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Abstract:

Glycerol hydrogenolysis represents an important route for biomass valorization, enabling the sus-
tainable conversion of glycerol, a major byproduct of biodiesel preduction, into value-added chemi-
cals and thereby improving the utilization of renewable carbon resources. Selective hydrogenolysis
of glycerol to 1,3-propanediol represents a critical challenge, as high selectivity requires precise
control over competing C—O bond cleavage pathways,on bifunctional catalysts. In this work,
we establish an active-site-resolved kinetic frameworkto quantitatively elucidate the respective
roles of metal, Brgnsted acid, and Lewis acid sites/in governing glycerol hydrogenolysis over
Pt-based mesoporous catalysts. By systematically decoupling metal and acid site densities while
preserving catalyst morphology and transport characteristics, intrinsic reaction rates and turnover
frequencies for individual reaction pathways are directly quantified. Rate analysis reveals that
both 1,3-propanediol formation and over-hydregenolysis to 1-propanol are metal-mediated but
are distinctly modulated by acid functionality: moderate Brgnsted acidity selectively promotes
1,3-propanediol formation, whéereas excessive Brgnsted acidity shifts selectivity toward undesired
pathways, while Lewis acid sites.alone exhibit minimal promotional effects. The 0.2 wt% Pt/W-—
KIT-6 catalyst with a Pt site density of 9.7:x 1076 kmol kggalt, a Brgnsted acid-site density of 0.27
X 107® kmol kgc‘alt, and a Lewis ar{d—site density of 0.06 x 107 kmol kgc‘alt exhibits approximately
12% glycerol conversion with ~80% selectivity to 1,3-propanediol under 200 °C and 3 MPa H,.
The Pt-site-normalized turnover frequency for the selective glycerol-to-1,3-PDO pathway is ap-
proximately 0.07 s~!“Tarnover frequency analysis further demonstrates that Brgnsted acid sites act
as true kinetic promoters rather than merely increasing apparent activity through surface coverage
effects. These findings provide a mechanistically rigorous description of metal-acid cooperation
in glycerol hydregenolysis and establish a generalizable kinetic strategy for resolving active-site
contributions in complex-bifunctional catalytic systems, extending beyond glycerol valorization to
selective hydrogenolysis and upgrading reactions involving multifunctional oxygenates.

1 Introduction

The rapid expansion of biodiesel and oleochemical industries has resulted in a sustained oversupply
of glycerol, motivating extensive efforts toward its catalytic upgrading into value-added chemicals.
Glycerol'is generated in large quantities as an unavoidable by-product during the transesterification
of triglycerides in biodiesel production, and its accumulation presents both economic and logistical
challenges for biofuel sustainability. Consequently, catalytic routes that transform glycerol into
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higher-value chemicals are essential to improving the overall viability of biomass-derived:fuels.
Among the various transformation pathways, glycerol hydrogenolysis has attracted particular intet-
est due to its ability to selectively cleave C—O bonds while preserving the carbon bagkbone, thereby
enabling access to propanediols and alcohols that serve as key intermediates’in polymer, pharma-
ceutical, and solvent industries. However, the multifunctional nature of glycerol—containing three
hydroxyl groups with distinct steric and electronic environments—renders ' selective,C—-O bond
scission inherently challenging [1, 2].

Within this context, 1,3-propanediol (1,3-PDO) stands out as a particularly waluable target
product [3, 4]. Compared with the more readily formed 1,2-propanediol (1,2-PDO), 1,3-PDO
commands a higher market value due to its critical role in polytrimethyle@ terephthalate (PTT)
synthesis and specialty polymer applications, with global demand projeeted to continue increasing.
From a mechanistic standpoint, selective formation of 1,3-PDO¢requires preferential activation of
the secondary hydroxyl group in glycerol, a pathway that is both kinetically and thermodynamically
less favorable than terminal C—O bond cleavage. As a result, achieving high selectivity and yield
toward 1,3-PDO requires stringent kinetic control to suppréss the competing 1,2-PDO pathway and
to prevent over-hydrogenolysis to products such as 1-propanol (seeFig. 1). This inherent difficulty
makes 1,3-PDO formation a sensitive probe of catalyst functionality and reaction control. Improving
selectivity toward 1,3-propanediol is important not0nly from aycatalytic standpoint but also from a
sustainability perspective, because selective upgrading of a renewable byproduct improves feedstock
utilization and reduces carbon loss to undesired reactionpathways. Fig. 1 summarizes the reaction
network considered in this study. Glycerol undergoes parallel and sequential transformations
involving hydrogenation/dehydrogenation on Pt sites together with dehydration on Brgnsted and
Lewis acid sites. Selective C—O bond cleavage yields 1,3-propanediol and 1,2-propanediol (R1-
R2), whereas deeper hydrogenolysis produees propanols (R3-R4). Competing dehydration routes
generate intermediates such as aerolein, hydroexyacetone, and 3-hydroxypropanal (R5-R7), which
may subsequently hydrogenate on Pt.. This network illustrates how metal—acid cooperation governs
catalytic activity and product selectivity.

Selective glycerol hydrogenelysis to 1,3-PDO is now widely recognized as a prototypical
bifunctional catalytic reaction that requires the cooperative action of metallic and acidic sites
[5, 6]. Metallic sites, most commonly noble metals such as Pt, Pd, and Ir, are responsible for H;
activation and hydrogenation of carbonyl intermediates, while acidic sites promote dehydration
and rearrangement steps that direct C—O bond cleavage. Numerous studies have demonstrated
that noble metals alone preferentially produce 1,2-PDO, whereas coupling these metals with acidic
oxides or acidic supports can markedly enhance selectivity toward 1,3-PDO. In particular, Brgnsted
acid sites facilitate the formation of key intermediates such as 3-hydroxypropionaldehyde, which
are essential for the 1,3-PDO pathway, whereas Lewis acidity and excessive acidity tend to favor
undesired routes'and deeper hydrogenolysis.

