS were mixed to obtain desired Si/ Al ratio of
50. Subsequently, the mixture was introduced into a 10 mL aqueous HCI solution adjusted
to a pH of 1.5. After stirring vigorously for over 3 h, it was combined with a second
solution containing 4 g of P123 dissolved in 150 ml of aqueous HCl solution, maintained
at a pH of 1.5, and held at 40 °C. The combined mixture was agitated for an hour and
designated as solution A. Next, a 50 mL ethylenediamine aqueous solution containing
10 vol.% ethylenediamine was prepared. Subsequently, various amounts of CoCl, were
weighed based on the desired cobalt loading (1 wt.%, 3 wt.%, 5 wt.%, 10 wt.%, and 15 wt.%).
The ethylenediamine aqueous solution was then slowly added to the respective CoCl,
samples and agitated for 1 h, resulting in solution B. Afterward, solution B was gradually
added to solution A, and the combined mixture was stirred for an additional hour. The
resulting mixture was then transferred into closed Teflon bottles and allowed to react at
100 °C for 48 h. Following the reaction, the solid product was isolated via filtration and
subsequently dried at 110 °C. Finally, the product was calcined in air at 600 °C for 6 h, with
a heating rate of 1 °C/min. The resulting samples were labeled as 1CSOC, 3CSOC, 5CSOC,
10CSOC, and 15CSOC, based on their cobalt loading.

2.2.3. Preparation of Co/Al-SBA-15 Catalyst by Impregnation Method

Co/Al-SBA-15 catalyst was prepared by impregnation method according to the follow-
ing method. A predetermined quantity of cobalt nitrate aqueous solution, corresponding
to a cobalt loading of 10 wt.%, was introduced into the AI-SBA-15 molecular sieve powder
utilizing an equal-volume impregnation technique. This mixture was agitated consistently
to ensure uniform dispersion. Following an overnight impregnation period at ambient
temperature, the mixture was subjected to drying in a 100 °C oven for 8 h. Subsequently, it
underwent calcination in a muffle furnace, with a heating rate of 10 °C/min, for a duration
of 6 h. The resulting sample was designated as 10CSIM.

2.3. Characterization

X-ray powder diffraction (XRD) patterns were acquired using a Rigaku D/MAX-2200
diffractometer, employing Cu K« radiation (A = 1.5406 A) in the 26 range of 5°~80° at a
scanning rate of 2 °/min. High-resolution transmission electron microscopy (HR-TEM)
analysis was carried out on an FEI TECNAI G2 F20 instrument, operating at an acceleration
voltage of 200 kV.

N, adsorption-desorption measurements were performed on a Micromeritics ASAP
2460 system at —196 °C. The total specific surface area was calculated by Brunauer-Emmett—
Teller (BET) equation, the internal/external surface area and micropore volume were
determined by the t-plot method, while the mesopore volume were determined by the
BJH method.

UV-Vis spectroscopy was conducted using a Shimadzu UV-3600 spectrometer. Using
BaSOj as a reference, the measuring range is in the area of 300-800 nm wavelength. XPS
analysis was performed on a Thermo Scientific EscaLab 250Xi instrument with Al Ko radi-
ation; the maximum beam current is 4 pA. ICP-OES measurements were obtained from a
PerkinElmer Optima 7300 V analyzer. A 50 mg sample was put into 50 ml polytetrafluoride
lining, 3 ml nitric acid and 2 ml hydrofluoric acid were added, digested at 160 °C for 6 h,
then volume was fixed to 50 ml with ultrapure water, diluted with 2% nitric acid and tested.

For ammonia temperature programmed desorption (NH3-TPD), a Xianquan TP-5076
adsorption instrument equipped with a thermal conductivity detector (TCD) was employed.
A total of 0.1 g of 20-40 mesh samples were activated at 600 °C for 1 hour under N,
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atmosphere. After cooling to 100 °C, the samples were saturated with NHj for 30 min,
followed by flushing with N; for 30 min to remove the physically adsorbed NHj3. Finally,
the desorption of NH3 was carried out by heating the samples to 600 °C at a rate of
10 °C/min and the signal of the desorbed NH3 was recorded by TCD simultaneously. For
H, temperature programmed reduction (H;-TPR), a Xianquan TP-5080 instrument with a
TCD was utilized. The sample was purged and activated at 150 °C in nitrogen atmosphere
for 1 h, then cooled to 100 °C, and then mixed evenly with N, with 5 vol% of H; (gas flow
rate of 50 mL/min), and then reduced from 100 °C at a rate of 10 °C/min to 800 °C. At the
same time, the consumed H, signal was analyzed and recorded by TCD.

