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ABSTRACT: Hydroformylation is a pivotal industrial
process for high-value chemicals production. So far,
compared with homogeneous systems, heterogeneous
hydroformylation allows easier separation and recycling to
simplify the operation procedure, however, the
transformation efficiency toward targeted aldehyde of long-
chain olefins remains unsatisfactory. To tackle this, we
developed a Rh nanoparticle catalyst supported on BEA-OH
zeolite with rich silanol nests, obtained via a simple
dealumination treatment. The specific structure locally
enriches long-chain olefins near the Rh active centers and
enhances the coordination between olefins and metal sites,
significantly improving catalytic performance. In 1-octene
hydroformylation process, the optimized Rh catalyst
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reaches a turnover frequency (TOF) of 21,060 h™ and over 98% yield, exceeding most heterogeneous catalysts and
outperforming the classic homogeneous Wilkinson catalyst (TOF ~ 10,000 h™). In-situ infrared (IR), density functional
theory (DFT) calculations, and kinetic studies reveal that the silanol nests promote the enrichment of long-chain olefins near
Rh sites (73.85 mg/g) and lower the olefin coordination energy (decreased by 34.4 kJ/mol), thereby inducing a nearly zero-
order reaction kinetics with respect to the olefin—an effect previously observed mainly in homogeneous systems. This work
offers a strategy to enhance heterogeneous hydroformylation by tuning the surface structure of zeolite-supported Rh

nanoparticles.
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1 Introduction

The hydroformylation of olefins to produce aldehydes is a critical
industrial process, annually generating over 10 million tons of high-
value chemicals [1-6]. Rhodium-based homogeneous catalysts are
extensively utilized due to their excellent activity and selectivity in
the hydroformylation process [7, 8]. However, homogeneous Rh
catalysts face several operational challenges, including the recovery
of the catalyst after the reaction, high energy demands for
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separation, and loss of rhodium metal [9, 10]. In contrast,
heterogeneous catalysts provide inherent advantages in terms of
facile separation and catalyst recyclability, which are highly
desirable for the development of greener and more sustainable
catalytic processes.

In recent years, Rh nanoparticles [11, 12] stabilized through
interactions with surface atoms or structures, have emerged as
promising heterogeneous hydroformylation catalysts [13, 14]. Jing
etal. [15] developed a K20 Rh@S-1 catalyst that achieved a turnover
frequency (TOF) of ~ 2000 h™ with 67% linear selectivity for 1-
hexene hydroformylation at 85 °C and 5 MPa by tailoring the steric
environment to mimic a Rh-phosphine complex. Similarly, Sun et
al. [12] reported a hollow zeolite-encapsulated Rh catalyst
(Rh@H-S-1) exhibiting a TOF of 3471 h™ for 1-hexene
hydroformylation at 100 °C and 5 MPa, attributed to the high Rh
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dispersion and enhanced diffusion provided by the hollow “eggshell”
structure. Despite these advances, heterogeneous Rh catalysts
remain intrinsically less active, with TOFs still far below the
~ 10,000 h™* benchmark of the Wilkinson catalyst, highlighting the
challenge of bridging the performance gap with homogeneous
systems [16—-18].

The activity gap between homogeneous and heterogeneous
systems arises partly from the differences of substrate accessibility
and coordination. In homogeneous hydroformylation, olefins
rapidly coordinate with Rh centers to establish a dynamic
equilibrium (Scheme 1(a)). Aasif et al. [19] showed that
homogeneous catalysts such as Rh(CO),(acac), Rh,(CO),, and
HRh(CO)(PPh;), exhibit zero-order kinetics in styrene
hydroformylation, indicating that olefin concentration has little
effect on activity. This suggests that rapid olefin adsorption at Rh
sites sustains local concentration effects, contributing to the high
efficiency of homogeneous systems. By contrast, in heterogeneous
hydroformylation, reactants must diffuse to surface sites before
activation, making substrate accessibility as a key rate-determining
factor (Scheme 1(b)). For instance, Anders et al. [20] reported that
rhodium supported ionic liquid-phase (Rh-SILP) catalysts exhibited
a TOF of 501 h™ for propylene hydroformylation at 130 °C and 1
MPa, following first-order kinetics with respect to olefin
concentration. Yu et al. [21] reported that zeolite-based catalysts
(Rh,@silicalite-1) exhibit approximately first-order kinetics with
respect to 1-hexene during hydroformylation at 80 °C and 4 MPa,
indicating a pronounced influence of olefin concentration on
catalytic activity. Furthermore, Liu et al. [22] show that silanol nests
on the support surface effectively promote the enrichment of
styrene near, further enhancing olefin availability. Based on these
previous studies, it is rationally speculated that promoting
enrichment and coordination of long-chain olefins in the Rh sites
holds great promise to enhance the efficiency of heterogeneous
hydroformylation reactions [23, 24].