Despite this qualitative understanding, the precise division of catalytic roles between metal
and acid sites remains insufficiently resolved. It is still unclear which elementary steps are limited
by metallic sites, which are promoted by Brgnsted and/or Lewis acidity, and how excessive acidity
redirects the reaction network toward over-hydrogenolysis [17, 18]. These uncertainties arise in
part because most prior studies rely on catalyst screening approaches in which metal loading,
support composition, and acidity are varied simultaneously. While such studies have successfully
identified catalyst formulations capable of producing 1,3-PDO, they often obscure the kinetic
origins of selectivity due to active-site ambiguity—that is, the inability to independently quantify
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3

4 Table 1: Representative literature studies on glycerol hydrogenolysis over bifunctional.catalysts.
5 Catalyst Main products Reactor/system

6 Ni/WO3-ZrO,, Ni/WO3-TiO; [7] Propanols fixed-bed

: Ni, Cu, Mg/AL,O; [8] 1,2-PDO batch

9 Au-Pt/WO,/Al,03 [9] 1,3-PDO batch

10 Pt/WO,/Nb,Os [10] 1,3-PDO batch

n Pt-WO,/TiO; [11] 1,3-PDO batch

g Pt/WO,/TiO,, PUTiO, [12] 1,3-PDO batch

14 Ru—Cu/HZSM-5 [13] 1,3-PDO, 1,2-PDO batch

15 NbNiAl intermetallic catalyst [14] 1,2-PDO fixed-bed

16 NiAl, B-NiAl, V-NiAl [15] 1,2-PDO batch

1; Cu-Ni/MgO-Al,03 [16] 1,2-PDO batch

19

20 and decouple the roles of metal sites, Brgnsted acid sites, ‘and Lewis acid sites. Consequently,
;; reported reaction rates and selectivities are frequently linterpreted phenomenologically, without
23 clear attribution to specific active sites or rate-limiting steps. This limitation is compounded by the
24 scarcity of active-site-normalized kinetic metrics, which prevents meaningful comparison across
25 catalyst systems and masks transitions between metal-limited and acid-limited regimes [19, 20, 21].
26 As aresult, the field lacks a unified kinetic framework capable of explaining why moderate Brgnsted
;é acidity enhances 1,3-PDO formation, whereas exeessive acidity suppresses it and promotes over-
29 hydrogenolysis [22].

30 Table 1 summarizes representative récent studies on glycerol hydrogenolysis over bifunctional
31 catalysts. A wide range of catalytic systems have been investigated, including Pt—WQ, catalysts,
32 Au-promoted Pt catalysts, Ni-/nd Cu-based eatalysts, as well as intermetallic NiAl materials.
gi Although these studies demonstrate substantial progress in catalyst development and performance
35 optimization, most investigations primarily report glycerol conversion and product selectivity with-
36 out rigorous intrinsic kinetic analysis. 'As shown in Table 1, the majority of experiments are
37 conducted in batch reactorsf while only a limited number employ continuous fixed-bed systems.
38 Reaction rates are typically inférred from integral conversion data, and kinetic interpretations are
4313 often limited to appatent or lumped models. As a result, the individual catalytic contributions of
41 metal sites and acid sites remain difficult to distinguish quantitatively. The absence of intrinsic,
42 site-resolved kinetic measurements therefore continues to limit the mechanistic understanding of
43 bifunctional catalysis in glycerol hydrogenolysis. Despite extensive studies on glycerol hydrogenol-
44 ysis over bifunectional.metal—acid catalysts, several important knowledge gaps remain. First, the
22 individual catalytic rolesrof Pt metal sites, Brgnsted acid sites, and Lewis acid sites are often
47 intertwined, makKing it difficult to quantitatively resolve their respective contributions to glycerol
48 conversion and product selectivity. Second, the mechanistic origin of the optimal metal—acid bal-
49 ance required for selective 1,3-propanediol formation remains insufficiently understood. Third,
>0 systematic kinetic correlations between specific acidity types and intrinsic reaction pathways are
g; still lackings In this work, we address these gaps through a carefully designed catalyst series with
53 contrelled acidity and by performing active-site-resolved kinetic measurements that decouple the
54 roles of Pt metal sites, Brgnsted acidity, and Lewis acidity in glycerol hydrogenolysis.

55 Our interest in glycerol valorization is grounded in a series of prior studies that systemati-
g? cally examined glycerol conversion across dehydration, oxidation, and hydrogenolysis pathways.
58
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In earlier work, we investigated glycerol dehydration and oxidation over heterogeneous catalysts,
elucidating how acid type and reaction environment govern C-O bond cleavage anddintermediate
stability [23, 24, 25]. These studies highlighted the central role of acidity, particularly.the distinction
between Brgnsted and Lewis acid sites, in directing reaction pathways and selectivity among/com-
peting Cs products. Building on these mechanistic insights, we subsequently summarized glycerol
dehydration, oxidation, and hydrogenolysis within a unified reaction-netwotk and bond-scission
framework [26], emphasizing that many glycerol transformation reactions remain limited by incom-
plete understanding of metal—acid cooperation at the elementary-step level. In parallel, we have
developed KIT-6-based catalyst platforms that enable independent and quantitative tuning of metal
dispersion and acidity. In our prior work on Pt/KIT-6 catalysts, we demoQtrated precise control
over Pt surface site density and acid site properties while maintaining a well-defined mesoporous
structure [27]. The present study leverages this platform to move.beyond phenomenological cor-
relations and establish active-site-resolved kinetics for glycerol hydrogenolysis. By systematically
decoupling metallic and acidic functionalities, we identify the optimal balance between Pt sites and
moderate Brgnsted acidity required for selective 1,3-PDOformationgproviding quantitative design
principles for bifunctional catalysts targeting selective C=O bond scission reactions.

R3 o’ R4 HO
R1 O\\/\/OH — > O\\/\ _ N
Bm”s?v CHeo,  Brensted Do Ha, Pt C3HgO
3-hydroxypropanal acrolein 1-propanol
H Q
HO OH H,, Pt HOS -~ -OH
C3H803 C3H802
glycerol 1,3-propanediol
RS\A ~ R6 H R7 H
_ OQH —— OH —
Lewis H,, Pt
C3HeO2 C3HgO; C5HgO
hydroxyacetone 1,2-propanediol 2-propanol

Figure 1: Proposed reaction network for glycerol hydrogenolysis over bifunctional metal—acid
catalysts, showing pathways to propanediols, propanols, and dehydration intermediates.