2.4. Catalytic Reaction

Under atmospheric pressure, propane dehydrogenation was carried out in an 8 mm
diameter quartz reactor using Co/ZSM-5 catalysts. To facilitate the PDH reaction, 200 mg
of catalyst were placed in a quartz reactor, supported by quartz wool. The reactor was
then heated to 550 °C under a continuous flow of Nj at 20 mL/min. Following a 30 mine
nitrogen purge, the PDH reaction was initiated, occurring within a temperature range of
500-650 °C. The feed gas comprised a mixture of propane and nitrogen, with a propane
concentration of 10 vol.% C3Hg and a gas hourly space velocity (GHSV) ranging from 1500
to 10,500 h— 1. The GHSV is calculated as follows:

Vesn
GHSV = &M 1)
T'Vcatalyst

where Vcspg was the total volume of propane gas in feed flows, Vatalyst was the volume of
catalyst, and T was the total reaction time of PDH.

For product analysis, an online gas chromatograph (Agilent 7890A) equipped with
a flame ionization detector (FID) and HP-Plot Al,Oj3 capillary column (50 m x 0.53 mm,
20 um) was utilized. The propane conversion and propylene selectivity were subsequently
determined using established methodologies:

_ [CsHs]y, — [CsHg]

[CsHs] conversion = [CsHs]p,

out »100% (2)

C3H,
[Cats ] ous % 100% 3)

H —
{CS B]Selectlvlty [C3H8]In _ [C3H8]out

where [C3Hgli, and [C3Hglout were the molar contents of propane in feed and exit flows,
and [C3Hg]out was the molar content of propylene in exit flow.

3. Results and Discussion

The small-angle XRD characterization shows that the AI-SBA-15 samples synthesized
in this study have three diffraction peaks at 26 = 0.9°, 1.5° and 1.8°, which are attributed to
the reflection of the plane group P6mm symmetrical hexagonal structure (Figure S1) [25].
This shows that AI-SBA-15 molecular sieve has a highly ordered mesoporous structure,
indicating that the AI-SBA-15 mesoporous molecular sieve has been successfully synthe-
sized. By contrast, 10CSOC samples prepared by the organometallic complexation method
and 10SI samples prepared by the impregnation method showed three diffraction peaks at
20 =0.9°,1.5° and 1.8°, and the peak intensity of 10CSOC samples was higher than that of
10CSIM samples, which indicated that Co/Al-SBA-15 molecular sieves prepared by the
organometallic complexation method and the impregnation method had a highly ordered
mesoporous structure, indicating that the Co/Al-SBA-15 mesoporous molecular sieves
were successfully synthesized (Figure S1). The mesoporous order of the samples prepared
by the organometallic complexation method is higher than the samples prepared by the
impregnation method.

The wide-angle XRD spectra of the samples are shown in Figure 1. All of these Co/Al-
SBA-15 samples show characteristic diffraction peaks at 20 = 31.2°, 36.9°, 45.1°, 59.6° and
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66.1°, which are attributed to the crystal planes of Co304 (JCPDS #43-1003) [26]. With the
increase in cobalt loading, the intensity of the characteristic diffraction peaks at 20 = 31.2°,
36.9°,45.1°,59.6° and 66.1° increased gradually, indicating that the content of Co3Oj4 crystal
phase in the catalyst increased gradually. Through the characterization of small-angle XRD
and wide-angle XRD, it was proved that the CoOy/ Al-SBA-15 catalysts were successfully
synthesized by the organometallic complexation method and the impregnation method.

(220)
(311)
(400)
(511)
(440)

\M

1CSOC

Al-SBA-15

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 1. XRD patterns of different Co/Al-SBA-15 catalysts.

