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Glycerol (GLY) is an attractive biobased platform chemical that produces valuable fine chemicals with a
wide range of industrial applicability and has the potential to produce high-purity H, gas. Herein, we
established an efficient method for selective production of H, gas and lactic acid (LA) from aqueous
glycerol under mild reaction conditions (90-130 °C) over various supported ruthenium catalysts. Nota-
bly, we achieved a substantial yield of H, gas (n(H,)/n(GLY) ratio of 1.4 with >99.9% H, purity) and LA
(86%) from glycerol over Ru nanoparticles immobilized over a La(OH)z support (Ru/La(OH)s) in contrast
to bare Ru nanoparticles where we observed a n(H,)/n(GLY) ratio of 1.6 with only 70% yield of LA as we
reported previously. We could significantly boost the generation of both H, gas and LA by tuning the
reaction parameters, including reaction time, temperature, base, and water concentrations. Furthermore,
the effect of various support materials such as Mg(OH),, ZnO, ZrO,, and TiO, was also tested for H,
production from GLY under optimized reaction conditions. The employment of various characterization
techniques to understand the physicochemical properties of the synthesized supported Ru catalysts
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1. Introduction

In the recent past, there have been considerable efforts in
exploring sustainable and environmentally benign energy
resources to meet the ever-increasing global energy demand
driven by population growth and industrialization."” In this
regard, hydrogen (H,), a sustainable energy carrier with high
energy density (120 MJ kg~ '), has garnered significant attention
and is widely regarded as the most promising solution to
address these energy crisis and climate change issues.>® The
low volumetric energy density, high diffusivity, and flammabil-
ity of hydrogen gas make it challenging to store or transport,
one of the biggest hurdles to its extensive applications. Despite
these hurdles, hydrogen gas is being produced at the industrial
scale through various processes such as reforming of methane,’
aqueous phase reforming (APR),® and steam reforming (SR) of
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non-renewable resources.” Notably, these processes are very
energy-intensive and emit greenhouse gases along with H,
gas. On the other hand, there are several liquid organic
molecules such as methanol,’®*® ethanol,’*"” formic
acid,'®?' formaldehyde,”' and other polyols**’ showing
high potential to store appreciably high volumetric and gravi-
metric content of H,, which can be released in the presence of a
suitable catalyst. Advantageously, being liquid, these enable the
easy storage and transportation of H, gas.

According to the Organization for Economic Co-operation
and Development (OECD) and the Food and Agricultural Orga-
nization (FAO), global biodiesel production is projected to
increase to 9.5 billion litres by 2030.”® The major by-product
of the transesterification of triglycerides is glycerol (GLY),
formed in abundance (10 wt% of biodiesel) during biodiesel
production.”® Due to its non-toxicity and ability to be trans-
formed into several valuable platform chemicals, including
lactic acid (LA), 1,2-propanediol (PD), ethylene glycol (EG),
glycolic acid (GA) and so on, glycerol (GLY) has emerged as a
versatile bio-platform substrate.>® Furthermore, LA is one of the
important products of GLY transformation, which finds vast
application in industries. Notably, LA can be produced from
GLY either by a catalytic oxidation process or an acceptor-less
dehydrogenation process. Dehydrogenation of GLY to LA is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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considered as an attractive route for the simultaneous produc-
tion of H, gas along with LA. Hence, GLY, a waste product in
biodiesel industries, can be explored as a promising resource
for hydrogen production.

Catalytic transformation of glycerol via steam reforming (SR)
or aqueous-phase reforming (APR) has been extensively
explored for H, production.’®*" Several catalysts such as Pt/
$i0,,*? Ru/Y,03,** Ru/Al,03,*7° Ni/M (M = CeO,, MgO, Ti0,),*”
Ce-Sm-5Cu,*® Ni/La/Co/Al,03,>° Co/MgO-La,0;,"° and others
have been explored to produce H, gas via an SR process albeit
at high temperatures (>250 °C). On the other hand, the APR
process works at relatively lower temperatures than the SR
process. For the APR of GLY to H, gas, a plethora of catalysts,
including Ru/NaY (NaY - sodium zeolite),”® Ru-NMC-3
(NMC - N-doped mesoporous carbon),*! RuPt-NMC-3,*" PtMo/
C,*> PtRe/C," Pt/Al,03;,*" Pt-KHT/28 (KHT - K-promoted
hydrotalcite),”> Pt-Cu/Mg(A)O,*® PtFe/y-Al,03,"” Ni/Al,05-
La,0;,*® and others have been investigated at 200-250 °C.
Dumesic and co-workers achieved a breakthrough for the
generation of H, gas from biomass-derived compounds such
as glucose, sorbitol, glycerol, ethylene glycol and methanol
through APR over a Pt/Al,O; catalyst.** They discovered that
when the reaction temperature and pressure were increased
from 225 °C and 29 bar to 265 °C and 56 bar, the H, selectivity
decreased from 75% to 51%, while the selectivity for alkane
products increased from 19% to 34% in the case of GLY.
Although the reforming of GLY has resulted in the generation
of H, gas, the purity of H, gas is compromised due to the co-
production of other gases (CO, CO,, and CH,) following a series
of uncontrolled pathways such as C3HgO; — 4H, + 3CO; CO +
H,0 — CO, + H,; CO + 3H, — CH, + H,0; CO, + 4H, — CH, +
2H,0.

Notably, the literature reveals that most of the catalytic
transformations of aqueous GLY to H, gas have been per-
formed at high temperatures (200-900 °C), while LA production
from GLY is performed at lower temperatures (<200 °C) (Table
S1, ESIf). For instance, Raja et al. explored different metal
loadings of Ru over a NaY support (2-5 wt% Ru-NaY) for the
APR of GLY and achieved conv. up to 88% and 74% selectivity
for H, gas with contamination of other gases (24%) at 250 °C
under a continuous flow of N, gas (40 bar) over a 3 wt% Ru-NaY
catalyst. They observed that the catalytic activity in APR of GLY
was significantly improved by examining the structure-activity
relationship between Ru and the NaY support, metal loading
and dispersion of Ru metal.>® In a similar way, they also
developed Ru-based catalysts (Ru-NMC-3 and RuPt-NMC-3)
for APR of GLY and afforded 92% conversion with 88.5% H,
selectivity at 250 °C.>” On the other hand, researchers have also
delved into the steam reforming of glycerol to generate hydro-
gen gas. For instance, Hirai et al. developed a Ru/Y,0; catalyst
and observed complete conversion of GLY with 90% H, yield at
600 °C along with other gases (CO, CO, and CH,).** Adhikari
et al. explored a Ru/Al,O; catalyst for the SR of GLY at 900 °C
and observed only 58% conversion of GLY with 42% yield of H,
gas.*® Vaidya et al studied the kinetics of steam reforming
of GLY over the Ru/Al,O; catalyst in the temperature range of
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350-500 °C. They performed a reaction at 500 °C for 2 h and
obtained 50% GLY conversion with the H, yield of 58.3% with co-
production of CO (7.2%), CO, (34.2%), and CH, (0.3%).>® In a
similar direction, Kousi et al. explored modified Ru/Al,O; catalysts
for GLY reforming and observed 93%, 85%, and 57% conversion
of GLY over Ru/Al,O3, Ru/B,0;-Al,0; and Ru/MgO-Al,O; catalysts
at 600 °C, respectively, with the H, yield of ~68% along with other
gases (CO, CO, and CH,).*® It is worth noting that a major
drawback of steam reforming is the production of impure hydro-
gen, necessitating additional steps for purification. Even though
the dehydrogenative method for converting GLY to LA is an
appealing and sustainable approach to generate both H, gas
and LA, most of the research focused on the oxidative conversion
of GLY to LA employing Cu, Ni, Au, or Pd-based catalysts.**®°
During the former process, excessive oxidation of glyceraldehyde
produces glyceric acid, tartaric acid, and glycolic acid (GA) along
with LA, which dramatically decreases the selectivity of the desired
LA product (Schemes S1 and S2, ESIt).