2 Methods

2.1 Catalyst Synthesis

Mesoporous KIT-6 silica supports were synthesized following a modified hydrothermal procedure
reported in our prior work [27], yielding a three-dimensional bicontinuous cubic mesostructure with
uniform mesopores and high surface area [27]. To tune the acidity of the support while preserving
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the KIT-6 framework, metal-incorporated KIT-6 materials (denoted as M/KIT-6, whereM =W or
Nb) were prepared by incorporating the corresponding metal species into the silica matrix.during
synthesis, following established protocols. The identity and loading of the incorporated metal were
used to systematically modulate the type, density, and strength of acid sitesy enabling.controlled
variation of Brgnsted and Lewis acidity while maintaining similar textural properties across the
support series. Hexachloroplatinic acid hexahydrate (H,PtClg-H2O, >99.9% metal basis, Sigma-
Aldrich) was used as the Pt precursor. Platinum was introduced onto the as-synthesized supports
via incipient wetness impregnation using an aqueous solution of H,PtClg as the precursor. After
impregnation, the samples were dried at 393 K and calcined in flowing air at 673 K for 4 h to
obtain the final supported Pt catalysts. The Pt loading was systematically varied in the range of
0.1-1.0 wt% to generate a catalyst family with different surface Pt site densities. Importantly,
when Pt loading was varied on a given M/KIT-6 support, thérintrinsic acidity of the support
remained essentially unchanged, allowing independent control of metallic site density and acid site
density. This synthesis strategy produced a well-defined catalyst platform in which Pt surface sites,
Brgnsted acid sites, and Lewis acid sites could be independently tuned: Such independent control is
essential for decoupling metal-mediated and acid-mediated reaction steps and for enabling active-
site-resolved kinetic analysis of glycerol hydrogenolysis. Prior to catalytic testing, all catalysts were
sieved to a particle size of 250-355 um to minimize intrapartigle diffusion limitations and ensure
consistent hydrodynamic conditions across experiments.

2.2 Catalyst Characterization

Textural properties of all KIT-6-based supperts and Pt-loaded catalysts were determined by N;
physisorption at 77 K using a Micromerities ASAP 2020 instrument [27]. Prior to measurements,
samples were degassed under vaeuum to remove adsorbed moisture and volatiles. Specific surface
areas were calculated using the Brunauer—-Emmett—Teller (BET) method, and pore size distribu-
tions were obtained from the adsorption/desorption isotherms using the Barrett—Joyner—Halenda
(BJH) model. Powder X-ray diffraction (XRD) was used to confirm preservation of the ordered
mesostructured framework /fter. metal incorporation, Pt loading, and post-treatment. Platinum
dispersion and particle size distributions were evaluated by a combination of chemisorption and
transmission electron'microscopy (TEM). In line with our prior work on mesoporous Pt-supported
catalysts, Pt dispersion was quantified by chemisorption-based titration methods and converted to
the number of exposed surface Pt sites [27]. Representative TEM images were acquired using
an FEI Tecnai instrument operated at 200 kV (LaBg source), and particle size distributions were
obtained by measuring a statistically meaningful number of particles across multiple micrographs
[27]. For rate normalization, the number of exposed Pt surface sites was used to compute intrinsic
turnover frequencies, with the adsorption stoichiometry defined consistently for the chemisorption
protocolémployed:"A 0.5% Pt/Al, O3 standard catalyst (metal dispersion =31 + 0.5%, Micromerit-
ics) was used as the calibration reference for H, chemisorption and H,—O, titration measurements.
Acidieproperties were quantified using both NH3 temperature-programmed desorption (NH3-TPD)
and pyridine-adsorbed infrared spectroscopy. NH3-TPD experiments were performed using a Mi-
cromeritics/ AutoChem II 2920 analyzer coupled with a mass selective detector (MSD) to identify
evolved gaseous species [27]. Catalyst samples were packed between quartz wool plugs in a U-
shaped. quartz cell, purged in ultra-high-purity He (50 std mL/min) to remove physisorbed species,
and then subjected to programmed heating to high temperature to obtain desorption profiles and
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total acid site densities. The NH3-TPD results were used as an independent measure of total acidity.
To differentiate Brgnsted and Lewis acid site densities, diffuse-reflectance FTIR/DRIFTS spectra
of adsorbed pyridine were collected using a Tensor-27 spectrometer equipped with.a Pike diffuse
reflectance accessory [27]. In a typical measurement, ~25 mg catalyst was pretreated,(oxidative
pretreatment), exposed to pyridine, and then heated to desorb pyridine under a‘controlled temper-
ature ramp. Prior to IR acquisition, physisorbed pyridine was removed by evacuation'at moderate
temperature (e.g., 120 °C), and spectra were recorded at multiple temperatures to confirm the
robustness of quantified acid site densities. Brgnsted- and Lewis-bound pyridine:were assigned
to bands near 1550 and 1455 cm™!, respectively, and acid site densities were calculated from
integrated band areas using established extinction coefficients. Since reaction selectivity is highly
sensitive to working-condition acidity, pyridine-IR quantification was.performed at temperatures
relevant to catalytic testing, consistent with our prior methodology [27]. The quantified densities
of surface Pt sites, Brgnsted acid sites, and Lewis acid sites were used.to normalize reaction rates
and compute intrinsic turnover frequencies for the competing hydrogenolysis pathways. This site-
resolved framework enables direct identification of kinetically relevant active sites and disentangles
metal-mediated hydrogenation steps from acid-catalyzed dehydration/rearrangement and C—O bond
scission pathways.