Figure 2 is the TEM image of the Co/Al-SBA-15 sample. All the samples showed worm-
like particles with a width of about 200nm and a length of about 600nm, accompanied by
highly ordered straight-through mesoporous channels. Further careful observation showed
that the 10CSOC samples prepared by organometallic complexation method showed a
large number of highly ordered Pémm symmetrical hexagonal mesopores, and the degree
of mesoporous order was even higher than that of the 10CSIM samples prepared by the
impregnation method. In addition, the sizes of the CoOx nanoparticles of the 10CSOC
samples prepared by the organometallic complexation method are 2—4 nm, which are
small and uniformly dispersed, while those of 10CSIM samples prepared by impregnation
method are 5-30 nm, with different sizes and uneven dispersion. In the process of preparing
Co/Al-SBA-15 catalyst by the organometallic complexation method, the ethylenediamine
ligand in ethylenediamine cobalt complex can effectively block the agglomeration of cobalt
species and improve the dispersion of cobalt species, so the CoOy species with high
dispersion and smaller nanoparticle sizes were obtained after calcination [27]. However, for
the samples prepared by impregnation method, most of the cobalt species are distributed
on the outer surface of AI-SBA-15 molecular sieve, and the particle size of cobalt species
is not limited, which leads to large growth and uneven size. According to Gao et al. [28],
the smaller the size of cobalt oxide particles, the higher the catalytic performance of PDH.
Compared with the samples prepared by precipitation method, because of the small particle
size of cobalt oxide, the PDH activity and propylene selectivity can be improved.

Figure 3a shows the N adsorption—desorption isotherm. Type IV isotherms with
hysteresis loops were observed in all samples, indicating the existence of mesoporous [29].
Table 1 shows the texture properties and chemical composition of these samples. The Al-
SBA-15 sample exhibits the highest specific surface area, reaching 736 m? /g, and possesses
the largest mesoporous volume of 1.21 cm3/g. This can be attributed to the exceptional
surface area and mesoporous capacity of the AI-SBA-15 molecular sieves, which feature an
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abundant number of highly organized and straight-running mesoporous channels. Using
the zeolite as the catalyst carrier, the diffusivity of the catalyst and the catalytic performance
of PDH were greatly improved. The actual cobalt content of different Co/Al-SBA-15
catalysts was determined by ICP-OES, as shown in Table 1. In the case of Co/Al-SBA-15
samples synthesized via the organometallic complexation approach, the incorporation of
varying Co loadings led to a decrease in both the surface area and mesoporous volume, with
an inverse correlation observed between these properties and the increasing Co content.
The decrease in surface area and mesoporous volume observed in Co/Al-SBA-15 samples
prepared via the organometallic complexation method can be attributed to the small size of
the CoOy species, which fill a significant portion of the mesoporous channels within the
AI-SBA-15 molecular sieves. As Co loading increases, the occupation of these channels
intensifies, causing a corresponding reduction in both surface area and mesoporous volume.
Conversely, in the 10CSIM samples synthesized by the impregnation method, the migration
of small CoOx species into the interior of the mesoporous channels also leads to a decrease
in both external area and mesoporous volume, thereby resulting in lower surface area and
mesoporous volume compared to the AI-SBA-15 samples.

B

Figure 2. TEM images of (a) AI-SBA-15, (b) 5CSOC, (c) 10CSOC and (d) 10CSIM samples.

Table 1. Texture properties of different Co/Al-SBA-15 samples.

Sample Surface Area ® (m?.g—1) Volume 2 (cm3.g—1) Co?

BET Exter. Micro. Total Meso. Micro. wt.%

Al-SBA-15 736 562 174 1.26 1.21 0.05 0

1CSOC 627 464 163 1.11 1.08 0.03 0.92
3CSOC 589 433 155 0.96 0.91 0.05 2.76
5CSOC 560 410 149 0.91 0.89 0.02 4.53
10CSOC 476 341 135 0.91 0.90 0.01 9.12
10CSIM 428 318 109 0.85 0.83 0.02 8.97
15CSOC 389 285 103 0.82 0.81 0.01 13.84

2 Nitrogen physisorption. b JCP-OES.
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Figure 3. (a) N, adsorption and desorption curves and (b) pore size distribution of different Co/Al-

SBA-15 catalysts.