In the literature, some non-noble metal-based catalysts such
as Cu,* Cu,0,’° Cu0/Zr0,,*>' Cu0/Ce0,,*> CuO/Al,0;,>® Cu-
Cu,0@NC (NC - N-doped carbon),** Co0;0,/Ce0,,>> CoCl,,*®
and Ni/HAP (HAP - hydroxyapatite),>” have also been explored
for the conversion of GLY to LA. Moreover, noble metal-based
supported catalysts such as AuCu/Ce0,,*® M/CeO, M = Ay,
Pt),>° PA/HAP,*" M/ZnO® (M = Pt, Pd, Rh, and Au), Pt/C,** Pt/
carbon material,** Pt/L-Nb,O5,%® Pt/support (ZrO,, TiO,, C),*°
Pt/Zr0,,%” Ru-Zn-Cu(1)/HAP,*® and Au/HAP/BN (BN - boron
nitride),*® were primarily developed for the transformation of
GLY to LA at higher temperature (>160 °C) under a gaseous
atmosphere (He, N, or ethylene). For instance, Wang et al.
reported the hydrothermal conversion of GLY to LA over a Pd/
HAP catalyst at 230 °C using NaOH (1.1 equiv.) and exhibited
complete conversion of GLY with 95% selectivity of LA in
1.5 h.®* Similarly, Urbano et al. studied different noble metals
(Pt, Pd, Rh Au) supported over ZnO under H, or He pressure
(20 bar) at 180 °C in an alkaline medium and achieved complete
conversion of glycerol but with lower selectivity of LA (68%) over
Rh/Zn0.%* Several catalysts documented in the literature require
an inert atmosphere for achieving a high yield of lactic acid (LA)
and primarily focus on the conversion of GLY only to LA, with
limited reports on the generation of hydrogen gas.®*®° In the
search for efficient catalytic systems for the production of H, gas,
Pescarmona et al. investigated a Pt/ZrO, catalyst to facilitate a one-
pot transfer hydrogenation reaction between glycerol and cyclo-
hexene to produce LA (95%) and cyclohexane without additional
H, gas at 160 °C in 4.5 h under a N, atmosphere (20 bar), which
clearly indicates that GLY has the potential to be explored as a
hydrogen storage material.’” Han et al. developed a Ru-Zn-Cu(i)/
HAP catalyst for the transformation of GLY to LA at 140 °C and
achieved >99% GLY conversion with the LA yield of 70.9% in
24 h. However, when they used a Ru/HAP catalyst, they achieved
63.7% yield of LA with complete conversion of GLY and 13.7%
selectivity for methane gas in 12 h.® A few Ru-based molecular
catalysts have also been explored for the catalytic transformation
of GLY to LA.%"" Beller et al. reported a PNP-Ru catalyst and
achieved 67% LA yield at 140 °C over 24 h using diglyme or NMP/
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water as a solvent with the evolution of CO and CO, gases along
with H, gas.”° Similarly, Kumar et al. explored an NNN pincer Ru
complex for the catalytic conversion of GLY to LA and achieved
90% yield of LA with complete conversion of GLY using ethanol as
a solvent at 140 °C in 48 h. However, when the reaction was
carried out using water as a solvent, they observed only a 40%
yield of LA with 44% GLY conversion.”" Recently, we also reported
selective hydrogen and LA production from GLY using NaOH over
bare ruthenium nanoparticles in water, where we achieved com-
plete conversion of GLY in 10 h with 1.6 equiv. H, gas and 70%
yield of LA at 110 °C.> It is evident from the literature reports that
most of the catalytic systems are active at high temperature and
pressure conditions. Moreover, the purity of hydrogen gas is also
one of the major issues as contaminants such as CO, CO,, and
CH, were also produced along with H, gas.

In this regard, herein, we synthesized ruthenium nano-
particles immobilized over various supports (La(OH)s,
Mg(OH),, ZnO, ZrO,, and TiO,) and explored them for a
sustainable, efficient, and low-temperature approach for the
selective production of high-purity H, gas along with high yield
of LA from aqueous glycerol (GLY). Controlled experiments
were performed to elucidate the plausible dehydrogenation
pathway of GLY to H, and LA. The developed supported
ruthenium catalysts showed high activity for large scale gen-
eration of H, gas from GLY with a productivity of 12 L H,/gr,/h
at 130 °C. Additionally, the developed process was extended for
H, gas production from various other terminal diols such as
ethylene glycol (EG), 1,3-propanediol (PDO), 1,4-butanediol
(BDO), 1,5-pentanediol (PO) and 1,6-hexanediol (HDO).

2. Results and discussion

2.1. Synthesis, characterization, and screening of Ru catalysts
for the transformation of GLY to H, gas and SL

Supported metal catalysts have more advantages in terms of
high dispersion, catalytic activity, stability, and reusability than
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Paper

unsupported metal catalysts.”> Metal hydroxides and metal
oxides are an important class of support materials having
notable properties such as high surface area and high thermal
stability.”®> Ru nanoparticles stabilized over different metal
oxides, such as ZrO,, Nb,Os, CeO,, Al,O3, ZnO, etc., have been
explored extensively for the transformation of GLY to lactic acid
(LA).>' 7335255 Therefore, at the outset, we synthesized various
Ru nanoparticles immobilized over different basic (La(OH)s,
Ru/Mg(OH),), amphoteric (ZnO, ZrO,), and acidic (TiO,) sup-
ports using a wet-impregnation method followed by NaBH,
induced reduction. The P-XRD patterns of the synthesized Ru
catalysts showed dominant peaks corresponding to the support
material only, while no peaks corresponding to Ru were
observed, suggesting that Ru nanoparticles are well dispersed
over the support materials (Fig. S1, ESIt). The FE-SEM images
of Ru catalysts showed no visible Ru nanoparticles due to their
small particle size. However, EDX and elemental mapping
evidenced the presence of Ru in all the supported catalysts
(Fig. S2-S12, ESIY).