2.3 Catalytic Performance Evaluation

Catalytic performance for glycerol hydrogenolysis.was evaluated in a batch reactor system. All
reactions were carried out in a stirred Parr high-pressurereactor, following procedures established in
our prior glycerol conversion studies {24]."Im:a typical experiment, a known amount of catalyst and
aqueous glycerol solution were charged intoithe reactor, which was then purged and pressurized with
hydrogen to the desired pressureThe reactor was heated to the target temperature under continuous
stirring, and the reaction was allowed:to proceed for a specified reaction time. After completion, the
reactor was quenched, depressurized, and.the liquid products were collected for analysis. Because
the experiments were conducted in batch mode, catalytic activity and selectivity are reported as
functions of reaction time rdther thanutime-on-stream. To ensure that the measured reaction rates
reflect intrinsic catalytic kinetics, the absence of heat- and mass-transfer limitations was carefully
assessed. The evaluation followed the same rigorous methodology developed and validated in
our previous kinetic studies of glycerol conversion [25]. External mass-transfer limitations were
minimized by vigorous stitring'and confirmed by verifying that further increases in stirring rate did
not affect glycerolconversion or product selectivity. Internal diffusion limitations were mitigated by
using finely sieved catalyst particles and were further evaluated using standard diagnostic criteria.
Specifically, the Weisz—Prater criterion for internal mass-transfer resistance was satisfied under all
reaction conditions, indicating that intraparticle diffusion did not influence the observed reaction
rates [284 29]. In addition, the Mears criterion for external mass-transfer limitations and the Mears
criterion for heat-transfer limitations were both satisfied, confirming the absence of significant
congentration or temperature gradients between the bulk liquid phase and the catalyst surface.
These analyses demonstrate that the catalytic performance data reported in this study are free from
transport artifacts and can be directly interpreted in terms of intrinsic reaction kinetics and active-
site effects. Intrinsic kinetic measurements were conducted under conditions designed to ensure
reliable initial-rate analysis in the batch reactor system. Hydrogen was supplied at sufficiently high
initial pressure to maintain H in large excess relative to glycerol during the time window used for
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rate determination. The dissolved hydrogen concentration was estimated using Henry’s law, and
no measurable pressure decrease was observed during the reaction period analyzed. A iquid—solid
mass-transfer limitations were evaluated by performing experiments at different stirring speeds;
the reaction rate was independent of stirring speed above 800 rpm, indicating negligible external
diffusion resistance. In addition, the catalyst particle size was smaller than“100 mesh, which
minimizes potential internal diffusion limitations. All intrinsic kinetic parameters were derived
from initial-rate measurements obtained at low glycerol conversion (<10%). Under these conditions,
concentration gradients and product inhibition effects are negligible, and the system,approximates
differential operation, allowing reliable extraction of intrinsic catalytic reaction rates.
Compositions of glycerol and reaction products were quantitatively \analyzed using a gas
chromatograph (Agilent GC 6890) equipped with a flame ionization detector (FID) and an UltiMetal
capillary column (15 m X 0.32 mm X 0.10 ym) with a retention‘gap. High<purity gases including
02 (99.98%), Ar (99.999%), N> (99.999%), He (99.98%), and H;, (99.999%) were used. Control
experiments were conducted to clarify the role of each catalyst.component. The unsupported W-
KIT-6 catalyst (without Pt, see Fig. 5a) exhibited negligible glyceroliconversion (<0.5%) under the
studied conditions. Additional blank tests using Pt/SiO; and pure SiO, KIT-6 were also performed
and similarly showed negligible conversion (<0.5%)..These results indicate that neither the silica
support nor isolated metal sites alone produce measurable, activity, confirming that the observed
glycerol hydrogenolysis requires the combined metal-acid functionality of the Pt/M-KIT-6 catalysts.

2.4 Definitions of Conversion, Selectivity, Reaction Rate, and Turnover Fre-
quency

Glycerol conversion (Xgry) was defined as the fraction of glycerol consumed relative to the initial
amount charged to the batch reactor, calculated on a molar basis:

. 6Ly (0) — ngLy (7)

Koy naLy (0)
where ngry(0) and nGLy(t)}enote the initial and time-dependent moles of glycerol, respec-
tively.
Product selectivity towardispecies i (S;) was defined on a carbon-molar basis as:
S; = ﬂ’ 1)
2jving

where n; is thesnumber. ofimoles of product i, v; is the number of carbon atoms in species i, and
the summation includes all quantified carbon-containing products. Product yield (Y;) was defined
as the product of conversion and selectivity:

Y; = XgLy X S;. ()

Initial réaction rates were determined from the slope of the molar amount of reactant consumed
or product formed as a function of reaction time in the initial linear regime (typically Xgry < 10%),
where concentration changes and secondary reactions are minimal. For product i, the rate was

calculated as: U (d
n;
ry = - ) (3)
Meat ( dt )l—)O
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where m, is the mass of catalyst used. Rates are thus expressed in units of mol ggalt s

Turnover frequencies (TOFs) were obtained by normalizing the intrinsic reaction rates,by the
number of catalytically relevant active sites. For a given reaction pathway k controlled by site type
m (Pt, Brgnsted acid, or Lewis acid), the TOF was defined as:

TOFy = ]Q—" )

m
where ry is the initial rate associated with pathway k, and N,, is the total number of active sites of
type m, as quantified by chemisorption or acid-site titration methods.

3 Results and Discussion

For clarity, catalysts are identified using the same sample labels (e.g., C06, C11, C15) established
in our prior work [27]. Each label uniquely correspondsite a specific combination of support
composition, Pt loading, and calcination conditions, andfis used ¢onsistently throughout this study.
Although the numerical identifiers are not sequential, they reflect the historical synthesis order and
provide continuity with previous publications. To facilitate.mechanistic interpretation, the catalysts
are organized into three sets (A—C), each designed to/systematically isolate the effects of Pt site
density, Brgnsted acid site density, or Lewis,acid site density, respectively, while holding other
properties approximately constant (Tables 2-4).

3.1 Structural Characterization of Pt/KIT-6 Catalysts

The structural and textural properties of the ClL1 catalyst (0.2 wt% Pt/W-KIT-6), which serves as
the representative catalyst in the performance evaluation, were systematically characterized using
electron microscopy and N, physisorption measurements, as summarized in Fig. 2. Representative
transmission electron microscopy. (TEM) images (Fig. 2a) reveal a high degree of Pt nanoparticle
dispersion on the three-diménsionally.ordered mesoporous KIT-6 support, with no evidence of
large agglomerates or support structural collapse. The interconnected bicontinuous pore network
of KIT-6 remains intactrafter Pt deposition, indicating that the impregnation and reduction pro-
cedures do not disrupt the mesostructure. Quantitative analysis of the TEM images yields the Pt
particle size distributionsshown'in Fig. 2b. The Pt nanoparticles exhibit a narrow size distribution
centered in the 3-—4 nm range, with a limited population of particles outside this interval. The
relatively small standard deviation indicates uniform nucleation and growth of Pt particles within
and on the surface of the KIT-6 mesopores. Such uniform Pt dispersion is essential for isolating
intrinsic structure—activity relationships by minimizing variations in exposed metal surface area
across catalyst samples. The textural properties of the C11 catalyst were further examined by
N, adsorption—desorption measurements at 77 K (Fig. 2c). The isotherms display a character-
istic_type IV profile with a pronounced H1-type hysteresis loop, consistent with a well-defined
mesoporous, structure and a narrow pore size distribution. The steep capillary condensation step
at intermediate relative pressures reflects the uniform mesopores of KIT-6, while the absence of
low-pressure micropore filling suggests that microporosity is negligible. Importantly, the overall
shape of the isotherm and the presence of the hysteresis loop confirm that the ordered mesoporous
framework of KIT-6 is preserved following Pt incorporation. Pore size distribution analysis derived
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from the desorption branch using the Barrett—Joyner—-Halenda (BJH) method is shown in Fig. 2d.
The BJH pore size distribution shows a dominant mesopore population centered at approxXimately
8.5-10 nm, consistent with the characteristic mesoporous structure of KIT-6. A weak distribution
tail extending to larger pore widths (up to ~120 nm) is also observed, butthis corresponds only
to a minor fraction of wider pores rather than the dominant pore population. “The cumulative
pore volume profile further confirms the preservation of the mesoporous framework. The various
catalysts exhibit similar surface areas (720-810 m? g~!), average pore sizes\(8.5-10 nm), and
pore volumes (0.8—1.1 cm® g!) at the targeted Pt loading, indicating(that metal,incorporation
does not significantly alter the mesostructure of the KIT-6 support. The preservation of mesopore
accessibility is critical for facilitating molecular transport and ensuring tha{[he observed catalytic
trends arise from intrinsic active-site effects rather than diffusion limitations. Mesoporous silica
KIT-6 was selected as the catalyst support due to its three-dimensional mesoporous pore structure
and high surface area. These structural features promote uniform dispersion of Pt nanoparticles
and facilitate diffusion of bulky polyol molecules such as glycerol. Compared with conventional
supports such as SBA-15, y-Al,O3, or amorphous silica,the three=dimensional pore connectivity
of KIT-6 reduces diffusion limitations, which is advantageous for.intrinsic kinetic investigations.
Furthermore, the chemically inert silica framework provides a neutral platform for the controlled
introduction of Brgnsted and Lewis acid functionalities, enabling independent tuning of metal and
acid sites required for active-site-resolved kinetic analysis.