Figure 3b presents the BJH pore size distribution analysis of various Co/Al-SBA-15
zeolite catalysts. The figure reveals that the pore sizes of the Al-SBA-15 molecular sieves are
predominantly within the 8-20 nm range. In the case of Co/Al-SBA-15 samples synthesized
via the organometallic complexation method with varying cobalt loadings, the mesoporous
pore size distribution of 15CSOC samples exhibits a narrowing trend as cobalt loading
increases. Specifically, the pore size distribution of 15CSOC samples is confined to the
8-15 nm range. This narrowing effect can be attributed to the gradual accumulation of
cobalt species within the mesoporous channels of the AI-SBA-15 molecular sieves, which,
with increasing cobalt loading, results in a reduction in the size of the mesoporous pores.

The acidity properties of the catalyst, encompassing acid content and strength, can
be characterized through NH3-TPD analysis. As evident from Table 2, the Al-SBA-15
sample stands out with the highest levels of both strong and weak acids. The origin of
the strong acid sites in AI-SBA-15 zeolites lies in the attraction of positively charged H*
protons by the four-coordinated AlO,™ units within the molecular sieve framework. This
indicates that during the one-step hydrothermal synthesis, some Al species successfully
integrate into the framework structure, giving rise to these strong acid sites. However,
with an incremental cobalt loading in the Co/Al-SBA-15 series, a notable trend emerges,
the strong acid content gradually diminishes, while the medium acid content rises. This
shift can be attributed to the interaction between the highly dispersed CoOy species and
the skeletal Al, leading to the formation of new medium-strong acid sites. Consequently,
the amount of strong acid decreases, while the amount of medium-strong acid increases.
This stability of the highly dispersed CoOx species in the catalyst samples synthesized
via the organometallic complexation method is further corroborated by this observation.
According to Razavian et al. [30], strong acidity can promote undesirable side reactions,
such as propane cracking, thereby deteriorating its dehydrogenation performance for
propane to propylene conversion. Therefore, a catalyst with a low strong acid content and
a moderate medium strong acid content is preferential for enhancing the catalytic efficiency
of the non-oxidative dehydrogenation of propane to propylene.

The TPR pattern of Co/Al-SBA-15 catalyst is shown in Figure 4a. There are two
reduction peaks in 10CSOC samples at 317 °C and 345 °C. The first peak corresponds to the
reduction from Co®* to Co?*, and the second peak corresponds to the reduction from Co?*
to elemental Co. It shows that the cobalt species in the catalyst mainly exist in the form of
Co304. For the 15CSOC samples also prepared by the organometallic complexation method,
the two reduction peaks migrate to higher temperatures, which means that there are larger
CoOx species in the 15CSOC samples, which are more difficult to reduce [22,31]. In addition,
compared with the 10CSOC samples prepared by the organometallic complexation method,
the two reduction peak temperatures of the 10CSIM samples prepared by the impregnation
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method are higher. This shows that the particle size of the CoOy species prepared by
the metal complexation method is smaller and easier to reduce than that prepared by the
impregnation method under the same loading. The experimental results are consistent
with those characterized by transmission electron microscopy. Combined with the results
of transmission electron microscope characterization, it can be further confirmed that
compared with the 10CSIM samples prepared by the impregnation method, the 10CSOC
samples prepared by organometallic complexation method have smaller nanoparticle size,
better dispersion and stability. The smaller size of the CoOy active species has higher
catalytic activity for propane dehydrogenation, which is beneficial to improve the catalytic
activity, propylene selectivity and catalytic stability of the PDH catalyst.

Table 2. Acid concentration of Co/Al-SBA-15 samples determined by NH3-TPD.

Sample Weak Acid Medium Acid Strong Acid Total Acid
(mmol/g) (mmol/g) (mmol/g) (mmol/g)
Al-SBA-15 0.73 - 0.47 1.20
1CSOC 0.71 0.17 0.46 1.34
3CSOC 0.68 0.22 0.43 1.33
5CSOC 0.63 0.25 0.36 1.24
10CSOC 0.58 0.32 0.30 1.20
10CSIM 0.59 0.31 0.32 1.22
15CSOC 0.53 0.38 0.24 1.15
@) 345 (0) 515 592 664
317 : : I
10csocC . T ;
3 T
328 | R e e N
10CSIM 2 X I 1
8 . [ 4
357 5 ' | :
< |—3es0¢ ]
330 1CS0OC : : :
15CSOC ! | :
| AI-SBA-15 | L ,
! I I
100 200 300 400 500 600 700 800 900 400 200 o o0 0 800
Temperature (°C) Wavelength (nm)

Figure 4. (a) Hy-TPR curves and (b) UV-Vis spectra of different Co/Al-SBA-15 catalysts.