In this study, we report silanol-nest-functionalized BEA zeolites
that enable efficient hydroformylation of long-chain olefins by
enriching substrates near the surface and stabilizing highly

Previous work: Hydroformation of long-chain
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Reasons for high hydroformylation activity

dispersed Rh nanoparticle (Scheme 1(c)). Comprehensive
characterization of the catalysts is conducted using infrared
spectroscopy, 'H NMR, X-ray photoelectron spectroscopy (XPS),
and X-ray diffraction (XRD). The catalytic performance for the
hydroformylation of long-chain olefins is systematically
investigated, and its effectiveness under solvent-free conditions for
green and sustainable processes is evaluated. Additionally,
mechanistic insights obtained from in-situ infrared spectroscopy
and density functional theory (DFT) calculations confirm that the
silanol nests enhance olefin adsorption and lower the energy of Rh-
olefin coordination intermediates, thereby facilitating faster reaction
rates. Kinetic studies further demonstrate that the catalyst exhibits a
zero-order reaction order with respect to olefin concentration,
consistent with homogeneous hydroformylation behavior. These
findings highlight zeolite surface modification as an effective
strategy to bridge the performance gap between heterogeneous and
homogeneous hydroformylation, providing a feasible pathway for
developing highly active, easily recoverable, and sustainable catalytic
systems.

2 Experimental and computational section

2.1 Catalyst preparation

2.1.1 Materials

Nitric acid (68.0%) and toluene (99.8%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Rhodium(II) chloride
trihydrate (Rh, 42.5%) was obtained from Shanghai Meryer
Biochemical Technology Co., Ltd. H-BEA-25, H-BEA-30, and H-
BEA-40 were supplied by Tianjin Nankai Catalyst Co., Ltd. 1-
Octene (99%) was purchased from Beijing Innochem Technology
Co.,, Itd. A CO/H, gas mixture (1:1) was supplied by Beijing
Huatuo Jingke Gas & Chemical Co., Ltd. Tris(triphenylphosphine)
rhodium(I) chloride (98%) was obtained from Adamas Reagent
Co., Ltd. All chemical reagents were used as received without
further purification.

olefins

H
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|
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Scheme 1 (a) and (b) Previous work for hydroformylation of long-chain olefins. (c) Strategy for olefin enrichment and enhanced coordination.
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2.1.2 Synthesis

The support materials, BEA-OH-X (X = 25, 30, 40), were prepared
by dealuminating H-BEA zeolites with Si/Al ratios of 25, 30, and 40.
The dealumination process was carried out by stirring the zeolites
in 13 M nitric acid at 373 K for 20 h. The resulting suspension was
then filtered, thoroughly washed with deionized water until a
neutral pH (pH = 7) was achieved, and subsequently dried
overnight at 393 K to obtain BEA zeolites enriched with silanol
nests (denoted as BEA-OH-X). Rh was introduced into the BEA-
OH-X supports via an incipient wetness impregnation method.
Specifically, an appropriate amount of RhCl;-3H,0 was dissolved in
water and stirred for 30 min to prepare a RhCl, solution. The
amount of Rh was determined based on a loading of 0.05 wt.%. The
RhCl, solution was then added dropwise in an equivalent volume to
the support (1 mL of RhCl; solution per gram of support) and
ultrasonically mixed for 1 h to ensure uniform dispersion. The
resulting mixture was ground at 343 K to remove moisture,
followed by overnight drying at 373 K. The dried samples were
subsequently calcined in air at 673 K for 2 h. Finally, the samples
were reduced in a 10% H,/Ar mixture (flow rate: 60 mL/min) at
673 K for 2 h to obtain metallic Rh species. The final catalysts were
designated as Rh/BEA-OH-X (X = 25, 30, 40) and Rh/BEA-25
(BEA Si/Al ratio = 25), where X corresponds to the Si/Al ratio of
BEA prior to dealumination.

2.2 Catalytic evaluation

The hydroformylation of 1-octene was conducted in a 10 mL X
7 parallel reaction autoclave equipped with magnetic stirring. In a
typical procedure, a specified amount of catalyst (30 mg), 1-octene
(2.5 mmol), and toluene (5 mL) were added to a 10 mL quartz
reaction tube. The autoclave was purged three times with nitrogen
to remove residual air, followed by three cycles of purging and
pressurization with a CO/H, (1:1) gas mixture to a final pressure of
5 MPa. The system was then heated to 373 K, and stirring was

22.5022.8°
|

(a) @101) (302)

Rh/BEA-OH-25

Al J~ Rh/BEA-OH-30

initiated. After 5 h of reaction, the autoclave was cooled to room
temperature, and the gas was slowly vented in a well-ventilated
hood. The reaction tube was then removed and allowed to settle,
after which the supernatant was collected. The reaction mixture was
analyzed using gas chromatography (GC) equipped with a flame
ionization detector (FID) to determine the concentrations of the
reactants and products, enabling the calculation of conversion and
yield.

3 Results and discussion

3.1 Structure characterization of the catalysts

A dealumination-impregnation strategy was employed to
introduce silanol nests into BEA. The resulting catalysts were
designated as Rh/BEA-OH-X, where X denotes the initial Si/Al
ratio. The catalyst structures were systematically characterized using
powder X-ray diffraction (PXRD). As shown in Fig. 1(a), there are
the two primary diffraction peaks at 7.5° and 22.5° corresponding
to the (101) and (302) crystal planes of the BEA zeolite, respectively.
After dealumination treatment, the BEA zeolite remains the BEA-
OH structure. Following Rh loading, the absence of characteristic
diffraction peaks for Rh nanoparticles in the PXRD patterns
indicates that the Rh species are highly dispersed on the catalyst
surface [25, 26]. Notably, a high-angle shift in the diffraction peak
position of the (302) crystal plane was observed after
dealumination. This shift is attributed to the removal of framework
aluminum, which induces a contraction of the zeolite unit cell,
thereby altering the interplanar spacing [27].