3.2 Results of Measured Acidity

Fig. 3 summarizes the acidity characteristies,of Pt/Nb-KIT-6 catalysts calcined at 550 °C (C21,
1.0 wt% Pt/Nb-KIT-6) and 650 °C (C22, 1.0 wt% Pt/Nb—KIT-6), as quantified by complementary
NHj3 temperature-programmed desorption (NH3-TPD) and pyridine-adsorbed FTIR spectroscopy.
These two techniques provide, respectively, the total acid site density and the distribution of Brgnsted
and Lewis acid sites, enabling a rigorous,and internally consistent assessment of catalyst acidity.
Fig. 3a shows the NH3-TPD profiles of C21 and C22. Both catalysts exhibit a broad desorption
feature spanning approximately 150-400 °C, indicative of predominantly weak-to-moderate acid
sites, with no pronounced sharp'peak at very high temperatures. This behavior suggests the absence
of a significant population of strengacid sites, which are often associated with excessive dehydration
and coke formation in‘pelyol hydrogenolysis reactions. The overall desorption intensity of C21 is
systematically higher than that'of C22 across the entire temperature range, reflecting a higher total
acid site density 4or the catalyst calcined at the lower temperature. Integration of the NH3-TPD
profiles yields total acidities of 0.24 ymol g~! for C21 and 0.16 umol g~! for C22, consistent with
values independently obtained from pyridine-based measurements. The reduction in total acidity
upon calcination at 650 °C'is attributed to partial dehydroxylation and structural condensation
of Nb—Q=Si species, which decreases the density of accessible acid sites. Fig. 3b presents the
pyridine-adsorbéd FTIR spectra of C21 and C22 collected in the 1600-1400 cm™' region. Two
well-defined.bands are observed for both catalysts: a band centered at ~1550 cm™!, corresponding
to (pyridinium ions formed on Brgnsted acid sites, and a band at ~1455 cm™!, associated with
coordinatively bound pyridine on Lewis acid sites. The presence of both bands confirms the
bifunctional acidic nature of Nb-incorporated KIT-6 supports. Comparison of the spectra indicates
thatithe intensities of both Brgnsted and Lewis acid bands decrease from C21 to C22, in agreement
with the lower total acidity measured by NH3-TPD. Importantly, the relative intensity ratio of the
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Brgnsted to Lewis acid bands remains approximately constant at ~3:1 for both catalysts,‘indicating
that calcination primarily reduces the absolute number of acid sites without significantly altering
the Brgnsted/Lewis acid balance. The NH3-TPD and pyridine-adsorbed FTIR results demonstrate
that Pt/Nb-KIT-6 catalysts possess a well-defined population of predominantly moderate-strength
acid sites with Brgnsted-dominated acidity. Calcination at higher temperature ‘decreases the total
acid site density while preserving the Brgnsted/Lewis acid ratio. This controlled tuning of acidity
provides a well-defined basis for correlating acid site density and type with catalytic activity and
selectivity in glycerol hydrogenolysis, as discussed in the following kinétic analysis. The W and
Nb species are incorporated into the KIT-6 framework to introduce controlled acidic functionalities
within the mesoporous support. These heteroatoms generate Brgnsted and/or Lewis acid sites
that facilitate glycerol dehydration steps required for the formation of intermediates leading to
1,3-propanediol. In the bifunctional catalytic mechanism, dehydration occurs on acid sites while
hydrogenation occurs on adjacent Pt sites. Therefore, the primary role.ef W/Nb is to tune the type,
density, and strength of acid sites involved in the dehydrationistep. In addition, incorporation of
W or Nb may influence metal-support interactions and slightly modify the dispersion or electronic
environment of Pt, which can indirectly affect hydrogenation kinetics.

(a) (b). %
—_ 1 ]
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Figure 3: Acidity characterization of Pt/Nb—KIT-6 catalysts calcined at different temperatures: (a)
NHj3-TPD profiles of €21(550 °C) and C22 (650 °C); (b) pyridine-adsorbed FTIR spectra showing
Brgnsted and Lewis acid sites.