We further screened these catalysts for the dehydrogenation
of GLY in water (n(GLY)/n(H,O) of 1:3) using NaOH (2.0 equiv.)
at 130 °C (Table 1 and Fig. S13, S14, ESI{). Over the Ru/La(OH);
catalyst having 9 wt% Ru loading, high catalytic activity was
achieved with the complete conversion of GLY and evolution of
470 mL H, gas (96% yield of H,, TON 152, and TOF 105 h™*)
with 86% yield of sodium lactate (SL) in 4.5 h (Table 1, entry 1).
Ru/Mg(OH),, having Ru loading of 7.5 wt%, also showed
appreciably good catalytic activity with the release of 402 mL
of H, gas (97% yield of H,, TON 146, and TOF 60 h™') along
with GLY conversion of 80% and 59% yield of SL in 4.5 h
(Table 1, entry 2). Ru/ZnO having Ru loading of 8.2 wt% showed
70% conversion of GLY with 290 mL of H, (92% yield of H,,
TON 116, and TOF 40 h™") and 61% yield of SL in 4.5 h (Table 1,
entry 3). On the other hand, Ru/ZrO, and Ru/TiO,, having metal
loadings 8.3 and 8.6 wt%, showed 67% (TON 110 and TOF
59 h™") and 62% conversion (TON 98 and TOF 62 h™ ") with SL

Table 1 Optimization of the reaction conditions for hydrogen production from glycerol over the Ru catalyst®

OH

o

Ruthenium catalyst
Ho__ oH ! e Hy 4 \(lLON a
13.68 [ Ar, NaOH (2.0 equiv.), OH
-0 MMOL 1.0 (41.04 mmol),130 °C,
45h
Yield of products® (% C)
Entry Catalyst H, gas’ (mL) n(H,)/n(GLY) Conv. (%) SL(Sel.%) SG PD SF CB?(%) H,yield® (%) TON/TOF (h %)
1 Ru/La(OH); 470 1.4 >99 86 (86) —  — 12 98 96 152/105
2 Ru/Mg(OH), 402 (522)% 1.2 80 (>99F 59 (74) 1 — 16 9 97 146/60
3 Ru/ZnO 290 (450)" 0.9 70 (>99)" 61 (87) 1 — 6 98 92 116/40
4 Ru/Zr0O, 290 (490)' 0.9 67 (>99) 52 (78) 2 — 9 96 96 110/59
5 Ru/TiO, 254 (340) 0.8 62 (88Y 51 (82) 2 — 6 97 92 98/62
6 La(OH); — — n.r. — — — - — — —
7 Ru 478 (534) 1.4 85 (>99) 63 (74) —  — 20 98 99 —/82

“ Reaction conditions: Ru/support (100 mg), GLY (13.68 mmol), NaOH (2.0 equiv.), water (41.04 mmol), 130 °C and 600 rpm. ? Volume of gas was
measured using the water displacement method. ° Yield (at 4.5 h) was calculated by "H NMR using sodium acetate as an internal standard. ¢ CB is
carbon balance based on the yield and conversion at 4.5 h. ¢ H, yield based on CB./ Turnover frequency was calculated based on the volume of H,
gas released in the initial 1 h; TOF = TON/t. SL (sodium lactate), SG (sodium glycolate), PD (1,2-propanediol), and SF (sodium formate). ¢ In
parentheses, gas evolved and conv.% in 7 h. ® 8 h. “ 8 h./ 7 h. ¥ 6.5 h. n.r. (no reaction).
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yield of 52% and 51%, respectively in 4.5 h (Table 1, entries 4
and 5).

Notably, the reaction could not proceed if only La(OH); was
used (Table 1, entry 6), while with bare Ru nanoparticles, 85%
GLY conversion with the evolution of 478 mL H, gas (99% yield
of Hy, TOF 82 h™") along with 63% SL and 20% sodium formate
(SF) in 4.5 h was observed (Table 1, entry 7). The observed
enhanced yield for SL (86%) over the Ru/La(OH); catalyst as
compared to bare Ru nanoparticles (63% yield of SL) indicates
the prominent effect of the support in tuning the catalytic
activity. Previously also, we observed a lower SL yield (70%)
over bare Ru nanoparticles using NaOH (2.0 equiv.) in 10 h at
110 °C with 1.6 equiv. of H, gas.>> Moreover, the complete
conversion of GLY to H, gas and SL over Ru/Mg(OH),, Ru/ZnO
and Ru/ZrO, catalysts took a longer time (7-8 h) at 130 °C
(Table 1), as compared to the Ru/La(OH);. The results indicated
that Ru/La(OH); performed well over other supported ruthe-
nium catalysts in terms of the high yield of H, and SL. Though
the metal loading, metal particle size, metal dispersion and
metal active sites may influence the catalytic activity signifi-
cantly, the higher catalytic activity of Ru/La(OH); could be
primarily attributed to the strongly basic nature of the support
with a higher surface area than the others. Notably, TEM
imaging showed that all the supported ruthenium catalysts
have analogous particle sizes ranging from 1.5 nm (for Ru/
La(OH)3, Ru/ZnO and Ru/TiO,) to 1.8 nm (for Ru/ZrO,) (Fig. 1
and Table S2, ESIt). Moreover, Ru/La(OH)z;, Ru/ZnO, and Ru/
TiO, displayed a metal dispersion of 87%, as compared to 76%
for Ru/Mg(OH), and 72% for Ru/ZrO,. Notably, metal disper-
sion refers to the particle size of Ru nanoparticles, as estimated
by TEM. However, to further distinguish the Ru particles from
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the La(OH); support, we performed HAADF-STEM and EDS
mapping analysis (Fig. 1 and Fig. S3, ESIf). In the HAADF-
STEM images, we can clearly see brighter Ru nanoparticles on
the support. The difference between the ruthenium nano-
particles and the La(OH); support material was validated by
comparing the TEM image of the Ru/La(OH); catalyst with the
La(OH); support alone (Fig. S15, ESIf). The observed lattice
parameter of 0.318 nm for both La(OH); and Ru/La(OH);
further verifies the presence of the La(OH); support, which is
consistent with the literature reports.”*”> Moreover, the SAED
pattern of the La(OH); (Fig. S15, ESIT) depicts the polycrystal-
line nature of the La(OH); support.”*”> The EDS and elemental
mapping further confirmed the elemental distribution of Ru
and La within the sample. Furthermore, the Brunauer-
Emmett-Teller (BET) surface area, as determined by N, adsorp-
tion-desorption isotherms, of Ru/Mg(OH), and Ru/La(OH); are
172 m* g " and 81 m* g, respectively as compared to Ru/ZnO
(30 m* g™"), Ru/ZrO, (30 m*> g~ %), and Ru/TiO, (27 m* g™ )
(Fig. S16 and Table S2, ESIt). Interestingly, Ru/La(OH); and Ru/
TiO, have analogous metal loading, metal particle size
(1.5 nm), metal dispersion (87%), and surface metal active
sites, but they exhibited contrasting catalytic performance,
where complete conversion of GLY was achieved over Ru/
La(OH); in 4.5 h, while Ru/TiO, exhibited only 67% conversion
under analogous conditions (Table 1, Fig. S13 and Table S2,
ESIT). Furthermore, as revealed by CO, TPD experiments, Ru/
La(OH); and Ru/Mg(OH), exhibited CO, desorption peaks at
higher temperatures corresponding to moderate to strong
basic sites (Fig. S17, ESIt). Generally, desorption peaks at low
(<300 °C), medium (300-550 °C), and high temperature
(>550 °C) can be ascribed to the presence of weak, moderate,

Intensity (a.u.)

Lad,, (f)

satelite signal

Inntensity (a.u.)