The specific surface area and porosity of the synthesized catalysts
were characterized via argon adsorption-desorption analysis
(Fig. 1(b) and Table S1 in the Electronic Supplementary Material
(ESM)). Compared with the unmodified sample, the Rh/BEA-OH-
25 catalyst exhibited a slight decrease in specific surface area (from
528.7 to 515.3 m’/g) and micropore volume (from 0.1559 to
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Figure1 (a) XRD patterns and (b) Ar adsorption—desorption isotherms of Rh/BEA-25 and Rh/BEA-OH-X (X = 25, 30, 40). TEM images of (c) Rh/BEA-OH-25 and (d)

Rh/BEA-25. (e) EDS elemental mapping images of Rh/BEA-OH-25.
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0.1463 cm’/g), accompanied by a marginal increase in mesopore
volume (from 0.2547 to 0.2947 cm®/g). This change is primarily
attributed to the removal of framework metal species, leading to a
partial collapse of the microporous structure.

Scanning electron microscope (SEM) images (Fig. S1 in the
ESM) reveal that the Rh/BEA-OH-25 support primarily consists of
nanoparticle (100-200 nm in size) forming a porous structure, with
noticeable particle agglomeration. To further determine the
dispersion and size distribution of Rh nanoparticles on the support
surface, transmission electron microscopy (TEM) characterization
was performed. TEM images of Rh/BEA-OH-25 (Fig. 1(c)) and
Rh/BEA-25 (Fig. 1(d)) reveal lattice fringes with an interplanar
spacing of 1.014 nm, corresponding to the (101) crystal plane of
BEA zeolite [25]. Additionally, Rh nanoparticles were found to be
uniformly dispersed on the external surface of the zeolite crystals.
Energy-dispersive X-ray spectroscopy (EDS) mapping of Rh/BEA-
OH-25 (Fig. 1(e)) further confirmed the homogeneous distribution
of Rh across the catalyst surface, indicating uniform compositional
dispersion. Statistical analysis based on TEM images showed that
the Rh nanoparticles sizes on the Rh/BEA-OH-25 and Rh/BEA-25
surfaces, primarily ranged from 1.4 to 3.0 nm. The average Rh
nanoparticle size was determined to be 2.1 + 0.8 nm for Rh/BEA-
OH-25 and 2.2 + 0.8 nm for Rh/BEA-25. The dispersion of Rh is
defined as the ratio of surface-accessible Rh sites to the total
number of Rh atoms. Based on TEM measurements, the dispersion
of Rh nanoparticles with an average size of approximately 2.1 nm is
estimated to be about 48%. In contrast, CO pulse chemisorption
analysis yields a dispersion of 43%. Considering the inevitable
morphological irregularities of real nanoparticles, this slight

deviation falls within a reasonable range, indicating that the
conclusion drawn from CO chemisorption is essentially consistent
with the TEM observations [22].

In the infrared spectra of Rh/BEA-25, depicted in Fig. 2(a),
characteristic absorption bands are observed at 3740 cm™. Upon
dealumination, the relative intensity of band corresponding to
terminal silanol groups exhibits a significant increase in intensity
and shifts toward a lower wavenumber at 3730 cm™, indicating an
increase in the number of terminal silanol groups. The bending
vibration peak of hydroxyl groups, originally appearing sharply at
1650 cm™, becomes broader after dealumination, likely due to
enhanced hydrogen bonding within the silanol nests [28].
Additionally, a broad and intense absorption band emerges at
approximately 3500 cm™, spanning the range of 3300-3650 cm™
[29-31]. The red shift in peak position further supports the
presence of hydrogen bonding among hydroxyl groups in the
silanol nests. The spectral changes collectively indicate a significant
formation of internal silanol groups and silanol nests within the
zeolite framework after dealumination. Comparison of silanol nest
structures formed in Rh/BEA-25 zeolites with different Si/Al ratios
after dealumination reveals that the sample with an Si/Al ratio of
25 exhibits a relatively more intense absorption band at ~3500 cm™,
indicative of a higher concentration of silanol nests, compared to
samples with higher Si/Al ratios. This suggests that BEA zeolites
with higher aluminum content tend to form more silanol nest
structures during dealumination. Furthermore, the broad absorption
band observed in the range of 800-1300 cm™ corresponds to the
symmetric and asymmetric stretching vibrations of the T-O-T
(T =Si, Al) framework of the BEA zeolite support [32].