3.3 Results of Catalytic Performance

Fig. 4 summarizes the catalytic performance of the C11 catalyst (0.2 wt% Pt/W-KIT-6) for glycerol
hydrogenolysis, ‘€lucidating the effects of reaction time, temperature, and hydrogen pressure on
glycerol conversion, product selectivity, and 1,3-propanediol (1,3-PDO) yield. The observed
product distributions are interpreted in the context of the glycerol reaction network shown in
Fig. 1, where selective C—O hydrogenolysis routes compete with consecutive over-hydrogenolysis
pathways: Under standard reaction conditions (200 °C, 3 MPa H,, 1.0 g catalyst) in Fig. 4a, glycerol
conversion increases rapidly at early reaction times and gradually approaches a quasi-steady value
of approximately 12% after about 5 h. In contrast, product selectivities evolve more rapidly and
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stabilize earlier, with 1,3-PDO selectivity reaching ~80% by 4-5 h. The selectivities of 1,2-
PDO and propanol byproducts decrease correspondingly and remain essentially constant thereafter.
The different temporal evolutions of conversion and selectivity indicate that the relative rates of
competing hydrogenolysis pathways are established early in the reaction. Once steady selectivity is
reached, continued glycerol conversion proceeds without changes in product distribution, suggesting
stable active sites and the absence of significant catalyst restructuring or deactivation over the
investigated time window. The temperature dependence of catalytic performance, evaluated at a
fixed reaction time of 8 h, reveals a pronounced trade-off between glycerol conversion and 1,3-
PDO selectivity (Fig. 4b). At low temperatures (160-180 °C), glycerol conversion remains limited
(< 5%) despite very high 1,3-PDO selectivity (> 80-90%), reflecting insufﬁc\ient thermal activation
of C-O bond cleavage. Increasing the temperature to 200 °C significantly enhances conversion
while maintaining high 1,3-PDO selectivity (~80%), identifying this condition as a favorable
balance between activity and selectivity. Further increases in temperature to 220 and 240 °C result
in substantially higher glycerol conversions (exceeding 20%»and 309%, respectively), but these
gains are accompanied by a sharp decline in 1,3-PDO selectivity and increased formation of 1,2-
PDO and propanol products. This behavior indicates the onset of mon-selective reaction pathways
including over-hydrogenolysis, which become increasingly, competitive at elevated temperatures.
Hydrogen pressure has a strong influence on glycerol conversion at low pressures but a diminishing
effect at higher pressures (Fig. 4c). At 0.1 MPa Hj, glycerol conversion is negligible (< 0.5%),
although 1,3-PDO selectivity exceeds 90%j indicating that hydrogen availability limits the overall
reaction rate. Increasing the pressure to 1 "MPaimodestly improves conversion to ~2%, while
further increases to 3 and 5 MPa lead to nearly identical conversions and product distributions.
The insensitivity of catalytic performancerabove approximately 3 MPa H; suggests that hydrogen
coverage on the active metal sites becomes:saturated and that the reaction rate is no longer limited
by hydrogen activation or supply. These results confirm that the standard operating pressure of
3 MPa is sufficient to probe intrinsi¢icatalytic behavior. By compiling data from all experimental
conditions, Fig. 4d provides a unified view of the relationship between glycerol conversion, 1,3-
PDO selectivity, and yield. Atlew conyersions, 1,3-PDO selectivity increases with conversion,
reflecting the dominance of Selective €20 hydrogenolysis pathways. At intermediate conversions
(approximately 10-15%), 1,3-PDO selectivity reaches a plateau near ~80%, corresponding to the
regime in which selective hydrogenolysis is maximized. At higher conversions (> 20%), 1,3-PDO
selectivity decreases sharply, indicating a transition toward unselective reaction pathways. As a
consequence, the calculated 1,3-PDO yield exhibits a clear maximum at intermediate conversions,
defining an optimal operating window in which conversion and selectivity are favorably balanced.
Fig. 4 thereforesestablishes that selective glycerol hydrogenolysis over the C11 catalyst is favored
under moderate reaction severity, characterized by intermediate temperatures, sufficient hydrogen
pressure, and controlled conversion levels. These results define the catalytic performance baseline
for subsequent mechanistic and kinetic analyses and provide guidance for identifying operating
conditions that maximize 1,3-PDO yield while suppressing undesired side reactions.

3.4 Determination of Active Sites and Their Kinetic Roles

To enable active-site-resolved kinetic analysis, three systematically designed catalyst sets were
employed, as summarized in Tables 2—4. These sets independently vary Pt site density (for Fig.5
A), Bronsted acid site density at nearly constant Pt loading (for Fig.5 B), and Lewis acid site density

12
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on Brgnsted-free supports (for Fig.5 C), providing a controlled framework for isolating the roles of
individual catalytic functionalities.

Table 2: Catalysts used for Fig.5 A to isolate the effect of Pt site density at nearly constant-acidity
(Pt/W—-KIT-6 series). All site densities are reported as x107% kmol kg

AUTHOR SUBMITTED MANUSCRIPT - SSTECH-100210.R2

Catalyst Dopant Pt loading (wt%) Calcination (°C) Ptsites Brgnsted acid Lewis acid
CO06 w 0.0 550 0.0 0.27 0.06
Cl11 w 0.2 550 9.7 0.27 0.06
Cl12 W 04 550 19.5 0.27 0.06
C13 w 0.6 550 28.9 0.26 0.06
Cl4 w 0.8 550 37.7 0.26 0.05
C15 w 1.0 550 45.6 0.26 0.06

Table 3: Catalysts used for Fig.5 B to evaluate the effect of Brgnsted acid site density at ap-
proximately constant Pt site density and low Lewis_acidity.

All site densities are reported as

%1075 kmol kg, N
Catalyst Dopant Pt loading (wt%) Calcination (°C) | Ptsites Brensted acid Lewis acid
C23 W 1.0 650 47.1 0.10 0.05
C22 Nb 1.0 650 47.1 0.12 0.04
C21 Nb 1.0 550 47.6 0.18 0.06
C15 \ 1.0 550 45.6 0.26 0.06

Table 4: Catalysts used for Fig.5«C to probe the influence of Lewis acid sites using Brgnsted-free
supports. All site densities are reported asix10~° kmol kg .

Catalyst Dopant Pt loading (wt%) /Calcination (°C) Ptsites Brgnsted acid Lewis acid
C20 Si 1.0 550 47.8 0.00 0.00
C24 Zr 1.0 900 46.9 0.00 0.07
C19 Zr 1.0 750 46.9 0.00 0.25
C18 Zr 1.0 650 47.0 0.00 0.32
C17 Zr 1.0 600 47.2 0.00 0.43
C16 Zr 1.0 550 47.7 0.00 0.50