0.5 10 15 2!
Partide size (nm)

Fig. 1
Ru/La(OH)s catalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@) HR-TEM, (b) and (c) HAADF-STEM images, and (d) particle size distribution curve. XPS spectra of the (e) Ru 3p region, and (f) La 3d region for the

Energy Adv, 2025, 4,106-118 | 109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ya00213j

Open Access Article. Published on 06 November 2024. Downloaded on 2/3/2026 2:03:51 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy Advances

and strong basic sites, respectively.”® In contrast, Ru/ZrO, and
Ru/TiO, only exhibited a peak below 300 °C, indicating weak
basic sites, while Ru/ZnO showed a peak with the lowest
intensity, indicating very few basic sites (Fig. S17, ESIT).

The wide scan XPS of the Ru/La(OH); catalyst also confirmed
the presence of all elements, i.e., Ru, La, and O (Fig. S18, ESIY),
which is consistent with the EDS data of the Ru/La(OH);
catalyst (Fig. S2, ESIt). Deconvolution of the XPS data showed
the peaks at binding energies of 462.9 eV and 485.2 eV for the
Ru 3ps,, and Ru 3p;,,, respectively, corresponding to the Ru(0)
state (Fig. 1(e)). The observed binding energy values for Ru(0) in
Ru/La(OH); are consistent with the available literature reported
values for Ru(0) nanoparticles.”” ' Nevertheless, these binding
energies exhibit a slight positive shift compared to those
typically reported for bare Ru nanoparticles, suggesting that
the Ru(0) is slightly electron-deficient in the sample Ru/
La(OH);. The observed change in binding energy can likely be
attributed to the interaction between Ru nanoparticles and the
La(OH); support.”” %" Accordingly, XPS peaks for Ru(0) 3ds,
and Ru(0) 3d;/, were found at 280.9 eV and 285.1 eV, respec-
tively, where the peak corresponding to Ru 3d;, overlapped
significantly with the peak of C 1s (284.6 eV) in the Ru/La(OH);
catalyst (Fig. S19, ESIT). For La 3d, the deconvolution of peaks
resulted in doublets at 834.6 eV and 851.3 €V, corresponding to
La(m) 3ds/, and La(ur) 3d3,, respectively. Additionally, the peaks
at 837.9 eV and 854.6 eV are satellite peaks due to the shake-up
processes (Fig. 1(f)). Spin-orbit coupling of 16.7 eV was
observed, confirming the +3 oxidation state of La.**®® In the
O 1s spectra, two peaks centered at 530.4 eV and 532.5 eV were
observed for oxygen bonded to La i.e. La-O, and adsorbed water
molecules/hydroxyl groups present on the catalyst surface,
respectively (Fig. S20, ESIt). Hence, metal-support interactions
play a crucial role in achieving enhanced catalytic activity for
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GLY dehydrogenation over the Ru/La(OH); catalyst. As the first
step in the catalytic GLY, dehydrogenation is the activation of
the O-H bond via proton abstraction and alkoxide species
formation over the catalyst surface. It can be facilitated by
either a homogeneous base or the basic sites present on the
catalyst.®>®* Advantageously, the observed Ru to La(OH); elec-
tronic interaction may facilitate the crucial hydride abstraction
step forming glyceraldehyde and H,. Glyceraldehyde can then
further undergo base-catalyzed reactions to produce lactate.
However, an excess of the base can also catalyze various side
reactions, such as C-C cleavage, leading to the production of
formate and increasing the yield of H, gas.®* Notably, Mg(OH),
is sparingly soluble in aqueous solution at higher tempera-
tures, further increasing the base concentration and, thereby,
C-C cleavage reaction due to which, higher volume of H, gas
but poor lactate selectivity over the Ru/Mg(OH), catalyst were
observed. In contrast, the weakly or poorly basic sites in Ru/
ZnO, Ru/Zr0O,, and Ru/TiO, can be correlated with their lower
catalytic activities. Moreover, the high selectivity (87%) towards
SL in the case of Ru/ZnO could be attributed to the presence of
Zn>*, which favoured the 1,2-hydride shift of pyruvaldehyde to
SL compared to the in situ hydrogenation of pyruvaldehyde to
PD (1,2-PDO).°® These results are consistent with previously
reported systems for APR of glycerol.®

2.2. Catalytic transformation of GLY to H, and SL over the Ru/
La(OH); catalyst

Notably, the dehydrogenation of glycerol (GLY) was conducted
without NaOH (with catalyst) and without catalyst (with NaOH)
at 130 °C, where no conversion of GLY, in either case, was
observed (Table 2, entries 1 and 2), suggesting the crucial role
of base and the catalyst for the dehydrogenation of GLY.
Reaction with neat GLY over the Ru/La(OH); showed 70%

Table 2 Optimization of the reaction conditions for hydrogen production from glycerol over Ru/La(OH)5?

OH
Ho. A _oH

0

Ru/La(OH);

Ar, 130 °C, NaOH, H,0

Hz + o.
OH

Entry n(GLY)/n(H,0) NaOH (equiv.) ¢ (h) H, gas® (mL) n(H,)/n(GLY)

Yield of products® (% C)
Conv. (%) SL (Sel.%) SG PD SF

CB? (%) H, yield® (%) TOF (h™1)

1 1:3 — 45 — —
28 1:3 2.0 4.5 — —
3 1:0 2.0 8 260 0.8
4 1:1 2.0 6 446 1.3
5 1:3 2.0 4.5 470 1.4
6 1:6 2.0 5.5 456 1.3
7 1:10 2.0 6.5 386 1.1
8 1:20 2.0 6.5 156 0.5
9 1:3 0.5 3.5 138 0.4
10 1:3 1.0 4 270 0.8
11 1:3 1.5 5 356 1.0

n.r. — - = = — — —
n.r. — — — —_ - — —
70 51 (73) 3 3 9 9% 92 33
95 77 (81) <1 <1 14 97 98 82
>99 86(86) — — 12 98 9 105
93 76 (82) 3 1 10 97 92 97
81 66 (81) 3 1 7 9 87 67
69 47 (68) 9 1 3 91 88 38
52 37 (71) 1 10 1 97 90 36
85 70 (82) 2 4 5 9 92 68
93 79 (85) 1 1 8 9 92 85

“ Reaction conditions: Ru/La(OH); (100 mg, 9 wt% Ru), GLY (13.68 mmol), NaOH (27.36 mmol), water (0-20 equiv.), 130 °C, and 600 rpm. ? Volume
of gas was measured by the water displacement method. ¢ Yield was calculated by 'H NMR using sodium acetate as an internal standard. ¢ CB is
carbon balance. ° H, yield based on CB. / Turnover frequency (TOF) was calculated based on the volume of H, gas released in the initial 1 h; TOF =
TON/t. ¥ Reaction in the absence of a catalyst. The results reported are the average of at least two repeated reactions. SL (sodium lactate), SG
(sodium glycolate), PD (1,2-propanediol), SF (sodium formate) and n.r. (no reaction).
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conversion of GLY with the release of 260 mL (92% yield of H,)
[(n(H,)/n(GLY) ~ 0.8)] of H, in 8 h (Table 2, entry 3). GC-TCD of
the released gas confirmed the presence of only H, gas without
any other gaseous contamination (CO, CO,, CH, or alkanes),
confirming the selective production of H, from GLY (Fig. 2 and
Fig. 21, ESIY).