(a) 800-1650 cm™* [Temminal Sjilanol (b)  Silanol nest

Sitanel LA shanel | et Rh/BEA-OH-25
Rh/BEA-OH-25
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=
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Figure2 (a) FT-IR spectra and (b) 'H MAS NMR spectra of Rh/BEA-25 and Rh/BEA-OH-X (X = 25, 30, 40). (c) CO-IR spectra of Rh/BEA-OH-25 and Rh/BEA-25. (d)

XPS spectra of Rh 3d.
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As shown in Fig. 2(b), the 'H MAS NMR spectrum of Rh/BEA-
25 exhibits a resonance at approximately 2.5 ppm, which can be
assigned to terminal silanol groups predominantly located on the
external surface of the BEA zeolite crystals. In contrast, the
modified Rh/BEA-OH-25, Rh/BEA-OH-30, and Rh/BEA-OH-40
samples display an additional, well-resolved signal at around
4.0 ppm. This new resonance is attributed to hydroxyl groups
engaged in hydrogen-bonding interactions within silanol nests,
which leads to a downfield shift of the corresponding 'H signal
[31, 33, 34]. On this basis, the spectra were deconvoluted and the
integral area of the terminal silanol signal was used as a reference to
quantitatively compare the relative concentration of silanol nests in
different samples. The relative integrated areas of the silanol-nest-
related signals for Rh/BEA-25, Rh/BEA-OH-25, Rh/BEA-OH-30,
and Rh/BEA-OH-40 are approximately 0.57:2.37:3.43:5.86. These
results indicate that the lower the initial Si/Al ratio of the BEA
zeolite (ie, the higher the aluminum content before
dealumination), the higher the concentration of silanol nests
generated under identical dealumination conditions. This trend is
consistent with the infrared spectroscopic characterization and
further corroborates the enrichment and enhanced formation of
silanol nests in the modified samples.

To investigate the dispersion of Rh nanoparticles on the support
surface, CO adsorption infrared spectroscopy (CO-IR) analysis was
performed at 293 K, drawing upon previous reports on CO-IR
studies of Rh-based catalysts. As illustrated in Fig. 2(c), the CO-IR
spectra of Rh/BEA-OH-25 and Rh/BEA-25 exhibit distinct features.
For Rh/BEA-25, a characteristic peak at 2069 cm™ is observed,
corresponding to linearly adsorbed Rh monocarbonyl species,
indicating the presence of Rh clusters. Additionally, spectral
features centered at 2048 and 2037 cm™, along with bands at 2113
cm’, are attributed to the symmetric and asymmetric stretching
vibrations of Rh dicarbonyl species. These peaks suggest the
presence of small Rh clusters interacting with CO [35, 36]. In
contrast, for Rh/BEA-OH-25, the characteristic peak of linearly
adsorbed Rh monocarbonyl species at 2069 cm™ is absent,
suggesting that the silanol nest structure in the modified BEA
support promotes the dispersion of Rh atoms and prevents their
aggregation into large Rh clusters. Notably, the spectral bands at
2030 and 2096 cm’, assigned to the symmetric and asymmetric
stretching vibrations of Rh dicarbonyl species, exhibit a red shift
compared to those in Rh/BEA-25. This shift may be attributed to
an increased CO coverage on Rh nanoparticles, influenced by the
silanol nest environment on the Rh/BEA-OH-25 surface [37]. The
CO-IR results indicate that the silanol nest structures on the BEA
zeolite surface facilitate the dispersion of Rh species, thereby
preventing their aggregation into larger clusters.

To investigate the chemical state of Rh atoms on the BEA zeolite
surface, XPS analysis was performed on both Rh/BEA-OH-25 and
Rh/BEA-25. The Rh 3d XPS spectra, illustrated in Fig. 2(d), were
deconvoluted, and the analysis identified peaks at 306.6 and
3114 eV, corresponding to the Rh 3d,, and Rh 3d,), states for both
Rh/BEA-OH-25 and Rh/BEA-25 [38, 39]. These results indicate
that Rh predominantly exists in the metallic Rh’ state on the
nanoparticle surface. Minor signals corresponding to Rh
(307.6 €V) and Rh™ (309.5 eV) are also observed. However, their
low intensities suggest that these features most likely originate from
Rh-O-Si coordination of the Rh nanoparticles [37]. In the Al 2p
XPS spectra (Fig. S2 in the ESM), the peak at 74.6 eV, attributed to
trivalent framework Al, shows a significant decrease in Rh/BEA-
OH-25 compared to Rh/BEA-25 [40].
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3.2 Catalytic olefin

hydroformylation

response  for  long-chain

To further investigate the influence of silanol nest structures in BEA
zeolites on the hydroformylation of olefins, a series of BEA zeolite
supports with varying silanol nest concentrations were designed
and tested for hydroformylation activity (Fig. 3(a)). Zeolites with
different aluminum contents were dealuminated to prepare
supports with controlled silanol nest densities (Fig. 1(a)); the silanol
nest concentration increased with the aluminum content of the
parent zeolites. Figure 3(b) shows the hydroformylation
performance of the Rh-supported BEA zeolites. Under identical
conditions, nonanal yields decreased in the order: Rh/BEA-OH-25
(98.5%) > Rh/BEA-OH-30 (90.3%) > Rh/BEA-OH-40 (87.0%) >
Rh/BEA-25 (48.3%). This trend indicates a clear correlation
between the silanol nest concentration and catalytic activity, with
higher silanol nest densities promoting greater hydroformylation
efficiency for long-chain olefins. Notably, although Rh/BEA-OH-40
has a lower silanol nest concentration than Rh/BEA-OH-25 and
Rh/BEA-OH-30, it still outperforms the unmodified Rh/BEA-25
catalyst by a wide margin, highlighting the crucial role of silanol
nests in enhancing catalytic performance.

