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ABSTRACT: Rational design of metal-acid bifunctional
catalysts is crucial for steering selectivity in tandem catalysis,
yet conventional metal/zeolite systems often suffer from
diffusion-imposed limitations that hinder intermediate
transport. Herein, we report a diethanolamine-assisted
alkaline treatment (DEA-AT) strategy to reconstruct 8 zeolite
into a hierarchical framework featuring radially aligned,
exterior-connected mesoporous channels (B-DEA-AT). This
architecture markedly improved the
intermediate cyclohexene to Brgnsted acid sites and
strengthened  metal-acid  cooperation in  benzene
hydroalkylation. As a result, Ru/3-DEA-AT catalysts delivered

accessibility  of
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markedly enhanced performance, achieving a cyclohexylbenzene yield of 35.2%, benzene conversion of 62.1%, and a
formation rate of 49.6 mmolg.5'g.. '™, surpassing both conventionally alkali-treated Ru/B-AT (30.6% conversion, 11.6%
CHB yield, 31.0 mmolgs-9e. "-h™) and pristine Ru/p catalysts (33.1% conversion, 21.6% CHB yield, 30.5 mmolg5'ge - ™).
Systematic investigations revealed that the DEA-induced hierarchical reconstruction facilitated the rapid migration of
cyclohexene intermediates within the zeolite framework, as reflected by an increase in the apparent cyclohexene diffusion
coefficient from 1.81 x 10° cm?-s™" for Ru/By, t0 6.42 x 10° cm?*'s™* for Ru/B,,,-DEA-AT, where shortened diffusion pathways
and enhanced accessibility of Brgnsted acid sites promote intermediate transport and transformation. These findings
establish pore-environment engineering as a generalizable strategy to regulate intermediate transformations through metal-
acid synergy, providing guidance for the design of next-generation multifunctional tandem catalysts.

KEYWORDS: bifunctional catalysis, hierarchical zeolites, intermediate diffusion, acid site accessibility, metal-acid

cooperation.

1 Introduction

Metal-acid bifunctional catalysts have long been recognized as

versatile  platforms for facilitating multi-step  chemical
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transformations, especially in tandem hydroconversion (HDC)
processes that converted a wide range of feedstocks into value
added chemicals and fuels [1-4]. By combining metal catalyzed
(de)hydrogenation [5] with acid mediated rearrangement, cleavage,
or alkylation, these catalysts enabled complex transformations, such
as alkane hydroisomerization, heavy fraction hydrocracking [6-9],
and biomass hydrodeoxygenation within a single catalytic
framework.  Zeolite-supported metal catalysts (M/Zeolite)
integrated metal and acid sites, enabling metal-acid coupling for
tandem hydrogenation (HDC) [10-16]. Nevertheless, the
intermediates generated in tandem HDC reactions were often
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highly reactive and thermodynamically unstable. The random
distribution of metal and acid sites, hindered the precise steering of
intermediates, making it difficult to achieve metal-acid cooperation
and limiting both selectivity and overall catalytic performance.

Significant research efforts have been directed toward balancing
competing hydrogenation and acid catalyzed pathways through
precise control over active site accessibility at specific reaction stages
[17-21]. He et al. showed that, in a one-pot synthesis, the use of
organic structure-directing agents (OSDAs) enabled fine control
over Pt dispersion and its distance from Brensted acid sites,
markedly improved ethylene accessibility to the acid sites and
achieved up to 98% ethylbenzene yield while enhancing resistance
to sintering [22]. Ma et al. further improved reactant and branched-
alkane intermediate accessibility to active sites by confining Pt
clusters at both the external surface and internal channels of HB
zeolite, resulting in substantially higher yields of short-chain alkanes
and improved C;-C,, selectivity [23]. In another study, Flaherty et
al. demonstrated that tuning the Pt/H* atomic ratio in Pt-FAU
could precisely modulated the formation and migration of
hemiacetal intermediates, thereby dictating pathway selectivity and
catalytic efficiency [24]. Collectively, these studies highlighted that
optimizing metal-acid ratio and proximity could significantly
strengthened metal-acid cooperation and steered selectivity toward
desired products [25-28]. Nevertheless, the intrinsic diffusion
constraints of key intermediates within the micropore channels,
combined with their limited accessibility to specific active sites,
created a fundamental mismatch between molecular transport and
the metal-acid cooperativity. This intrinsic challenge underscored
the need for strategies that simultaneously optimized diffusion and
active-site synergy in tandem catalytic systems.