The reaction network shown in Fig. 1 represents lumped reaction pathways constructed from
experimentally observable product distributions and established mechanistic sequences reported
for glycerol hydrogenolysis over bifunctional metal—-acid catalysts. Because short-lived intermedi-
ates (e.g., enols, aldehydes, and dehydrated species) cannot be directly quantified under the present
reaction conditions, the kinetic analysis focuses on net observable transformations between glycerol
and stable products. Consequently, sequential dehydration and hydrogenation steps that occur in
rapid sueeession and cannot be experimentally resolved are grouped into composite pathways (e.g.,
R1+R2 or R1+R3+R4). The assignment of products to these pathways is based on stoichiometric
consistency, literature-reported mechanisms, and the systematic variation of Brgnsted and Lewis
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acidity used in this study to differentiate reaction routes. Fig. 5 systematically elucidates the individ-
ual and cooperative roles of metallic Pt sites, Brgnsted acid sites, and Lewis acid sitesdn governing
glycerol hydrogenolysis kinetics through an active-site-decoupled catalyst design.,By leveraging
catalyst series in which one class of active sites is varied while the others afe held approximately
constant, the intrinsic kinetic contributions of each site type can be distinguished without ambigu-
ity from correlated structural or textural effects. Fig. Sa presents the dependence of reaction rates
for glycerol conversion to 1,3-propanediol (R1+R2) and 1-propanol (R1+R3+R4) on the number
of exposed surface Pt sites, obtained using the Pt/W-KIT-6 loading series. Across this series,
Brgnsted and Lewis acid site densities remain nearly constant, enabling isolation of the metal-site
contribution. The rate of the glycerol-to-1,3-propanediol pathway (RT+R2)increases linearly with
Pt site density over the entire range investigated, indicating that hydrogen'activation and subsequent
hydrogenation steps occurring on Pt govern the overall rate of the'selective hydrogenolysis pathway
under standard operating conditions. The corresponding Pt-site-normalized turnover frequency for
the R1+R2 sequence is approximately constant (~0.07 s~!);'¢onfirming operation in a Pt-limited
regime rather than an acid-limited or transport-limited regimes In contrast, the rate of glycerol con-
version to 1-propanol via the consecutive pathway (R1+R3+R4) exhibits a weaker dependence on
Pt site density in this moderate-acidity regime, with a substantially lower apparent Pt-site turnover
frequency. This behavior indicates that, while Pt is required to supply activated hydrogen for
both product channels, metal sites alone are insufficient to drive significant flux toward deeper
hydrogenolysis products in the absence of strong acid promotion. These observations establish that
an adequate population of accessible Pt sites'is a prerequisite for both reaction sequences, but that
Pt does not determine product selectivity on its.own. Fig. 5b examines the influence of Brgnsted
acid site density on reaction rates using €atalysts with comparable Pt site densities and minimal
Lewis acidity. In this series, the rate of theselective glycerol-to-1,3-propanediol pathway (R1+R2)
exhibits a non-monotonic dependence on Brgnsted acidity: an initial increase with increasing
Brgnsted site density is followed byra clear maximum at intermediate acidity, beyond which the
R1+R2 rate decreases. To emphasize this, behavior, the R1+R?2 data are represented by two linear
segments: an increasing trend connecting low- to moderate-acidity catalysts, and a decreasing trend
connecting the moderate- and hi@-acidity catalysts. This representation highlights the existence
of an optimal Brgnsted acid dénsity required to maximize selective glycerol-to-1,3-propanediol
conversion. At low Bugnsted acidity, insufficient acid functionality limits glycerol dehydration
and rearrangement steéps preceding hydrogenation, resulting in suppressed R1+R2 rates despite
abundant Pt sites. /At exeessive Brgnsted acidity, over-dehydration and secondary acid-catalyzed
transformations divert reactive intermediates into the consecutive pathway (R1+R3+R4), leading to
a decline in theselective R1+R2 flux. In contrast, the rate of 1-propanol formation via R1+R3+R4
increases mofotonically with Brgnsted acidity, indicating that stronger or more abundant Brgnsted
acid sites preferentially promote deeper hydrogenolysis.

Figsg 5c evaluates the influence of Lewis acid sites using Brgnsted-free Pt/Zr-KIT-6 catalysts
with systematically varied Lewis acidity. Under these conditions, the rate of the selective R1+R2
pathway remains negligible and essentially independent of Lewis acid density, even though Pt
site densities are comparable to those of catalysts active for R1+R2 in Fig. 5a and 5b. This
result. demonstrates that Lewis acid sites do not participate in the glycerol-to-1,3-propanediol
pathway. In contrast, the rate of 1-propanol formation via R1+R3+R4 increases modestly with
Lewis.acid density, indicating that Lewis acid sites favor nonselective pathways such as glycerol
isomerization, C—C bond cleavage, or alternative dehydration routes that lead to 1-propanol. The
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absence of R1+R2 activity on Brgnsted-free catalysts further confirms that bifunctional cooperation
between Pt and Brgnsted acid sites is essential for selective hydrogenolysis. The kinetic results
indicate that Lewis acid sites do not promote the selective glycerol — 1,3-propanediol pathway
under the studied conditions. Increasing Lewis acid-site density does notrincrease the rate of
the selective pathway, indicating that Lewis acidity is not kinetically relevant for this reaction
channel. However, minor shifts toward competing products are observed, suggesting that Lewis acid
sites may influence parallel pathways by modifying glycerol adsorption geometry and stabilizing
alternative dehydration intermediates. Fig. 5 establishes that selective glycerol hydrogenolysis
to 1,3-propanediol requires the simultaneous presence of (i) a sufficient density of metallic Pt
sites to supply activated hydrogen, (ii) a moderate density of Br@nsted acid sites to promote
controlled dehydration and rearrangement steps associated with R1 and R2, and (iii) minimal Lewis
acidity to suppress competing, nonselective pathways associatedwith R3 and R4. The selective
formation of 1,3-propanediol is commonly associated with Brgnsted=acid-promoted dehydration
of the secondary hydroxyl group of glycerol, followed by hydrogenation on adjacent metal sites.
Brgnsted acid sites can protonate the hydroxyl group and facilitate regioselective dehydration steps
that generate intermediates favorable for 1,3-PDO formation. Incontrast, Lewis acid sites typically
coordinate with oxygen atoms through lone-pair donation, which modifies the adsorption geometry
of glycerol and can favor alternative dehydration’ pathways.y Such coordination may stabilize
intermediates leading to competing products such as 1,2-propanediol rather than the regioselective
pathway required for 1,3-PDO formation, providing a mechanistic explanation for the negligible
contribution of Lewis acidity to the selective 1,3-PDO pathway observed in this study. These results
provide a quantitative and site-specific foundation forrational catalyst design and directly motivate
the turnover frequency analysis presentedimsthe following section.
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Figure 5: Active-site-dependent reaction kinetics for glycerol hydrogenolysis: (a) reaction rates
versus Pt site density for Pt/W—KIT-6 catalysts at nearly constant acidity; (b) reaction rates versus
Brgnsted acid-site density at approximately constant Pt site density and low Lewis acidity; (c)
reaction rates.versus Lewis acid-site density for Brgnsted-free Pt/Zr—KIT-6 catalysts.
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3.5 Catalyst Reusability and Stability