The intrinsic activity of the catalysts was evaluated by measuring
the TOF in the hydroformylation of 1-octene, which serves as a
reliable indicator of their catalytic efficiency. Rh/BEA-OH-25
exhibited an average TOF of 9056 h™ (conversion < 20%) based on
total Rh loading, which estimated to be approximately 21,060 h™
when Rh dispersion (~ 43%, determined by CO pulse adsorption)
was taken into account. In contrast, under the same conditions,
Rh/BEA-25 showed a much lower TOF (~ 2790 h™, Rh dispersion
~ 40%, determined by CO pulse adsorption), while the commercial
Wilkinson catalyst RhCI(PPh,); gave only ~ 8500 h”, both
significantly lower than that of Rh/BEA-OH-25 (Fig. 3(c)).
Furthermore, according to the Ref. [41], rhodium on covalent
triazine framework (Rh@CTF) has been reported as an efficient Rh-
based heterogeneous catalyst for 1-octene hydroformylation,
achieving a TOF of 4690 h™ at 80 °C and 8 MPa (Fig. 3(d)). These
results clearly show that Rh/BEA-OH-25 exhibits much higher
hydroformylation activity than most reported heterogeneous Rh
catalysts and even some classical homogeneous systems (Table S2
in the ESM), highlighting its potential as a promising alternative to
traditional homogeneous catalysts.

To evaluate its performance with various olefins, Rh/BEA-OH-
25 was tested under identical conditions (Fig. 3(e)). It gave a 98.6%
aldehyde yield from 1-hexene, higher than Rh/BEA-25 (93.4%). For
styrene, both catalysts showed similar yields (~ 98.6% vs. 98.4%).
For greater sterically hindered olefins diisobutylene, Rh/BEA-OH-
25 achieved a much higher yield (44.1%) than Rh/BEA-25 (17.1%).
Moreover, with increasing chain length of linear olefins, the yield
gradually decreased from 91.3% (1-decene) to 54.2% (1-dodecene)
and 46.0% (1-hexadecene), yet remained significantly higher than
that of Rh/BEA-25 (30.8%, 24.1%, and 10.1%, respectively). These
results demonstrate that Rh/BEA-OH-25 offers consistently high
hydroformylation activity for long-chain and sterically hindered
olefins.

In industrial hydroformylation, solvent-free systems can simplify
downstream product separation and enhance process greenness.
The long-term stability of Rh/BEA-OH-25 was investigated under
neat 1-octene conditions (Fig. 3(f)). As the reaction progressed, the
yields of nonanal and 2-methyloctanal steadily increased, and the
/b ratio stabilized at approximately 2.9 after 20 h, with no
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Figure3 (a) Chemical formula for different olefins hydroformylation. (b) Rh/BEA-OH-25, Rh/BEA-OH-30, Rh/BEA-OH-40, and Rh/BEA-25 in the hydroformylation
of 1-octene. (c) Comparison of TOF for the hydroformylation of 1-octene among Rh/BEA-OH-25, Rh/BEA-25, and RhCI(PPh),. (d) Comparison of TOF between
Rh/BEA-OH-25, Rh/BEA-25 and Rh catalysts tested previously in the hydroformylation of 1-octene. (e) Comparison of hydroformylation activity of Rh/BEA-OH-25 and
Rh/BEA-25 for different olefin substrates. (f) Yield-time profiles of hydroformylation of 1-octene over Rh/BEA-OH-25 under solvent-free condition. Reaction conditions:
1-octene (20 mL), catalyst (100 mg), 5 MPa, 100 °C. (g) Leaching amount of Rh from Rh/BEA-OH-25 and Rh/BEA-25 in the reaction solution after the reaction.

significant loss of catalytic activity, indicating excellent stability. The
controlled reaction conditions effectively suppressed side reactions,
and the amount of byproduct nonanoic acid and nonyl alcohol was
negligible (< 0.1%). These results demonstrate the potential of
Rh/BEA-OH-25 for efficient and sustainable hydroformylation
under solvent-free conditions.

To further investigate the effect of Rh leaching on the catalytic
performance of Rh/BEA-OH-25 during the reaction, a hot filtration
experiment was conducted [42]. After 2 h of reaction, with 1-octene
conversion reaching 55.8%, the catalyst was removed by filtering
through an organic membrane, and the filtrate was allowed to react
for another 3 h. The final 1-octene conversion was 56.4%,
indicating that reaction effectively ceased upon catalyst removal. To
evaluate Rh leaching, inductively coupled plasma optical emission
spectrometer (ICP-OES) analysis is performed. As shown in
Fig. 3(g), after 5 h, the Rh concentration in the solution is 0.12 ppm
for Rh/BEA-OH-25, much lower than 0.5 ppm for Rh/BEA-25.
These results show that the silanol nest-rich support effectively
suppresses Rh leaching and enhances catalyst stability. In addition,
recycling experiments were carried out to further assess the catalyst
stability (Fig. S3(b) in the ESM). After five consecutive reaction
cycles, both the 1-octene conversion and aldehyde selectivity over
Rh/BEA-OH-25 remained above 90%, indicating excellent stability
and reusability of the catalyst under the tested conditions.