The conversion of GLY was enhanced to be 95% when one
equivalent of water was added to the reaction, releasing 446 mL
(98% yield of H,) [(n(H,)/n(GLY) ~ 1.3)] of gas in 6 h (Table 2
entry 4), indicating the crucial role of water in the H, produc-
tion from GLY. On further increase in the water content (GLY/
H,0 molar ratio of 1:3), enhanced conversion of GLY (>99%)
was achieved with the release of 470 mL (96% yield of H,)
[(n(H,)/n(GLY) ~ 1.4)] of gas in 4.5 h with appreciably good
yields of SL (86%) (Table 2, entry 5). Since water improves the
solubility of NaOH, it increases the mass transfer of NaOH and
decreases the viscosity of GLY and therefore, enhanced catalytic
transformation of GLY to H, and SL was achieved in the
presence of water.®® However, upon the further increase in
the water content, the amount of H, gas was decreased to
456 mL (97% yield of H,) (93% GLY conversion) and 386 mL
(87% yield of H,) (81% GLY conversion) for the n(GLY)/n(H,O)
ratio of 1:6 and 1: 10, respectively (Table 2, entries 6 and 7). For
the more diluted aqueous solution of GLY (n(GLY)/n(H,O) ratio
of 1:20), lower GLY conversion (69%) with the release of only
156 mL (88% yield of H,) of H, gas was observed (Table 2, entry
8). Increasing the glycerol : water ratio to 1:6 or more, resulted
in a decrease in the molar concentration of GLY in the reaction
mixture. This dilution effect reduces the availability of GLY
molecules at the catalyst active sites, thereby lowering the rate
of H, production and GLY conversion. Additionally, the higher
water concentration may inhibit the adsorption of GLY over the
catalyst surface, further contributing to decreased catalytic
efficiency. These results indicated the crucial role of the
n(GLY)/n(H,0) ratio in achieving a high yield of H, gas and
SL for the catalytic transformation of GLY over the Ru/La(OH);
catalyst (Fig. S22, ESIT).

500
-
E 400 -
(/]
©
O 300
N -
I 5 Hy
5 2
g 200 -
E éair
2 100+ 5
> T T T T T T T
0 1 2 3 4 5 6 7 8
Time (min)
0 T T T T
0 1 2 3 4 5
Time (h)

Fig. 2 Time course plot for hydrogen gas production from GLY over the
Ru/La(OH)s catalyst. Reaction conditions: Ru/La(OH)z (100 mg, 9 wt% Ru),
GLY (13.68 mmol), NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and
600 rpm.
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Moreover, the concentration of NaOH significantly influ-
enced the efficiency of producing the selective H, gas and SL
(Table 2, entries 9-11, and Fig. S23, ESI{). Upon varying the
NaOH concentration from 0.5 equiv. to 1.5 equiv., a significant
enhancement in the volume of H, gas as well as the conversion
of GLY was observed at 130 °C. The results showed that when
the reaction was carried out with 0.5 equiv. of NaOH, only 138
mL (0.4 equiv., 90% yield of H,) of H, gas with GLY conversion
of 52% in 3.5 h was observed (Table 2, entry 9). Furthermore, on
increasing the NaOH concentration to 1.0 equiv., the volume of
the gas increased to 270 mL (0.8 equiv., 92% yield of H,) with
85% conversion of GLY and 70% yield of SL in 4 h (Table 2,
entry 10). The reaction conducted using 1.5 equiv. NaOH
resulted in 356 mL (1.0 equiv., 92% yield of H,) of H, gas with
93% GLY conversion (Table 2, entry 11). Moreover, other by-
products such as SG and PD were formed in less amount as
compared to SL and SF. These results clearly indicated that
NaOH plays an important role in promoting the deprotonation
of hydroxyl groups of GLY, thus enhancing the dehydrogena-
tion of GLY to SL over the Ru/La(OH);. Notably, a high yield of
PD (10%) was observed while using 0.5 equiv. of NaOH, while
with the high base amount (1.0-2.0 equiv.), less PD yield was
observed, implying that further dehydrogenation of the pro-
duced PD occurred in the presence of base to produce H, gas
and SL.

Moreover, the promotional effect of different types of bases,
such as NaOH, KOH, KO'Bu, Na,CO; and K,COs, in the
dehydrogenation of GLY was also investigated (Table S3, ESIT).
We observed high catalytic activity for GLY dehydrogenation
(n(H,)/n(GLY) ~ 1.4), using NaOH with complete conversion of
GLY as compared to KOH [(n(H,)/n(GLY) ~ 0.9)] with 88%
conversion of GLY under the optimum reaction conditions
(Table S3, ESIt). Moreover, the rate of generation of H, gas
was sluggish with KOH (initial TOF 56 h™') compared to that
observed using NaOH (initial TOF 105 h™"). This is possible
because of the larger ionic radius of the K" ion than that of the
Na' ion, causing steric hindrance in the dehydrogenation of
GLY.* Notably, no conversion of GLY was observed for the
reactions performed with Na,CO; and K,COj;, while with
KO'Bu, only 72% conversion of GLY was achieved (Table S3
entries 3-5, ESIt). At 90 °C, 13.3 mmol of H, gas (~1.0 equiv.)
was observed in 14 h (Table S3 entry 6, ESIT), while, at elevated
temperatures (100-120 °C), higher yield of H, gas was observed
over the Ru/La(OH); catalyst with no significant change in the
selectivity of SL (Table S3 entries 7-9, ESIt). Notably, GLY was
completely converted for the reactions performed at >110 °C,
where an increase in the initial TOF was also observed upon an
increase in the reaction temperature (Fig. 3(a), Fig. S24 and
Table S3, ESIt). Furthermore, the activation energy for the
selective H, generation from GLY over the Ru/La(OH)z
catalyst was calculated on the basis of gas evolved in the initial
one hour (initial TOF), using the Arrhenius equation and
was found to be 37.5 kJ mol™* (Fig. S25, ESIf). Moreover,
enhancement in hydrogen gas production from GLY was
observed for the reactions performed with higher ruthenium
loading (Table S3 entries 10-12, ESIt). The aforementioned

Energy Adv, 2025, 4,106-118 | 1M1
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(a) Effect of temperature on the catalytic dehydrogenation of GLY over the Ru/La(OH)s catalyst. Reaction conditions: Ru/La(OH)z (100 mg, 9 wt%

Ru), GLY (13.68 mmol), NaOH (0.5-2.0 equiv.), water (41.04 mmol), 90 °C (14 h), 100 °C (12 h), 110 °C (9 h), 120 °C (6.5 h), 130 °C (4.5 h), and 600 rpm. (b)
Time-dependent catalytic dehydrogenation of GLY over the Ru/La(OH)z catalyst. Reaction conditions: Ru/La(OH)sz (100 mg, 9 wt% Ru), GLY (13.68 mmol),

NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm.

findings demonstrated the vital role of base concentration,
n(GLY)/n(H,0) ratio, and the reaction temperature for achiev-
ing high catalytic activity for producing H, gas and SL from
GLY. Hence, high catalytic activity for GLY dehydrogenation
with a good yield of SL over the Ru/La(OH); catalyst was
achieved using n(NaOH)/n(GLY) of 2.0 equiv. and n(GLY)/
n(H,0) of 1:3 at 130 °C (Table 2 and entry 5).