Herein, we employed a diethanolamine (DEA)-assisted alkaline
treatment to reconstruct f zeolite into a hierarchical framework
featuring radially aligned, exterior-connected mesoporous channels.
DEA pre-impregnation directed the intrapore rearrangement,
enabling the framework to retain its crystallinity and well-preserved
microporosity while generating mesopores that shortened diffusion
paths and exposed additional Brensted acid sites. Such a
hierarchical pore architecture markedly enhanced the accessibility
of cyclohexene (CHE) to Brensted acid sites and reinforced metal-
acid cooperation in benzene hydroalkylation. Consequently, Ru/p,q-
DEA-AT delivered substantially superior performance, affording a
cyclohexylbenzene (CHB) yield of 35.2%, benzene conversion of
62.1%, and a formation rate of 49.6 mmol g, h™, outperforming
both conventionally treated Ru/B,,-AT (30.6% conversion, 11.6%
CHB yield, 31.0 mmolyyg.,h™) and pristine Ru/P,, catalysts
(33.1% conversion, 21.6% CHB yield, 30.5 mmolyyg.-h™).
Mechanistic investigations revealed that the DEA-induced
hierarchical reconstruction facilitated the efficient migration of
cyclohexene intermediates within the [-zeolite framework, as
reflected by a pronounced increase in the apparent diffusion
coefficient (6.42 x 10° cm*s™ for Ru/P,,-DEA-AT versus 1.81 x
10” cm*s™ for Ru/p,y), enabling their rapid access to neighboring
Bronsted acid sites. Concurrently, the shortened diffusion pathways
and enhanced acid-site accessibility promote cyclohexene transport
and transformation. This hierarchical pore-engineering strategy
effectively suppressed competitive deep hydrogenation and
enforced an alkylation-dominated pathway in benzene
hydroalkylation. These findings demonstrate that pore-
environment engineering offers an effective route to steer tandem
catalysis by dictating the cooperative behavior of neighboring metal
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and acid sites, thereby informing the design of next-generation
multifunctional catalytic systems.

2 Experimental

2.1 Materials

All chemicals employed in the experiments are listed as follows:
ruthenium(III) chloride (Ru 45-55%, RuCl,, Aladdin), ammonium
chloride (99.5%, NH,Cl, Macklin), ammonium hydroxide
(25%-30%, Innochem), sodium hydroxide (NaOH, Hushi Co.,
Ltd.), benzene (99.5%, CH, SCR), cyclohexene (AR, CH,,
Macklin), cyclohexyl benzene (98%, C,,H,, Adamas Reagent Co.,
Ltd.), cyclohexane (99.7%, CH,,, Macklin), diethylamine (DEA,
Macklin, > 99.5 %), and B-type zeolite (molar ratios SiO,/AL,O; = 50
and 100, Hefa Catalyst Co., Ltd.).

2.2 Synthesis of Ru/B-DEA-AT catalysts (SiO/ALO; = 50
and 100)

Commercial B zeolites with SiO,/ALO, molar ratios of 50 and 100
were first calcined in air at 550 °C for 6 h to eliminate residual
moisture and organic impurities. Subsequently, 5 g of the calcined
zeolite was suspended in 200 mL of an aqueous diethylamine
(DEA) solution under vigorous stirring for 30 min. The mixture
was filtered, thoroughly washed with deionized water, and dried at
ambient temperature. The obtained solid was then subjected to
controlled desilication in 0.2 M NaOH(aq) at 70 °C for 30 min
under continuous stirring. After filtration and washing, the material
was dried at 100 °C overnight and calcined at 500 °C for 2 h to remove
residual organics, affording 3-DEA-AT. The sample was subjected
to three cycles of ion exchange using 1.0 M ammonium chloride
(NH,CI) solution, and subsequently dried at 80 °C overnight.

For Ru loading, an aqueous solution of RuCl, (corresponding to
0.8 wt.% Ru) was added dropwise to 1 g of B-DEA-AT under vortex
stirring to ensure uniform impregnation. The resulting slurry was
dried at 80 °C for 12 h, followed by in situ reduction under 10 vol.%
H,/Ar at 400 °C for 5 h to obtain the final Ru/B-DEA-AT catalyst.