Considering the significant influence of temperature and
pressure on hydroformylation, systematic optimization is carried
out to determine appropriate reaction conditions (Fig. S3 and Table
S3 in the ESM). Using 30 mg of catalyst with 2.5 mmol of 1-octene
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in 5 mL of toluene, the catalytic activity decreases markedly when
the temperature is below 100 °C or the pressure is lower than 5
MPa. Further increases beyond these thresholds do not lead to
additional improvements. Therefore, 100 °C and 5 MPa are selected
as the standard reaction conditions for subsequent experiments.
Under these conditions, the effect of Rh loading is also investigated.
When the Rh loading is below 0.05 wt.%, increasing the Rh content
improves the aldehyde yield, which exceeds 98% at 0.05 wt.%.
Hence, a Rh loading of 0.05 wt.% is used in this study.

3.3 Mechanistic study

To elucidate the role of surface silanol nests in long-chain olefin
adsorption and enrichment, 1-octene adsorption IR spectroscopy,
adsorption energy calculations, and adsorption tests under reaction
conditions were conducted. As shown in Fig. 4(a), the IR spectra of
gas-phase 1-octene and its adsorbed states on Rh/BEA-OH-25 and
Rh/BEA-25 were analyzed. The characteristic peaks of terminal
alkenes include the C=H stretching vibration at 3080 cm™, the C=C
stretching vibration at 1630 cm™, and strong absorption peaks
corresponding to the stretching vibrations of methyl and methylene
groups at 2958, 2930, 2873, and 2856 cm™. Additionally, bending
vibrations of methyl and methylene groups in saturated bonds
appear at 1460 and 1378 cm™ [43]. Comparing the IR spectra of gas-
phase 1-octene with those of adsorbed 1-octene on Rh/BEA-OH-25
and Rh/BEA-25, a significant attenuation of the C=H and C=C
stretching bands at 3080 and 1630 cm™, respectively, was observed
after adsorption, indicating a strong interaction between 1-octene’s
C=C bond and the BEA zeolite-based catalysts [44, 45].

&
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Figure4 (a) Adsorption capacities of 1-octene on different zeolite supports under reaction conditions. (b) Structures and adsorption energies of 1-octene on BEA-OH
and BEA. (c) IR spectra of adsorbed 1-octene and gaseous 1-octene on Rh/BEA-OH-25 and Rh/BEA-25. Kinetics of 1-octene hydroformylation over Rh/BEA-OH-25,

Rh/BEA-25, and RhCl(PPhy), catalysts at (d) low and (e) high olefin concentrations.

Furthermore, a comparison of the C=C stretching vibration at
1630 cm™ between Rh/BEA-OH-25 and Rh/BEA-25 reveals a
weaker relative peak intensity for Rh/BEA-OH-25, suggesting that
the silanol nest-rich zeolite exhibits stronger hydrogen bonding
interactions with 1-octene. This observation supports the role of
silanol nests in enhancing the adsorption of 1-octene on the catalyst
surface.

DFT calculations were employed to construct and optimize
surface models of silanol nest-rich BEA-OH and BEA (Fig. 4(b)).
The (101) crystal facet, identified from TEM images, was chosen to
represent the catalyst surface. As illustrated in Fig. 1(c), the
adsorption energies of 1-octene on different zeolite supports were
further computed. The results indicate that the adsorption energy
on the silanol nest-containing BEA was —0.348 eV, significantly
higher than that on BEA without silanol nests (-0.254 eV). The
increase in adsorption energy can be attributed to the hydrogen-nt
interactions between the silanol nests on the BEA-OH surface and 1-
octene, thus enhancing the adsorption strength.

To further elucidate the effect of silanol nest concentration on
the adsorption behavior of 1-octene, adsorption capacity
measurements were conducted on the zeolite supports under
reaction-relevant conditions. As shown in Fig. 4(c), the adsorption
capacity of BEA-OH-25 for 1-octene reached 73.85 mg/g, while that
of BEA-OH-30 and BEA-OH-40 slightly decreased to 60.33 and
57.13 mg/g, respectively. In contrast, the adsorption capacity of
BEA was significantly lower at 21.61 mg/g, highlighting that a
higher silanol nest concentration greatly enhances the adsorption
for long-chain olefins.

To confirm that the observed rates reflect intrinsic catalytic
activity rather than diffusion limitations, kinetic tests were
performed under various stirring rates and catalyst particle sizes
(Fig. $4 in the ESM). The reaction rate was independent of stirring
speed and catalyst particle size, indicating negligible external and
internal diffusion effects.