Figure 4b shows the UV-vis spectra of different Co/Al-SBA-15 series samples. There
is no obvious absorption peak in the original molecular sieve absorption band of Al-SBA-
15. For the Co/Al-SBA-15 series samples prepared by organometallic complex method,
all the samples have two wide absorption bands in the 490-520 nm and 590-680 nm
regions. Notably, the absorption band observed at 490-520 nm is attributed to the charge
transfer transition from O* —Co?*, while the band spanning 590-680 nm is due to the
charge transfer transition from O*—Co®". As cobalt loading increases, the intensity of
these absorption bands also intensifies [32], indicating a strengthening of the respective
charge transfer transitions. The above results show that the samples prepared by the
organometallic complex method with different cobalt loading contain Co?* and Co®",
indicating that the CoOx species in the catalyst mainly exist in the form of Co** and
Co®*. There is no significant difference in the UV spectra of the 10CSIM samples prepared
by the impregnation method and the 10CSOC samples prepared by the organometallic
complexation method.

The Co 2p XPS spectra are shown in Figure 5. In all Co 2p spectra, there are two
main peaks around 795.0-799.8 eV and 780.0-785.6 eV, which can be attributed to the Co
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2p1/2 and Co 2p3/, spin orbitals. Two parts of the Co 2p3,, signal can be identified at
780.4-781.9 eV and 782.1-783.1 eV, can be attributed to Co?* and Co>*, respectively. The
Co 2py /5 signal can be further divided into two parts at 795.5-796.5 eV and 797.1-798.3 eV,
ascribable to Co?* and Co®*, respectively [33]. Moreover, quantitative analyses indicate
that the ratio of Co?*/Co3* follows the order 10CSOC > 10CSIM > 5CSOC (Table S1). These
results demonstrate that the CoOy species of all samples contain Co?* and Co>* ions, which
consist of Co30y. By the studies conducted by Dai et al. [22], Co*" serves as the primary
catalytic active site for propane dehydrogenation. An increased concentration of Co**
effectively enhances the catalytic activity, propylene selectivity, and long-term stability of
the dehydrogenation process. This suggests that optimizing the Co?* content in the catalyst
can significantly improve the overall performance of propane dehydrogenation.

(b) (c)

3 3 Co(ll 3
) S| com o H

2 Co(lll) 2
§ L Co(lll s o
€ 8 o(ln) §
E E E

810 805 800 795 790 785 780 775 770 810 805 800 795 790 785 780 775 770 810 805 800 795 790 785 780 775 770
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 5. XPS spectra of (a) 5CSOC, (b) 10CSOC and (c) 10CSIM samples.

In Figure 6a, the outcomes of the PDH reaction are presented. Specifically, Figure 6a,b
illustrate the profiles of propane conversion and propylene selectivity achieved using
Co/Al-SBA-15 catalysts. These results were obtained under a reaction temperature of
600 °C and a GHSV of 4500 h~!. At this temperature, the thermodynamic equilibrium
conversion of propane dehydrogenation is ~50% [34].
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As depicted in Figure 6a,b, the highly ordered mesoporous Al-SBA-15 molecular sieve
exhibits the lowest propane conversion and propylene selectivity. This suboptimal PDH
performance is attributed to its primary reliance on strong acid sites for propane cracking,
stemming from the absence of a dehydrogenation active center. However, as Co loading
increases, the propane conversion and propylene selectivity of the Co/Al-SBA-15 catalysts
exhibit an initial upward trend, followed by a decline. During the stable phase of the PDH
reaction, the 10CSOC catalyst stands out, achieving a remarkable propane conversion of
44% and propylene selectivity of 78%. Notably, it sustains a propane conversion above 43%
even after 5 hours, highlighting its exceptional catalytic stability. The propane conversion
of 10CSOC sample is close to the thermodynamic equilibrium conversion, which is quite
high. This favorable performance can be ascribed to several factors. Firstly, the AI-SBA-15
mesoporous molecular sieve support, though rich in strong acid sites conducive to propane
cracking, exhibits unfavorable characteristics for PDH reactions. However, the introduction
of CoOy species reduces the number of strong acid sites while enhancing medium acid
sites, thus enhancing PDH performance. Secondly, low Co loading leads to smaller CoOx
nanoparticles and higher dehydrogenation activity. As Co loading increases, the CoOx
species cannot be fully accommodated within the straight-through mesopores of the Al-
SBA-15 zeolite, resulting in the formation of larger nanoparticles on the outer surface,
ultimately degrading PDH performance. Finally, the exceptional catalytic stability of the
10CSOC catalyst is attributed to the good diffusivity and high dispersion of CoOx species,
facilitated by the ordered mesoporous structure of the AI-SBA-15 molecular sieve support.