2.3 Synthesis of Ru/p-AT catalysts (SiO/ALO; = 50 and
100)

B zeolite (5 g, SiO,/ALO, = 50 or 100) was treated with 0.2 M
NaOH (aq) at 70 °C for 30 min under continuous stirring. The
resulting solid was filtered, thoroughly washed with deionized
water, and dried at 100 °C overnight to afford B-AT. Ru
incorporation was achieved by dropwise impregnation of an
aqueous RuCl, solution (0.8 wt.% Ru) onto 1 g of B-AT under
vortex stirring to ensure uniform distribution. The sample was then
dried at 80 °C for 12 h and subsequently reduced under 10 vol.%
H,/Ar at 400 °C for 5 h, yielding the Ru/p-AT catalyst. The sample
was subjected to three cycles of ion exchange using 1.0 M
ammonium chloride (NH,CI) solution, and subsequently dried at
80 °C overnight.

24 Synthesis of Ru/p catalysts (SiO,/AL,O; =50 and 100)

Untreated B zeolite (Si0,/ALO, = 50 or 100) was used directly as the
support. An aqueous solution of RuCl, (0.8 wt% Ru) was
introduced dropwise onto 1 g of zeolite via incipient wetness
impregnation under vortex stirring. The mixture was dried at 80 °C
for 12 h and subsequently reduced under flowing 10 vol.% H,/Ar at
400 °C for 5 h to obtain the Ru/p catalyst.
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3 Results and discussion

To construct extensive mesoporosity in zeolites while minimizing
the loss of microporosity and Brensted acid sites (BAS), we
developed a universal, amine assisted alkaline etching strategy. As
illustrated in Fig. 1(a), this method integrated three key steps:
dehydration pretreatment, DEA impregnation, and controlled
desilication. The dehydration step removed the moisture in the
micropores of the molecular sieve, thereby enhancing the
infiltration efficiency of DEA molecules. DEA molecules selectively
adsorbed within micropores, formed a protective layer that locally

(a)High temperature
dehydration zeolite

modulated silicon extraction during alkaline treatment. This
confinement-controlled etching generated well-defined mesopores
while retaining the crystallinity, intrinsic microporosity, and acid
functionality of zeolite [29]. Parent [ zeolite with truncated square
bipyramidal morphology (Fig. 1(b)) was employed as the structural
template. Upon direct alkaline treatment (B,,-AT, 0.2 M NaOH,
70 °C, 30 min), the zeolite retained its external geometry (Fig. 1(c))
but suffered from diminished crystallinity (Fig. 1(h)), indicative of
uncontrolled framework degradation [30-32]. In contrast, DEA-
assisted etching (B,-DEA-AT) maintained both the morphology
and diffraction integrity (Figs. 1(d) and 1(h)), highlighting the
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Figure1 (a) Schematic diagram of the impregnation-desilication process. SEM images of (b) By (€) Pio-AT, and (d) B-DEA-AT. TEM images of (e) By (f) Proo-AT,
and (g) Pin-DEA-AT. (h) XRD patterns of different catalysts with SiO,/ALO;= 100. (i) N, adsorption—-desorption isotherms, and (j) BJH pore size distribution of
SiO,/ALO, = 100 catalysts.
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protective effect of DEA. TEM further revealed striking differences
in pore architecture. The conventionally etched sample (B,-AT,
Fig. 1(f)) exhibited disordered, sponge like mesopores concentrated
in the crystal core, with limited surface connectivity consistent with
over-desilication and partial collapse of the internal framework.
Conversely, B,,-DEA-AT (Fig. 1(g)) displayed a radially aligned
mesoporous network extending from the crystal interior to the
exterior surface. This hierarchical and open configuration enabled
enhanced molecular transport, promoted rapid diffusion of reactive
intermediates, and improved accessibility to acid sites. The
structural characteristics described above were also observed in the
Bs, series of catalysts, demonstrating a consistent structural motif
across this catalytic system (Fig. S1 in the Electronic Supplementary
Material (ESM)).