Furthermore, the time-dependent 'H NMR analysis of the
catalytic reaction mixture at different time intervals during the
dehydrogenation of GLY showed the continuous consumption
of GLY with the increase in the yield of SL and SF. On the other
hand, the yield of SG (<2%) and PD (<1%) was found to be
constant throughout the reaction (Fig. 3(b)). Furthermore, to
investigate the participation of these intermediates in the
catalytic hydrogen production from GLY, several control experi-
ments were performed using various substrates in the presence
of NaOH (2.0 equiv.) (Scheme S3, ESIt). In agreement with the
plausible reaction pathway, we observed the complete conver-
sion of glyoxal to SG (yield 94%) using NaOH without catalyst
(Scheme S3 and Fig. S26, ESIt). On the other hand, treating
glyoxal with Ru/La(OH); catalyst under the optimized reaction
conditions resulted in the formation of H, gas (4.3 mmol), SG
(vield 64%) and SF (yield 32%), suggesting that presumably
sodium glycolate (SG) transformed to SF with the release of H,
over the Ru/La(OH); catalyst (Scheme 1(b), Scheme S3 and
Fig. S27, ESIt). To investigate this further, performing a reac-
tion with GA over the Ru/La(OH); catalyst in the presence of
NaOH (2.0 equiv.) indeed resulted in the production of H, gas
(8.5 mmol) along with SF (yield 62%) (Scheme 1(c), Scheme S3
and Fig. S28, ESIf). Notably, further conversion of LA and
formic acid (FA) over Ru/La(OH); was not observed during
our investigation under the optimized reaction conditions
(Scheme S3 and Fig. S29, S30, ESIt). Therefore, this experi-
mental evidence clearly indicated that the selective catalytic
dehydrogenation of GLY to H, gas and SL followed the reaction
pathway where initially, GLY dehydrogenated to glyceraldehyde
with the release of one equivalent of H, gas. Glyceraldehyde can
further be transformed by two competing pathways. In the first

12 | Energy Adv, 2025, 4,106-118

pathway, glyceraldehyde is transformed into pyruvaldehyde
through base-catalyzed dehydration, which can subsequently
be converted into SL through the Cannizzaro reaction. Notably,
pyruvaldehyde could also be hydrogenated using in situ gener-
ated H, to generate PD.** In another pathway, glyceraldehyde
can be converted into formaldehyde and glycolaldehyde
through a base-catalyzed retro-aldol reaction via C-C bond
cleavage, where glycolaldehyde can further be dehydrogenated
to SG via glyoxal, followed by the dehydrogenation of SG to SF
(Scheme 1). Notably, there are multiple pathways (Schemes S1
and S2, ESIt) involved in the process of hydrogen gas genera-
tion during the catalytic conversion of GLY. Accordingly, the
yield of H, gas produced during the catalytic conversion of GLY
over Ru/La(OH); at 130 °C was found to be in good agreement
with the carbon balance (Table 2).

2.3. Scope of the Ru/La(OH); catalyst for H, production from
various terminal diols

Encouraged by the high catalytic activity observed for the
dehydrogenation of GLY, the Ru/La(OH); catalyst was also
employed for the dehydrogenation of ethylene glycol (EG)
and other terminal diols such as 1,3-propanediol (PDO), 1,4-
butanediol (BDO), 1,5-pentanediol (PO) and 1,6-hexanediol
(HDO), which were converted to sodium formate (SF) and other
by-products due to C-C bond cleavage and/or aldol condensa-
tion. EG was dehydrogenated completely over the Ru/La(OH);
in 8 h and produced 870 mL (35 mmol, 2.6 equiv.) of H, gas
(Table 3, entry 1). Notably, previously, we observed less gas
release (2.3 equiv. H, gas) with longer reaction time (9.5 h) for
EG dehydrogenation over bare ruthenium nanoparticles in
water, suggesting the important role of the support
material.”” PO produced 570 mL (23 mmol) of H, gas with
>99% conversion (Table 3, entry 2) in 4 h. Furthermore, in the
case of BDO, 67% conversion was achieved in 9 h with 390 mL
(16 mmol) of H, gas (Table 3, entry 3). However, for PDO, only
96 mL (4 mmol) of H, gas evolved with 22% conversion of PDO
in 7.5 h (Table 3, entry 4), whereas no evolution of H, gas was
observed for HDO (Table 3, entry 5). These results showed that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Plausible reaction pathways for hydrogen production from glycerol over the Ru/La(OH)s catalyst. (b) Control experiment for the

transformation of glyoxal over the Ru/La(OH)s catalyst. (c) Control experiment for the transformation of glycolic acid over the Ru/La(OH)z catalyst.

Reaction conditions: Ru/La(OH)s (100 mg, 9 wt% Ru), glyoxal/glycolic acid

the catalytic efficacy of Ru/La(OH); for the dehydrogenation
reactions decreases with the increase in carbon chain length in
terminal diols. However, in the case of long-chain diols, there is
a decrease in the carbon balance due to the formation of some
unidentified products via C-C bond cleavage or aldol-
condensation reactions over the Ru/La(OH); catalyst. However,
for other long-chain diols, the estimation of hydrogen yield
based on carbon balance for these long-chain diols became very
complex due to the involvement of several unidentified side
reactions.®®

2.4. Catalyst stability and recyclability

A mercury poisoning experiment was conducted to investigate
the heterogeneity of the Ru/La(OH); catalyst, where the Ru/

© 2025 The Author(s). Published by the Royal Society of Chemistry

(13.68 mmol), NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm.

La(OH); catalyst was treated with an excess of elemental Hg(0)
before proceeding to the catalytic reaction. A significant
quenching of the reaction was observed, proving the hetero-
geneous nature of the catalyst (Fig. S31, ESIt). Furthermore, we
performed a hot-filtration test for the Ru/La(OH); catalyst
during hydrogen production from glycerol under the optimized
reaction conditions. For this, we hot filtered the reaction
mixture after 1.5 h to separate the catalyst and divide the
reaction aliquots into two parts. The first part was analyzed
by 'H NMR, which showed 62% conversion of GLY, while the
second part continued to stir for another 3 h and was then
analyzed by "H NMR. The results showed no enhancement in
the GLY conversion, which further confirmed the heteroge-
neous nature of the Ru/La(OH); catalyst. Moreover, large-scale

Energy Adv., 2025, 4,106-118 | 113
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Table 3 Hydrogen production from other terminal diols over the Ru/La(OH)s catalyst®
Yield of byproducts® (% C)

Entry Substrate t (h) H, gas” (mL) n(H,)/n(diol) Conv. (%) SF Others CB? (%)
1 Ho ™ \°H 8 870 (84%)° 2.6 >99 52 SG (32) 84

HPA (5)
2 HO""oH 4 570 1.7 >99 55 SM (2) 75

SP (13)
3 HO N \OH 9 390 1.2 67 19 SS (28) 81
4 HON""0H 7.5 9 0.3 22 5 — 83
5 HO N NOH 4.5 — — n.r. — — —

“ Reaction conditions: Ru/La(OH); (100 mg, 9 wt% Ru), substrate (13.68 mmol), NaOH (27.36 mmol), water (41.04 mmol), 130 °C, and 600 rpm.
? Volume of gas was measured by the water displacement method. ° Yield was calculated by "H NMR using sodium acetate as an internal standard.
¢ CB is carbon balance. ¢ H, yield on the carbon basis. The results reported are the average of at least two repeated reactions. SF (sodium formate),
SG (sodium glycolate), HPA (3-hydroxypropionate), SM (sodium malonate), SP (sodium propanoate), SS (sodium succinate), and n.r. (no reaction).