As shown in Figure 6a,b, the highly ordered mesoporous Al-SBA-15 molecular sieve
shows the lowest propane conversion and propylene selectivity. Due to the absence of a
dehydrogenation active center, the Al-SBA-15 sample catalyzes propane cracking primarily
through strong acid sites, leading to suboptimal PDH performance. However, as the Co
loading increases, the propane conversion and propylene selectivity of Co/Al-SBA-15
catalysts initially rise and then decline. Notably, during the stable phase of the PDH
reaction, the 10CSOC catalyst demonstrates the highest propane conversion of 44% and
propylene selectivity of 78%. Additionally, it maintains a propane conversion above 43%
even after 5 hours, indicating remarkable catalytic stability. These favorable outcomes
can be attributed to several factors. Firstly, the AI-SBA-15 mesoporous molecular sieve
support possesses a high concentration of strong acid sites, favoring propane cracking
and the formation of C;1-C; hydrocarbons, which is disadvantageous for the PDH reaction.
However, when CoOy species are loaded onto this support, the number of strong acid
sites decreases while the medium acid sites increase. As medium acid sites do not catalyze
propane cracking, this enhances the PDH performance. Second, when the Co loading
amount is low, the size of the CoOx nanoparticles is smaller and the dehydrogenation
activity is higher. With an increase in the Co loading amount, the CoOy species cannot
be fully accommodated in the straight-through mesoporous of the AI-SBA-15 zeolite, and
some CoOy species migrate to the outer surface of zeolite and form large nanoparticles,
resulting in lower PDH performance. Lastly, the excellent catalytic stability of 10CSOC is
attributed to the good diffusivity and high dispersion of CoOx species facilitated by the
ordered mesoporous structure of the AI-SBA-15 molecular sieve support.

During the stable phase of the PDH reaction, for an equivalent loading, the 10CSOC cat-
alyst exhibits superior propane conversion and propylene selectivity compared to 10CSIM.
This is because of the smaller CoOy nanoparticle size and higher Co?* /Co®* ratio of
10CSOC compared with 10CSIM. Existing research suggests that smaller CoOx nanopar-
ticles contribute to a greater PDH activity [35]. Furthermore, Co?* species serve as the
primary active site for PDH, and the 10CSOC catalyst, synthesized via the organometallic
complexation method, contains a higher concentration of Co?* species. Conversely, the
lower Co?* species concentration in the 10CSIM catalyst results in inferior catalytic perfor-
mance for propane dehydrogenation compared to the 10CSOC catalyst prepared using the
organometallic complexation approach.
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As shown in Figure 6¢, the PDH performance of the 10CSOC sample was evaluated at
varying reaction temperatures ranging from 500 to 650 °C, with a constant propane GHSV
of 4500 h'l. Notably, the propane conversion of 10CSOC exhibited a positive correlation
with increasing reaction temperature. This enhancement is attributed to the improved
catalytic activity of the active centers within the catalyst at higher temperatures, enabling
the activation of a greater number of propane molecules, thus favoring the cracking reaction
and enhancing propane conversion. On the other hand, the propylene selectivity of 10CSOC
displayed a volcanic-shape trend with increasing reaction temperature. This is because the
10CSOC catalyst contains both an acid center and a metal center, which can simultaneously
catalyze the cracking reaction and the dehydrogenation reaction. A rise in temperature
favors the cracking reaction but suppresses the dehydrogenation reaction. Consequently,
the interplay of these two reactions results in an initial increase in propylene selectivity,
followed by a decrease. Specifically, at a reaction temperature of 625 °C, the 10CSOC
catalyst achieved the optimal propylene selectivity of 85%.