Figures 1(i) and 1(j) presented the N, adsorption-desorption
isotherms and corresponding pore size distributions for the P,y
catalyst series. All samples exhibited pronounced nitrogen uptake at
low relative pressures (P/P, < 0.001), indicative of preserved
microporosity. Importantly, both B,,-AT and f,,-DEA-AT showed
additional adsorption steps at higher relative pressures (0.6 < P/P, <
1.0), confirming the successful generation of mesopores via alkaline
treatment [33]. Quantitative analysis revealed mesopore volume
increased of 0.18 and 0.24 cm’g™ for B,,-AT and B,,-DEA-AT,
respectively, compared to the {34, (Table S1 in the ESM). However,
Bio-AT incurred a substantial 68.4% reduction in micropore
volume compared to pristine By, reflecting significant framework
degradation. In stark contrast, B,,-DEA-AT not only achieved a
higher mesopore volume of 0.38 cm’g™ but also preserves 75% of
the original microporosity. In the B, series of catalysts, both the
specific surface area and the micropore retention ratio exhibited
lower values in comparison to the P, series, indicating a
diminished capacity for maintaining structural porosity and surface
characteristics of low SiO,/ALO,(Fig. S2 and Table S1 in the ESM).
These findings unambiguously demonstrated the protective effect
of DEA pre-impregnation, enabling a delicate balance between
mesopore formation and micropore retention.

As anticipated, the P,,-DEA-AT catalyst achieved a CHB
selectivity of 56.6% and a yield of 35.2% at 2 h, surpassing both the
conventionally alkali-treated P,,,-AT (CHB yield of 11.6%) and the
pristine B, (CHB yield of 21.6%) under identical reaction
conditions (Figs. 2(a)-2(c)). Notably, B,,-DEA-AT significantly
suppressed the formation of over-hydrogenated products, achieving
a CHA selectivity of 21.5% compared to 37.4% for p,-AT,
indicated that the DEA-assisted etching method promoted the
diffusion of CHE while effectively suppressed unwanted deep

Table 1 Physical and chemical property parameters of the various catalysts

hydrogenation reactions. Furthermore, a similar performance
improvement was observed in the P, series (Figs. 2(d)-2(f)),
demonstrating the general applicability of the DEA-assisted alkaline
treatment strategy. Overall, the catalytic activity followed a clear
trend of Ru/B-DEA-AT > Ru/B-AT > Ru/p. Notably, f-DEA-AT
exhibited superior cyclic stability, whereas B-AT, despite its higher
activity relative to the pristine p zeolite, suffered severe framework
degradation from conventional alkaline treatment, resulting in
lower stability than both the parent p zeolite and B-DEA-AT (Fig.
S5 in the ESM). These findings highlighted that the DEA-assisted
etching strategy not only preserved the crystallinity and robustness
of the zeolite architecture but also finely optimized metal-acid
cooperation within a well-defined confined microenvironment,
thereby favoring the alkylation dominated pathway over
competitive deep hydrogenation.

The molar ratios of exposed metal sites (n,) to Brensted acid
sites (n1;) were commonly employed as comparative descriptors to
evaluate the metal-acid balance in the bifunctional catalysts
[34-36]. As shown in Fig. 2(g), 0.8Ru/p,y exhibited low n,,/n, ratio
of 0.307, whereas P,,-DEA-AT showed increased ny/n, ratio of
0.372, corresponding to a Ry of 49.6 mmolyyg,h™, nearly
threefold higher than conventionally alkali-treated Ru/p,g-AT (R
of 164 mmolyp-g.,*h™). During DEA-assisted alkaline treatment,
DEA preferentially adsorbed within micropores, protecting the
framework from excessive silica dissolution and promoting
hierarchical porosity formation, with mesopore volume increasing
from 0.11 to 0.35 cm’g’ and additional framework Al sites
exposed. This dual effect of pore opening and enhanced acidity
facilitated intermediate diffusion and optimized acid site
accessibility and functional synergy. In benzene HDA, CHE
intermediates were prone to deep hydrogenation on metal sites, and
low n,,/ny ratios were conventionally considered favorable for acid
driven alkylation. However, the observed increase in CHB yield
with ny/n, indicated that acid site accessibility and functional
matching were the critical factors determining performance rather
than stoichiometry alone. The well-balanced structure enabled
rapid diffusion of CHE to accessible acid sites, suppressing
secondary adsorption and over-hydrogenation on Ru. As shown in
Fig. 2(h), Bi-DEA-AT delivered the highest CHB selectivity
(56.6%), yield (35.2%), and formation rate (49.6 mmolgyg., *h™),
with minimal CHA production. These results highlighted the
pivotal role of pore environment engineering in promoting
alkylation while inhibiting deep hydrogenation, and comparison
with previously reported catalysts (Fig. 2(i)) underscored the
exceptional performance of Ru/f,,-DEA-AT. The detailed
comparison of the specific performance is presented in Table $4 in