H, gas generation from GLY was conducted, where ~2.2 L
(90 mmol) of H, gas was produced (TON 1016) in 18 h from 5
mL (68.4 mmol) of GLY with a productivity of 12 L H,/gr,/h and
a yield of SL of 82% in the presence of NaOH (2.0 equiv.) at
130 °C (Fig. 4(a)). Moreover, large-scale dehydrogenation of EG
was also performed, and we observed the release of ~4.3 L H,
gas from 3.8 mL of EG in 42 h using NaOH (3.0 equiv.), and
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Fig. 4 (a) Time course plot for the production of hydrogen gas from a
large amount of glycerol (5 mL) over the Ru/La(OH)s catalyst. Reaction
conditions: Ru/La(OH)z (100 mg, 9 wt% Ru), GLY (68.4 mmol), NaOH
(136.8 mmol), water (205.2 mmol), 130 °C, and 600 rpm. (b) Recyclability
experiment for hydrogen production from glycerol over the Ru/La(OH)s
catalyst at an intermediate GLY conversion. Reaction conditions: Ru/
La(OH)s (100 mg, 9 wt% Ru), GLY (13.68 mmol), NaOH (27.36 mmol),
water (41.04 mmol), 130 °C, 1.5 h, and 600 rpm.

14 | Energy Adv, 2025, 4,106-118

~3.7 L of H, gas from 3.8 mL of EG in 37 h in the presence of
2.0 equiv. NaOH (Fig. S32, ESIf). The catalyst recyclability
experiments were conducted at intermediate conversion
(~60%) over ten catalytic runs, revealing sustained catalytic
activity through the initial six cycles (n(H,)/n(GLY) of 0.45).
After the 6th cycle, a gradual decrease in conversion (by 2%)
was observed from the 6th to 7th cycle and a further 6% loss in
conversion [n(H,)/n(GLY) of 0.39] was observed after the 10th
cycle (Fig. 4(b), Fig. S33b and Table S4, ESIt). On the other
hand, catalyst recyclability experiments carried out for ten
catalytic runs at the initial complete conversion of GLY showed
that complete conversion of GLY was attained through the
initial five cycles [(n(H,)/n(GLY)) of 1.4]. Though the activity
decreased in subsequent catalytic runs, 88% GLY conversion
[n(H,)/n(GLY) of ~1.2] was achieved even after the 10th cata-
Iytic run (Fig. S33 and Table S5, ESIt). Though the selectivity of
SL was maintained high for both intermediate and complete
GLY conversion, the SL yield was significantly lower (~54%
yield) at intermediate GLY conversion as compared to higher SL
yield (~84%) obtained at complete GLY conversion, which is
consistent with the respective n(H,)/n(GLY) at intermediate and
complete conversion of glycerol (Scheme 1). It is evident that at
intermediate conversion, along with SL, other by-products (SG,
PD and SF) were also observed with a combined yield of ~7%
(Tables S4 and S5, ESIf). Notably, these intermediates were
formed due to C-C bond cleavage of glyceraldehyde, which
eventually transformed to SF during the complete conversion of
GLY and hence would not influence the SL selectivity (Tables S4
and S5, ESIT).

The observed loss in catalytic activity during the recyclability
experiments can be attributed to the agglomeration of ruthe-
nium nanoparticles and loss of the catalyst during the catalyst
recovery process. The TEM analysis of the recovered catalyst
after ten cycles also displayed a slight increase in particle size
(~3.6 nm) compared to the fresh Ru/La(OH); catalyst (particle
size ~1.5 nm) (Fig. S34, ESI{). ICP-AES analysis of the reaction
aliquot after the 10th cycle showed no significant leaching of
Ru (11 ppm) and La (0.18 ppm). Moreover, the ruthenium
content in the Ru/La(OH); catalyst after the 10th catalytic run
was also analyzed using ICP-AES and was found to be 7.5 wt%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Noticeably, the P-XRD pattern of the spent Ru/La(OH); catalyst
was found to be analogous to the fresh Ru/La(OH); catalyst
(Fig. S35, ESIt). These findings confirm the robustness and the
long-term stability of the Ru/La(OH); catalyst, which is reflected
in the observed enhanced catalytic activity of Ru/La(OH); for
the dehydrogenation of GLY to H, gas and SL. The developed
Ru/La(OH); catalyst was also highly active for hydrogen produc-
tion from crude glycerol under the optimized reaction condi-
tions where we observed the complete dehydrogenation of
crude glycerol into hydrogen gas (~700 mL, 28.6 mmol),
sodium lactate (11.83 mmol), and sodium formate (9.58 mmol)
in 7 h (Fig. $36, ESIY).

3. Conclusion

Herein, we demonstrated a sustainable and efficient catalytic
process for the selective and complete conversion of glycerol
(GLY) to produce high-purity H, gas (>99.9%) and sodium
lactate (SL) over Ru/La(OH); catalyst in aq. NaOH solution at a
lower temperature (90-130 °C). Our findings indicated the
crucial role of base concentration, n(GLY)/n(H,O) ratio, reaction
temperature, and different support materials in achieving
complete conversion of GLY selectively to H, and SL. We
observed that Ru/La(OH); outperformed other supported ruthe-
nium catalysts to achieve a high H, yield (1.4 equiv. per mmol
of GLY) along with a high yield of SL (86%) at 130 °C in the
presence of NaOH (2.0 equiv.) in 4.5 h. Moreover, at 110 °C also,
we could achieve a similar amount of H, gas as well as a high
yield of SL (87%) in 9 h using 2.0 equiv. NaOH. To validate the
catalytic dehydrogenation pathway of GLY, several controlled
experiments were carried out under the optimized reaction
conditions. Advantageously, we could generate H, gas on a
large scale with high purity and selectivity (>99.9%) from
aqueous GLY over the Ru/La(OH); catalyst, displaying the
remarkably high long-term stability of the Ru/La(OH); catalyst
with an efficiency of producing 220 L H, per gRu with a
productivity of 12 L H, per gRu per h. This eliminates the need
for additional purification, making it a cost-effective solution, a
crucial factor for industrial applications. Moreover, the devel-
oped catalytic methodology was also equally effective for the
large scale dehydrogenation of EG to yield ~4.3 L H, gas from
3.8 mL of EG in 42 h using NaOH (3.0 equiv.) at 130 °C.
Therefore, the developed Ru/La(OH)s;-based catalytic system
provides new insights for a sustainable approach for exploring
GLY, EG and other terminal diols as important substrates for
selectively producing high-purity hydrogen gas in aqueous
conditions at lower temperatures.

4. Experimental section

4.1. Materials

RuCl;-3H,0 (>99%), NaBH, (98%), cetyltrimethylammonium
bromide (CTAB) (98%), La(OH); (99.9%), TiO, (99.5%), ZrO,
(99%), glycerol (99.5%), ethylene glycol (>99%), glyoxal
solution (40 wt% in water), lactic acid (>90%), formic acid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(>96%), and 1,6-hexanediol (HDO) (99%) were purchased from
Sigma Aldrich, India. Glycolic acid (>98%) 1,2-propanediol
(PD) (>98%), 1,3-propanediol (PO) (98%), 1,4-butanediol
(BDO) (>99%), and 1,5-pentanediol (PDO) (>97%) were pur-
chased from TCI analytics, India. MgO (99%) and ZnO (98%)
were procured from S. D. Fine Chemical Limited, India. High-
purity argon gas was procured from Sigma Gases, India. Crude
glycerol was prepared by mixing using pure glycerol (80%),
methanol (15%) and water (5%).5°° Distilled water was used
for performing all the experiments. All other chemical reagents
and metal salts were available commercially and were used as
received without any further purification.