Figure 6d illustrates the PDH performance of the 10CSOC catalyst under varying
GHSVs ranging from 1500 to 10,500 h~!, while maintaining a constant reaction temperature
of 625 °C. As the propane GHSV increases, a downward trend in propane conversion is
observed for the 10CSOC catalyst. Specifically, during the stable PDH reaction phase, the
conversion remains around 48% at a GHSV of 1500 h—1, but decreases to 44% and 29% as
the GHSV rises to 4500 h~! and 10,500 h~!, respectively. This decrement is attributed to
the reduced retention time of propane molecules on the 10CSOC catalyst surface at higher
GHSVs, limiting the conversion rate. Therefore, reducing the GHSV to a certain extent is
beneficial to improve the conversion of the PDH reaction. With an increase in the propane
GHSYV, the propylene selectivity of 10CSOC is raised. Ata GHSV of 1500 h—, the propylene
selectivity reaches 71% during the stable period of the PDH reaction. When the GHSV
increases to 4500 h—1 and 10,500 h™1, the selectivity increases to 86% and 90%, respectively.
This trend is likely due to the shorter residence time of propane molecules at higher GHSVs,
which suppresses undesired cracking reactions and favors the dehydrogenation reaction,
leading to improved propylene selectivity.

The regeneration condition of the catalyst is as follows: the catalyst was calcined in
mutffle furnace at 550 °C for 4 h. The performance of the twice regeneration of 10CSOC
catalyst is shown in Figure S2. As can be seen from the figure, the propane conversion of
the regenerated 10CSOC catalyst sample decreased slightly, and the selectivity of propylene
is almost unchanged, indicating that the 10CSOC catalyst has good regeneration stability.

Drawing from these observations, we have identified the optimal operating parameters
for propane dehydrogenation catalyzed by 10CSOC, namely a reaction temperature of
625 °C and a GHSV of 4500 h~!. Under these optimized conditions, the 10CSOC catalyst
exhibits exceptional performance, achieving a propane conversion of 43% and propylene
selectivity of 83%, while maintaining this high conversion rate above 43% for an extended
duration of over 5 hours. This underscores the remarkable catalytic activity, selectivity, and
stability of the 10CSOC catalyst for propane dehydrogenation.

4. Conclusions

Ordered mesoporous molecular sieves supported CoOy species (CoOy /Al-SBA-15 cat-
alyst) were successfully prepared by one-step organometallic complexation. The obtained
catalysts show worm-like morphology with regular straight-through mesoporous pores
and high external specific surface area. These typical features can substantially enhance the
dispersion of CoOy species and mass transfer of reactants and products. After loading Co
species, strong acid amounts decrease and medium-strong acid amounts increase in varying
degrees. As Co loadings rise, the external surface area and mesopore volume of xXCSOC
samples undergo a decline, while the propane conversion and propylene selectivity of the
PDH reaction initially increase but subsequently diminish. Compared with conventional
impregnation method (10CSIM), the 10CSOC sample prepared through organometallic
complexation possesses a reduced CoOx nanoparticle size and a heightened Co**/Co**
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ratio. This is due to that the ethylenediamine ligand in ethylenediamine cobalt complex
can effectively block the agglomeration of cobalt species and improve the dispersion of
cobalt species, so the CoOy species with high dispersion and smaller nanoparticles size
were obtained after calcination. When applied to the PDH reaction, the 10CSOC sample
exhibits superior propane conversion, propylene selectivity, and catalytic stability. This is
ascribed to the appropriate pore structure and forms of metal active species. The ordered,
straight-through mesoporous channels of the Al-SBA-15 support facilitate the dispersion of
CoOx species and the diffusion of the catalysts. Furthermore, the smaller CoOx nanoparticle
size and the increased content of Co?* species in the 10CSOC sample enhance both its
catalytic activity and stability. Under the optimized PDH conditions, namely 625 °C and a
GHSV of 4500 h~!, the 10CSOC catalyst demonstrates high propane conversion (43%) and
propylene selectivity (83%).

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390 /nano14131132/s1, Figure S1: Small-angle XRD spectra of different Co/Al-
SBA-15 catalysts; Figure S2: Regeneration performance of 10CSOC sample at reaction temperatures
of 625 °C and GHSV of 4500 h~!; Table S1: Fitting results of XPS deconvolution peaks of different
Co/Al-SBA-15 catalysts.
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