Metal content

ACldltY (IJ. mOle'gmfl )c

Py-IR acidity (umol;-g.,,")*

Catalyst (wt.%)* Si102/ Dispirsion" y/ 1 (umol exp(iszed
Ru ALO, ) Weakacid Medil;rcrildstrong Strong acid Total acid Brensted acid Lewis acid Ruper pmol HY)

Ru/Ps, 0.80 50 14.48 1269.3 106.3 42.6 1418.2 91.1 38.6 0.125
Ru/Bs-AT 0.80 50 15.58 1074.4 88.7 36.3 1199.4 82.5 69.1 0.149
Ru/f;-DEA-AT 0.81 50 19.89 1049.1 87.1 118.1 1254.3 104.6 66.2 0.151
Ru/B g0 0.80 100 15.29 971.9 — 106.9 1078.8 39.4 32.8 0.307
Ru/B100-AT 0.81 100 9.41 1022.1 - 45.1 1067.2 27.2 39.7 0.277
Ru/P,-DEA-AT 0.80 100 21.04 1224.2 — 125.5 1349.6 69.8 44.9 0.372

* Obtained from ICP-OES results. * Calculated from CO chemisorption. < Calculated from NH,-TPD experiments. ¢ Calculated from Py-IR experiments.

¢ Calculated from the formula ny = 1y, X Dy, -
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the ESM.

To elucidate the adsorption and activation behavior of key
reactants and intermediates, temperature programmed desorption
(TPD) and reduction (TPR) experiments were conducted. As
shown in Fig. 3(a), benzene desorbed from Ru/B, at ~ 162 °C,
reflecting its interaction with acid sites, whereas Ru/(,,-DEA-AT
exhibited a shift to higher temperature, indicating strengthened
benzene-acid site interactions. CHE-TPD profiles (Fig. 3(b))

displayed two distinct desorption peaks: the low temperature peak
corresponded to CHE on metal sites, and the high temperature
peak to CHE on acidic sites [37-39]. Notably, Ru/p,,-DEA-AT
showed a significantly intensified high temperature peak,
attributable to the increased acid density and enhanced site
accessibility induced by DEA-assisted desilication. This
enhancement was beneficial for the protonation of CHE at acidic
sites to form cyclohexyl carbon cations. In parallel, H,-TPR analysis

(a (b) (c)
0.8Ru/B100 e | 0.8Ru/Bqgp-AT i 0.8Ru/B100-DEA-AT
Y, —o=Benz. conversion | 120 Y, =3=Benz. conversion 1204 I Y, =3=Benz. conversion i
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Figure2 Product selectivity and CHB vyield as a function of reaction time over (a) 0.8Ru/p,,, (b) 0.8Ru/B,-AT, (c) 0.8Ru/B,p-DEA-AT, (d) 0.8Ru/ps, (€) 0.8Ru/Bs-AT,
and (f) 0.8Ru/Ps-DEA-AT. Reaction conditions: 0.5 g catalyst, 25 mL benzene, 4.0 MPa H,, 200 °C, and 500 rpm. (g) The correlation between molar ratio of metal to
Bronsted acid sites (11,/115) and Ry, (h) Performance of different catalysts at ~ 60% benzene conversion. (i) Comparative analysis of catalytic performance in benzene

HDA over reported catalytic systems.
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(Fig. S3(a) in the ESM) revealed a pronounced shift of the Ru
reduction peak toward higher temperatures on the p,,-DEA-AT-
supported catalyst, suggesting markedly stronger metal-support
interactions. Consistently, the H,-TPD results indicated that Ru/p,y-
DEA-AT promoted the activation of H, (Fig. S3(b) in the ESM).
This trend was also observed in catalysts with a low SiO,/ALO, (Fig.
$4 in the ESM).