4.2. Catalyst impregnation

The wet impregnation method was used for the synthesis of
supported Ru catalysts using the support La(OH);, ZnO,
Mg(OH),, ZrO,, and TiO,. Typically, 90 mg of support was
dispersed in 5 mL of distilled water in a 25 mL round bottom
flask under sonication for 20 min. To this, ruthenium(m)
chloride (0.1 mmol) and CTAB (0.050 g) were added, and the
resulting mixture was heated at 60 °C for 2 h. The mixture was
cooled to room temperature and then aqueous solution of
NaBH, (0.050 g in 5 mL water) was added dropwise under
sonication to reduce Ru(m) to Ru(0). The obtained mixture was
sonicated for 30 minutes, and then the precipitates were
collected by centrifugation, washed several times with distilled
water and ethanol, and dried under vacuum before use for the
catalytic reactions. The actual loading of Ru in the Ru/La(OH);
catalyst as calculated by ICP-AES measurement was found to be
9.0 wt% =+ 0.2%, based on the analysis of three samples of Ru/
La(OH); catalyst. The metal loading of other supported Ru
catalysts is mentioned in Table S2 (ESIt).

4.3. Catalyst characterization

Transmission electron microscopic (TEM) imaging and energy
dispersive X-ray spectroscopy (EDS) mapping were performed
on the FEI Titan Themis with an operating voltage of 300 kV.
Samples for TEM were prepared by dispersing the solid samples
in ethanol under sonication and dropping the suspension
directly onto lacey carbon-coated copper grids. The Ru metal
dispersion for all catalysts was determined through TEM ana-
lysis, assuming that the Ru nanoparticles are spherical and
utilizing the formula provided in the ESI.{ Scanning electron
microscopic images and elemental mapping data were col-
lected using a JOEL-7610F plus equipped with an EDS detector.
Powder X-ray diffraction (P-XRD) measurements were per-
formed using a Rigaku Smart Lab, Automated Multipurpose
X-ray diffractometer with monochromatic Cu K, radiation (1 =
0.154 nm). The XRD patterns were collected under 40 kV and
30 mA in the range 20 to 80°. The nitrogen physisorption
isotherms were measured at —196 °C using a Quantachrome
Autosorb iQ, TPX automated gas sorption system. Samples
were degassed at 200 °C for 8 h under high vacuum before
analysis. X-Ray photoelectron Spectroscopy (XPS) was per-
formed using a SPECS Surface Nano Analysis GmbH, Germany.
All the XPS spectra were recorded using Al K-alpha (1486.61 eV)
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X-rays. The binding energy values were charge-corrected with
respect to the C 1s signal (284.6 eV). Inductively coupled plasma
atomic emission spectroscopic (ICP-AES) analyses were per-
formed using ARCOS, a simultaneous spectrometer of SPEC-
TRO analytical instruments. The catalyst was dissolved
completely in aqua regia and then digested by heating the
samples (catalyst in aqua regia) in an autoclave at 180 °C for
12 h. After cooling down, the samples were diluted with water
and analysed by ICP-AES analysis. NMR spectra were recorded
in deuterated solvents using a Bruker Ascend 500 and Bruker
Avance 400 spectrometer (500 MHz and 400 MHz). The gas
chromatography (GC) analyses were performed on a Shimadzu
GC-2014 system using a shin carbon-ST packed column with a
thermal conductivity detector (TCD) using argon as a carrier
gas. Parameters were set for the program to detect H,, CO,, CO,
and CH, gas (detector temperature: 200 °C), and oven tempera-
ture program: 90 °C (hold time: 1 min), 90-200 °C (rate: 15 °C
minute ).

4.4. Catalytic test

In a 25 mL round bottom flask fitted with a condenser and a
water displacement set-up, a specified amount of the catalyst,
glycerol (GLY), water and base were added. The reaction set-up
was de-aerated by a repeated process of vacuuming and flush-
ing with argon gas at least three times. The reaction mixture
was stirred (600 rpm) in a pre-heated oil bath at 90-130 °C
under an argon atmosphere. The amount of H, gas evolved was
quantified using a water displacement set-up, which was cali-
brated (thrice using water) as 4.0 + 0.1 mL cm ' (Fig. S37,
ESIt). The composition of the evolved gas was analyzed by GC-
TCD. After the reaction, the catalyst was recovered from the
reaction mixture by centrifugation. The conversion of GLY and
the yields of other co-products were determined on the carbon
basis by "H NMR of the reaction mixture using sodium acetate
as an internal standard (Fig. S38, ESIT). Notably, acetate or any
other undesired product was not observed during the NMR
analysis (without internal standard) of the crude reaction
mixture (Fig. S38, ESIf). LA was purified by acidifying
(pH ~ 1.5) the crude reaction mixture containing SL with
1 M HCI, and then the organic product (LA) was extracted
using diethyl ether (5 x 10 mL). The organic fraction was dried
over Na,SO,. The purified LA was obtained by removing the
organic solvent under reduced pressure and was analyzed by
NMR (*H and **C) in D,O (Fig. $39 and $40, ESIt). The turnover
number (TON) was calculated by considering the total metal-
based ruthenium using the formula given below.

TON = n(H,)/n(catalyst)
where n(H,) is the number of moles of gas released, and

n(catalyst) is the moles of Ru catalyst.

4.5. Heterogeneity test

Typically, an aqueous suspension of Ru/La(OH); catalyst (100
mg catalyst in 0.740 mL water) was stirred with a large excess of
elemental mercury Hg(0) at room temperature for 3 h prior to
the catalytic reaction. Then GLY (13.68 mmol, 1 mL) and NaOH
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(27.36 mmol, 1.095 g) were added to the above reaction vessel
(25 mL round bottom flask) fitted with a condenser and gas
burette. The water displacement set-up was then de-aerated by
a repeated process of vacuum and flushing with argon gas at
least three times. The reaction mixture was stirred at 130 °Cin a
pre-heated oil bath at a rpm of 600, and the progress of the
reaction was monitored for the specified duration.

4.6. Recyclability experiment

Catalytic reaction was performed as specified in Section 4.4.
After the completion of the reaction, the catalyst was recovered
from the reaction mixture by centrifugation, washed several
times with distilled water and ethanol, dried overnight under
vacuum and then reused for the next catalytic run.

4.7. Large scale reaction

Typically, large scale reaction was performed using GLY
(68.5 mmol) and water (205.5 mmol) in the presence of the
Ru/La(OH); catalyst (100 mg) and NaOH (2.0 equiv.) under the
optimized reaction conditions at 130 °C. Similarly, a large scale
reaction for ethylene glycol (68.5 mmol) was also performed
using water (205.5 mmol) and NaOH (2.0 and 3.0 equiv.) over
the Ru/La(OH); catalyst (100 mg) at 130 °C. Large scale reaction
was performed in a 50 mL round bottom flask using a reaction
set-up as mentioned in Section 4.4.
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