Kinetic studies of olefin hydroformylation provide an effective
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means to evaluate substrate adsorption behavior during the catalytic
process. Kinetic investigations of the hydroformylation of 1-octene
reveal that the reaction order with respect to 1-octene over Rh/BEA-
OH-25 is approximately 0.15, which is close to that of the
homogeneous catalyst triphenylphosphine rhodium chloride (0.05)
(Fig. 4(d)). In contrast, the reaction order over Rh/BEA-25 is about
0.53, significantly higher than that of Rh/BEA-OH-25. The near-
zero-order dependence of the reaction rate on 1-octene
concentration indicates that variations in substrate concentration
have minimal influence on the reaction rate when catalyzed by
Rh/BEA-OH-25 [19]. This phenomenon can be attributed to the
abundant silanol nests on the catalyst surface, which effectively
enrich olefins and mimic the localized concentration modulation
observed in homogeneous catalysis. This facilitates the surface
enrichment of l-octene, thereby promoting efficient
hydroformylation [23, 24]. In addition, the reaction orders under
near solvent-free hydroformylation conditions were investigated
(Fig. 4(e)). At high olefin concentrations, both Rh/BEA-OH-25 and
RhCI(PPh;); maintain a zero-order dependence, whereas the
reaction order for Rh/BEA-25 decreases from 0.53 at low
concentrations to 022. This indicates that at high olefin
concentrations, Rh/BEA-25 also exhibits nearly saturated olefin
coverage; however, even under near-saturation, its catalytic activity
remains significantly lower than that of Rh/BEA-OH-25. The
observed change in reaction order suggests that the effect of silanol
nests on hydroformylation extends beyond enhancing olefin
adsorption and enrichment, and may also provide additional
contributions to subsequent reaction steps.

To further elucidate the role of silanol nests in the
hydroformylation process and to probe the configuration of
reactive species during the reaction, in-situ infrared spectroscopy
was conducted on Rh/BEA-OH-25 and Rh/BEA-25 under syngas
atmosphere. As shown in Figs. 5(a) and 5(b), the characteristic
absorption peaks of 1-octene were observed at 2958, 2928, 2873,
and 2856 cm™, corresponding to the stretching vibrations of methyl
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Figure5 In-situ IR spectra of the hydroformylation of 1-octene over (a) Rh/BEA-OH-25 and (b) Rh/BEA-25.

and methylene groups in saturated bonds. The C=C stretching
vibration of 1-octene appeared at 1625 cm™, and the bending
vibrations of methyl and methylene groups were located at 1463
and 1378 cm™. Broad peaks around 2170 and 2110 cm™ were
attributed to the stretching vibrations of CO. Additionally, sharp
bands at 2108 and 2046 cm™ corresponded to the symmetric and
asymmetric stretching vibrations of rhodium dicarbonyl species
[16]. As the reaction progressed, new CO stretching bands
appeared at 2092 and 2024 cm™, corresponding to symmetric and
asymmetric modes. These shifts are likely caused by changes in Rh
coordination with hydrogen and olefins during the reaction,
indicating the formation and accumulation of hydroformylation
reaction intermediates [46, 47]. In comparison with Rh/BEA-25,
Rh/BEA-OH-25 exhibited a greater accumulation of reaction
intermediates, suggesting that the silanol nest support facilitates
olefin coordination and the generation of other reactive
intermediates. Moreover, a new characteristic band appeared at
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1700 cm™ and gradually intensified, which was attributed to the
C=O0 stretching vibration of Rh-adsorbed acyl species, suggesting
the formation and accumulation of nonanoyl (CiH,,CO*)
intermediates [16, 43]. The presence of Rh-acyl complexes has been
previously reported, typically exhibiting C=O stretching vibrations
around 1700 cm™. Meanwhile, Rh/BEA-OH-25 also exhibited a
higher accumulation of nonanoyl species compared to Rh/BEA-25.
Regarding the reaction mechanism of hydroformylation, the
homogeneous catalytic pathway proposed by Heck and Breslow has
been widely recognized and accepted [48, 49]. For Rh-based
catalysts that lack phosphine ligands and incorporate support
effects, the reaction pathway for 1-octene hydroformylation is
depicted in Fig. 6. This pathway has been adaptively modified to
account for the influence of different supports, especially regarding
the number and spatial arrangement of carbonyl ligands involved
in the catalytic cycle. It provides detailed annotations and illustrates
the two distinct reaction routes leading to the formation of linear
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and branched aldehyde products. The hydroformylation reaction
proceeds through the following fundamental steps: (1->2)
dissociation of the carbonyl ligand on the Rh-based catalyst; (2-53)
Olefin coordination; (3>4) olefin hydrogenation to form alkyl;
(4>5) carbon monoxide coordination; (56) carbonyl insertion to
form acyl; (6>8) hydrogen addition; (8>2) hydride transfer from
acyl to form aldehyde and elimination [50]. Both experimental and
theoretical studies have demonstrated that the surface structure of
the catalyst plays a crucial role in determining the efficiency and
selectivity of the hydroformylation reaction.