To expound the impact of pore engineering on acid site
properties, the acidity evolution of P zeolites was systematically
examined via NH,-TPD and pyridine-IR  spectroscopy.
Conventional alkaline treatment markedly diminished the total
acidity relative to the parent zeolite, consistent with framework
degradation and the concomitant loss of framework-associated
Bronsted acid sites upon uncontrolled OH attack. In sharp
contrast, the DEA-assisted strategy not only preserved but
enhanced the acid site density by exposing additional micropore
acid sites (Table 1). DEA molecules, pre-adsorbed within the zeolite
micropores, acted as steric and chemical barriers that selectively
shield framework Al from alkaline degradation. This spatial
protection allowed for the controlled extraction of framework
silicon, effectively lowering the SiO,/AlLO, ratio while maintaining
structural integrity. On top of that, the concentration of Brensted
acid sites also increased substantially, as confirmed by the enhanced
pyridine desorption signals and stronger Bronsted bands in Py-IR
spectra [40] (Figs. 4(b) and 4(d)).

Figure 5(a) showed the solid-state *Si MAS NMR spectra of the

(a)

By catalyst series, providing insight into the integrity of the zeolite
framework [41]. The pristine By, displayed characteristic Q,
(Si(OSi),), Qs (Si(OSi),OH), and Q, (Si(OSi),(OH),) signals,
reflecting a highly condensed silicate network. Upon conventional
alkaline treatment, the pronounced attenuation of the Q, resonance,
along with increased Q, and Q, components, signified extensive
framework degradation and silanol defect formation. In contrast,
the DEA-assisted sample retained a Q,/Q, ratio comparable to that
of the parent zeolite, unambiguously confirming that DEA pre-
impregnation effectively mitigated silicon leaching and preserved
the long-range framework order during desilication (Table S2 in the
ESM). This structural preservation directly correlated with the
retention of acid sites, as framework integrity was a prerequisite for
stabilizing tetrahedrally coordinated aluminum species. Solid-state
7Al MAS NMR spectra (Fig. 5(b)) supported this conclusion. -
AT exhibited a significant loss of AI(IV) (tetrahedral) signals
accompanied by the emergence of extra-framework Al(VI) species,
indicating framework dealumination [42, 43]. In contrast, B,,,-DEA-
AT exhibited a higher Al(IV)/Al(VI) ratio, evidencing minimal
aluminum extraction and better framework stability (Table S3 in
the ESM). Together, these spectroscopic analyses confirmed that
DEA molecules acted as spatial modulators during alkaline
treatment, selectively shielding framework sites from OH" attack.
The adsorption-diffusion behavior within zeolite pore channels
critically determined the transport of reactant molecules to active
sites, thereby fundamentally governing both catalytic activity and

(b)
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Q, content of Py, Bi-AT, and B,,-DEA-AT. (d) The AI(IV) and AI(VI) content
of By Bioo-AT; and P-DEA-AT.

selectivity. The impact of hierarchical porosity on diffusion
behavior, as probed by CHE adsorption kinetics. During the initial
adsorption period (0-100 min), f-DEA-AT exhibited a markedly
steeper uptake curve compared to both the parent p zeolite and the
conventionally alkali-treated B-AT sample (Figs. 6(a) and 6(c)),
indicative of accelerated diffusion and shortened equilibration time.
This enhanced adsorption kinetics was directly attributable to the
interconnected mesopore network introduced via DEA-assisted
desilication  [44-46]. Quantitative diffusion analysis further
supported this conclusion: the apparent diffusion coefficients for B,
DEA-AT and B,,-DEA-AT reached 7.05 x 10° and 6.64 x 10” s7,
respectively (Figs. 6(b) and 6(d)), surpassing those of both the
parent and conventionally treated samples by a substantial margin.
As schematically illustrated in Fig. 6(e)(II), DEA-assisted alkaline
treatment generated mesopores that exposed acid sites within the
micropores, enabling rapid CHE diffusion to accessible acid sites
and subsequently promoting alkylation to the target CHB. In
contrast, untreated P zeolite significantly hindered CHE diftusion,
leading to reduced selectivity toward CHB (Fig. 6(e)(II)). The
improvement arose from radially oriented mesopores that
facilitated molecular transport within the zeolite crystals.
Conventional alkaline treatment, by contrast, produces disordered
and tortuous mesopores due to uncontrolled framework
degradation, thereby limiting effective diffusion (Fig. 6(e)(I)). DEA
pre-impregnation preserved the zeolite framework while generating
hierarchical mesopores, enhancing molecular diffusion and
exposing additional micropore acid sites [47], thereby improving
Brensted acidity and acid-metal functional synergy to enable rapid
intermediate transport and support alkylation-dominated benzene
HDA over Ru/p-DEA-AT.