The reusability of the Pt/Nb-KIT-6 catalyst was evaluated through four consecutive reaction ¢ycles
under standard conditions (200 °C, 3 MPa H,, 1.0 g catalyst). As shown in Fig. 6a, the glycerol
conversion remained nearly constant over the four cycles, indicating excellentcatalytic stability
during repeated operation. At the same time, the product selectivity was largely preserved, with
1,3-propanediol (1,3-PDO) remaining the dominant product throughout the cycles, accompanied by
minor amounts of 1,2-propanediol (1,2-PDO), 1-propanol (1-PrOH), and 2<propanel (2-PrOH). The
absence of significant changes in conversion and selectivity suggests that'the active sites responsible
for glycerol hydrogenolysis remain stable during recycling and thatmo significant deactivation
occurs under the reaction conditions. To further examine possible/structural or chemical changes
after reaction, the fresh and spent catalysts were characterized by NHs temperature-programmed
desorption (NH3-TPD) and X-ray photoelectron spectroscopy (XPS). As'shown in Fig. 6b, the
NH;3-TPD profiles of the fresh and spent catalysts are highly, similar, with only a slight decrease
in the overall desorption intensity for the spent catalyst, indicating, that the acidic properties of the
Nb-modified KIT-6 support are largely preserved after reactions, The XPS spectra of Pt 4f for the
fresh and spent catalysts (Fig. 6¢,d) exhibit nearly identical binding energies, with Pt 4f;, peaks
located at approximately 70.20 and 70.27 eV, respéctively,»which are characteristic of metallic
Pt?. These results indicate that Pt remains predominantly inithe metallic state after reaction. The
somewhat lower spectral intensity observedsfor the spent catalyst is likely associated with partial
surface coverage by adsorbed reaction species or:minor catalyst loss during recovery and handling,
rather than changes in the Pt chemical state. Qverally the combined catalytic and characterization
results confirm the good structural and,functional stability of the Pt/Nb-KIT-6 catalyst under the
studied reaction conditions.

While the present work provides active-site-resolved kinetic insight into glycerol hydrogenol-
ysis over bifunctional Pt/KIT-6 catalysts, several limitations should be noted. The kinetic anal-
ysis is based on lumped reaction"pathways derived from observable products rather than a full
elementary-step microkinetic model. In‘addition, intrinsic kinetic parameters were obtained from
batch initial-rate measurements,and further validation under continuous-flow conditions would
strengthen reactor-scale interpretation. Finally, the mechanistic interpretation relies primarily on
kinetic correlations and contrelled variation of Brgnsted and Lewis acidity rather than direct in situ
spectroscopic identification of surface intermediates. Nevertheless, these limitations do not alter
the central conclusiensthat the catalytic contributions of Pt metal sites, Brgnsted acid sites, and
Lewis acid sites can be quantitatively decoupled under the investigated conditions.

4 Concluding Remarks

This work establishes an active-site-resolved kinetic framework for understanding and controlling
the selective hydrogenolysis of glycerol over bifunctional Pt/KIT-6 catalysts. By systematically
decoupling and'quantitatively correlating the densities of surface Pt sites, Brgnsted acid sites, and
Lewis acid sites with reaction rates and selectivities, we show that glycerol hydrogenolysis proceeds
through distinct, site-dependent pathways whose behavior cannot be rationalized using conventional
bulk catalyst descriptors alone. The site-resolved approach links the product distributions directly
to thereaction network in Fig. 1 and provides a quantitative basis for distinguishing selective versus
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Figure 6¢ Characterization and stability of the Pt/Nb—KIT-6 catalyst: (a) recycling performance
showing glycerol conversion and product selectivity during four consecutive cycles at 200 °C,
3 MPaH;, and 1.0 g catalyst; (b) NH3-TPD profiles of fresh and spent catalysts calcined at 550 °C;
(c) Pt 4f XPS spectrum of the fresh catalyst; (d) Pt 4f XPS spectrum of the spent catalyst after
reaction.
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consecutive hydrogenolysis routes. Quantitative rate analysis demonstrates that the‘formation
rates of both 1,3-propanediol and 1-propanol increase with the density of exposed Pt sites, under
conditions of fixed acidity, confirming that metallic Pt sites are required for hydregen activation
and key hydrogenation steps. Acid functionality, however, dictates how carbon flux is partitioned
between selective and consecutive pathways. The selective glycerol-to-1,3-propanediol sequence
(R1+R2) exhibits a clear maximum at intermediate Brgnsted acid densities, indicating.an optimal
metal-Brgnsted acid cooperation that promotes selective secondary hydroxyl activation while
avoiding over-dehydration. Increasing Brgnsted acidity beyond this optimum suppresses the R1+R2
flux and strongly promotes the consecutive route to 1-propanol (R1+R3+R4), consistent with acid-
driven dehydration—hydrogenation sequences that favor deeper hydrogenolﬁis. In contrast, Lewis
acid sites alone provide negligible activity toward the selective pathway and primarily enhance
nonselective routes, reinforcing that Brgnsted acidity is the ctitical acid/functionality for 1,3-
propanediol selectivity. The Pt/W—KIT-6 catalyst (0.2 wt% Pt) exhibits a Pt site density of 9.7
x 1076 kmol kg_) together with Brgnsted and Lewis acid-site\densities of 0.27 and 0.06 X 1076
kmol kggalt, respectively. Under standard conditions (200 °C, 3 MPa H,), the catalyst achieves
approximately 12% glycerol conversion with ~80% selectivity te, 1,3-propanediol. The Pt-site-
normalized turnover frequency for the selective glycerol-to-1,3-PDO pathway is approximately 0.07
s~!, while Lewis acid sites alone contribute negligibly to thisypathway, confirming that selective
hydrogenolysis requires the cooperative presence of /accessible Pt sites and moderate Brgnsted
acidity. Turnover frequency analysis furthér eonfirms that Brgnsted acid sites act as true kinetic
promoters rather than spectators: under optimized.conditions, their promotion efficiencies exceed
intrinsic Pt-site activity by more than an order of magnitude, while excessive Brgnsted acidity
shifts the system toward the consecutive R1#R3+R4 pathway. These findings clarify long-standing
ambiguities regarding the respective roles:of metal and acid sites in glycerol hydrogenolysis and
provide a quantitative explanation for the wide variability in reported selectivities across nominally
similar bifunctional catalysts. This study broadly demonstrates the value of active-site-resolved
kinetics as a general strategy for disentangling complex metal-acid reaction networks. Rather
than relying on catalyst screening,or empirical optimization, the approach presented here enables
rational design by explicitly linking reaction pathways to quantifiable site populations and their
balance. The design principles‘identified—a sufficient density of accessible Pt sites coupled with
moderate Brgnsted aCidity and.minimized Lewis acidity—are readily extendable to other polyol
transformations and multifunctional catalytic systems where selectivity emerges from competition
between parallel and consecutive pathways.
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