To further clarify the role of silanol nests in the reaction
mechanism, DFT calculations were performed to compare 1-octene
hydroformylation over Rh/BEA(101) and Rh/BEA-OH(101), with
key intermediates identified through stability analysis. The analysis
focuses on the linear hydroformylation pathway, which represents
the predominant reaction route under the studied conditions.
Figure 7(a) presents the free energy profiles of the Rh/BEA(101)
and Rh/BEA-OH(101) systems, comparing the energy evolution of
intermediates for both catalysts. The energy profiles of Rh/BEA-
OH(101) and Rh/BEA(101) indicate similar reaction barriers. In
both systems, the highest energy barrier in both cases associated
with the transition state TS-2, at 67 and 69 kJ/mol, respectively,

(o] o\/L
N CHa

indicating that the rate-determining step of the reaction is carbonyl
insertion. This trend in the rate-determining energy barrier is
consistent with the results of thermodynamic experiments, where
the apparent activation energies of the two different supports are
similarly close (as shown in Fig. 7(b)). Notably, depending on the
substrate, catalyst, and reaction conditions, olefin insertion,
carbonyl insertion, or hydrogenolysis may serve as the rate-
determining step [29]. The comparable activation barriers for the
rate-determining step suggest that the difference in catalytic activity
between the two supports does not originate from variations in this
energy barrier. Instead, a notable distinction lies in the relative
energy of intermediate 3 (Table S4 in the ESM), which is 34 kJ/mol
lower in the Rh/BEA-OH (101) system than in Rh/BEA (101). This
indicates that the olefin-coordinated intermediate in Rh/BEA-OH
(101) possesses higher thermodynamic stability, likely due to the
interaction between the olefin and the silanol nests on the support.
As this intermediate corresponds to the olefin-rhodium complex,
its enhanced stability implies that the active precursor forms more
readily, promoting the initiation of the hydroformylation cycle. This
finding is in good agreement with the in-situ IR observations, which
revealed that Rh/BEA-OH-25 exhibited more pronounced olefin
coordination and a greater accumulation of acyl intermediates,
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further corroborating the enhanced stabilization of reactive species
on the silanol-rich support.

Based on the catalytic performance, structural characterizations
and  theoretical calculations, a silanol nest-synergistic
hydroformylation pathway is proposed, as shown in Fig. 8. In
homogeneous hydroformylation, an equilibrium step involving the
formation of olefin-Rh complexes facilitates olefin diffusion and
leads to a zero-order kinetic dependence on the olefin. In contrast,
such coordination is generally absent in heterogeneous
hydroformylation, often resulting in limited olefin transport and
coordination efficiency. In this work, mechanistic studies reveal that
silanol nests on the catalyst surface play a pivotal role in enabling
effective olefin coordination. The hydrogen—n interaction between
silanol nests and the olefin markedly enhances the adsorption
energy of 1-octene on the support [51, 52], lowering the adsorption
energy from -0.254 to -0.348 eV. Consequently, the amount of
olefin adsorbed on the catalyst surface increases from 21.61 to
73.85 mg/g,,,, indicating substantial olefin enrichment in the vicinity
of the active Rh sites. This enrichment ensures high olefin
accessibility, creating a coordination environment analogous to that
in homogeneous catalysis. Furthermore, DFT calculations reveal
that the presence of silanol nests reduces the olefin coordination
energy, with the olefin-Rh complex intermediate in the Rh/BEA-
OH system exhibiting a relative energy that is 34 kJ/mol lower than
that in the Rh/BEA system. This indicates that the olefin-
coordinated intermediate forms more readily, thereby facilitating
the initiation of the hydroformylation catalytic cycle. Collectively,
these enhancements in olefin adsorption and coordination account
for the near-zero apparent reaction order with respect to olefin,
leading to catalytic behavior analogous to homogeneous
hydroformylation.

4 Conclusions

In summary, this study successful designs and synthesizes a Rh-
based heterogeneous catalyst supported on BEA zeolite enriched
with abundant silanol nests. The excellent catalytic performance in

Homogeneous hydroformylation:
Equilibrium step:

R |
j, + __Rh
oc ‘co

the hydroformylation of long-chain olefins is obtained. The
incorporation of silanol nests not only stabilizes the dispersion of
Rh nanoparticles but also significantly enhances the enrichment of
olefins at the catalyst surface, effectively emulating the localized
concentration regulation observed in homogeneous catalysis
through the formation of olefin-Rh complexes. As a result, the
catalyst achieves a high turnover frequency of 21,060 h™ in the
hydroformylation of 1-octene, surpassing the Wilkinson
homogeneous catalyst and most other heterogeneous catalysts, with
a yield exceeding 98% toward nonanal. Moreover, the catalyst
exhibits remarkable stability with low Rh leaching (0.12 ppm). The
study reveals that the silanol nests promote the enrichment and
coordination of long-chain olefins, thereby enhancing
hydroformylation activity. Importantly, surface modification of the
zeolite to regulate local substrate concentration and substrate
coordination further improves catalytic efficiency, offering new
insights for the rational design of hydroformylation catalysts.

Electronic Supplementary Material: Supplementary material
(catalyst characterization (SEM, XPS, and textural properties), DFT
calculation conditions, reaction optimization studies (temperature,
pressure, stirring speed, particle size), cycling performance, GC-MS
analysis of hydroformylation products, and comparative evaluation
of different Rh/BEA-OH catalysts) is available in the online version
of this article at https://doi.org/10.26599/NR.2026.94908341.
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