The accessibility of Brensted acid sites and their contribution to

(& 27w | Sci@pen
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CHE activation were evaluated by monitoring the consumption of
-OD using in-situ FTIR spectroscopy. (Figs. 7(a)-7(d)). Framework
-OH groups were deuterated via exposure to pyridine-D5 at
300 °C, as evidenced by the disappearance of ~-OH stretching bands
at ~ 3730 and ~ 3610 cm™ and the concomitant emergence of -OD
bands at ~ 2770 and ~ 2710 cm™, confirming effective substitution
(Fig. S6 in the ESM). Upon introduction of CHE at ambient
temperature, new absorption features appeared at 3020, 2930, and
2860 cm™, corresponding to the =C-H and —CH, stretching modes
of the adsorbed CHE intermediate [48, 49]. Ru/ps, exhibited the
slowest rate of -OD consumption (Fig. 7(a)). In contrast, Ru/ps-
DEA-AT showed a moderately faster decay, with the -OD peak
intensity decreasing to 35% after 45 min (Fig. 7(b)), which could be
attributed to improved mesoporosity. A significantly accelerated
protonation rate was observed on Ru/p,y, (Fig. 7(c)), compared with
Ru/Bs. Remarkably, the -OD bands of Ru/P,,-DEA-AT were
completely consumed within 60 min (Fig. 7(d)), highlighting the
superior accessibility of Brensted acid sites created by DEA-assisted
desilication. These findings demonstrated that DEA treatment not
only generated a hierarchically mesoporous network but also
preserved and exposed micropore Brensted acid sites, thereby
synergistically ~ enhancing the activation of carbocationic
intermediates in benzene hydroalkylation. The effect was
particularly evident in B zeolites with higher SiO,/ALO, ratios,
where maintaining framework stability was crucial. Quantitative
analysis of the —~OD peak evolution established the following trend
in CHE protonation efficiency (Fig. 7(e)): Ru/B,,-DEA-AT > Ru/s,-
DEA-AT > Ru/Py, > Ru/Bs. This order correlated well with
catalytic performance (Fig. 7(f)), reinforcing that the spatial
accessibility of Brensted acid sites was a decisive factor in achieving
high CHB selectivity and yield.

4 Conclusions

In summary, we developed a diethanolamine-assisted alkaline
treatment (DEA-AT) strategy to reconstruct p zeolite into a
hierarchical framework with radially aligned, exterior-connected
mesoporous channels (3-DEA-AT). This architecture preserved the
crystalline framework and intrinsic microporosity while shortening
diffusion pathways and exposing abundant Brensted acid sites,
thereby markedly enhancing cyclohexene transport and
transformation and enabling more efficient metal-acid synergy. As
a result, Ru/B-DEA-AT exhibited substantially improved
benzene hydroalkylation performance, achieved a CHB yield of
35.2%, benzene conversion of 62.1%, and a formation rate of
49.6 mmolqyg., -h™, surpassed both conventionally alkali-treated
Ru/B-AT (30.6% conversion, 11.6% CHB yield 31.0 mmol g, *h™)
and pristine Ru/P catalysts (33.1% conversion, 21.6% CHB yield
30.5 mmolqyp-g.,*h™). Mechanistic investigations revealed that the
DEA-induced hierarchical reconstruction facilitated the efficient
migration of cyclohexene intermediates within the [-zeolite
framework, as reflected by a pronounced increase in the apparent
diftusion coefficient (6.42 x 10~ cm*s™ for Ru/B,,-DEA-AT versus
1.81 x 10° cm*s™ for Ru/P,,), enabling their rapid access to
neighboring Brensted acid sites. This hierarchical pore-engineering
strategy enforced an alkylation-dominated pathway by suppressing
competitive cyclohexene hydrogenation. The work highlights the
critical role of pore environment engineering, providing a
generalizable strategy for designing multifunctional tandem
catalysts with optimized intermediate transformations.
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