Open Access Article. Published on 20 November 2024. Downloaded on 1/27/2026 12:17:32 AM.

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

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 37082

A catalytic approach for the dehydrogenative
upgradation of crude glycerol to lactate and

hydrogen generationy
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The ambiguous nature of non-innocent ligand catalysts provides an excellent strategy for developing an

efficient catalyst system featuring extended applicability in sustainable catalysis. In this study, we unveil

the catalytic activity of an NNN-Ru catalyst for lactic acid synthesis from a mixture of glycerol, ethylene
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glycol, and methanol. The developed strategy was also implemented to synthesize lactate (up to 80%

yield) with good selectivity via the dehydrogenative upgradation of a crude glycerol and ethylene glycol

DOI: 10.1039/d4ra07028c

rsc.li/rsc-advances with hydrogen gas generation.

Introduction

A large excess of crude glycerol waste (~10 wt% of biodiesel
production), which is produced during the transesterification of
renewable feedstocks like vegetable oil, cooking oil, recycled
waste grease, and tallow, has appeared on the global market
with the increasing demand for biodiesel production (Scheme
1a)."? According to a report of the Organisation for Economic
Corporation and Development (OECD), in 2030, the world bio-
diesel market is expected to reach nearly 50 billion liters,
leading to ~15 billion liters of crude glycerol.®> However, the
high viscosity and high flash point of crude glycerol discourage
its utilization as an individual fuel, except when co-combusted
with other fuels.* Most industries utilize only refined glycerol as
a raw material for various value-added products, whereas crude
glycerol remains as a leftover.® The purification of this low-value
crude glycerol requires high energy input, high capital invest-
ment, and maintenance costs, which further limit the low
yield.® In order to support the production and utilization of
biodiesel, it is essential to develop sustainable transformation
techniques for the practical utilization of crude glycerol
comprised of 50-60% glycerol, in addition to residual meth-
anol, methyl ester, and alkali, to give value-added products.”
Upcycling this sustainable surplus of glycerol into more-
profitable chemicals such as lactic acid and hydrogen fuel can
considerably contribute to the circular economy.®® The
increasing market demand for lactic acid in several sectors,
such as food, pharmaceuticals, cosmetics, biomedicals, and
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mixture. As an extended utility, the method was utilized for lactate synthesis from triglyceride directly

polymers, may not be attained by long-term chemical and
microbial fermentative processes.’®™ In this regard, to achieve
efficient production of lactic acid, great attention has been paid
to developing several heterogeneous catalysts for converting
glycerol into lactic acid via an alcohol dehydrogenation reac-
tion, either in the presence of a hydrogen acceptor or via the
release of molecular hydrogen.'>'* However, they are limited to
energy-intensive, harsh reaction conditions.

To achieve sustainable glycerol transformation, new tech-
nical routes with innovative catalyst designs are urgently
needed. With a rational understanding of the structure-activity
relationship in molecular homogeneous catalysts, various Ir
and Ru complexes have been utilized for glycerol-to-lactic acid
conversion through acceptorless dehydrogenation.'** In addi-
tion to the innocent ligand framework for the dehydrogenation
of glycerol, a seminal development was made by Beller et al.,

@ Transestrification of triglycerides to biofuel and crude glycerol

o o Me,o\rrR1 Me,o\n/r:a2 —
" )Lo o/U\R3 MeOH (Excess) J ! g on
0__R, Base Me/OTRa

b

[e]

(@ Previous work on lactic acid formation by homogeneous catalyst

[e]
Ir/ Mn OH
It/ Ru/ Mn/ Fe/ Co L. e + CH3;0H
HO/Y\OH HOJ\( + @f HO 5
OH

OH

o
Methyl ester|
(Biodiesel)

Crude glycerol

© This work: One-pot synthesis of lactic acid from crude glycerol, and EG

; Q | X ;!1 7>
!
N—Ru—N__~
Ho/\QOH + CHyOH + o ~OH QZ Ho)koc AN Lo
\ J G OH OH
@* up to 80% 1

Crude glycerol

Scheme 1 (a) Crude glycerol generated during the transesterification
of triglycerides for bio-diesel production. (b) Homogeneously cata-
lyzed lactic acid formation. (c) Lactic acid formation from a one-pot
mixture of crude glycerol and ethylene glycol.
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utilising a non-innocent PNP ligand-based Ru catalyst for
lactate synthesis with up to 67% selectivity at 140 °C.>* Recently,
the Li group demonstrated bipyridonate ligand-based water-
soluble Ir catalysts for glycerol-to-lactate synthesis, revealing
the critical role of -OH moieties in the ligand framework.*
Furthermore, utilizing homogeneous pincer-based base metal
catalysts, the Hazari, Fu, and Kumar groups disclosed glycerol-
to-lactate conversion.”**® Very recently, the Xu group utilized
glycerol as a hydrogen source for the hydrogenation of CO, to
formate with the co-generation of lactate employing a bifunc-
tional Ru-based catalyst.*” In addition to glycerol, lactic acid can
also be synthesized via the dehydrogenative coupling of
ethylene glycol and methanol. In this regard, the Tu,* Jang,*
and Maji** groups demonstrated the synthesis of lactate from
a mixture of ethylene glycol and methanol using homogeneous
molecular catalysts (Scheme 1b and Fig. S207).

In the context of designing non-innocent cooperative
ligands, the synthesis of hydroxy-bearing ligand systems has
attracted extensive attention owing to their intriguing chemical
participation.®*** Further expanding the beneficial effect of the
hydroxy arm in ligand architecture, in our previous report, we
demonstrated a proton-responsive arm bearing stable NNN-
donor Ru complex 1 to produce hydrogen and glycolate selec-
tively in up to 94% yield from ethylene glycol, facilitating
a cooperative mechanism through acceptorless dehydrogena-
tion.*® As part of our ongoing interest in developing a sustain-
able strategy to utilize renewable feedstocks for hydrogen fuel
and commodity chemical production, we envisaged the use of
catalyst 1 for the synthesis of lactic acid via the dehydrogenation
of a mixture of waste glycerol (containing glycerol and ~25%
residual methanol) and ethylene glycol in a single pot (Scheme
1c). As far as we are concerned, no literature has been reported
on the conversion of a mixture of glycerol, ethylene glycol, and
methanol to lactate, which may open up a new approach for
upgrading crude glycerol and reforming triglycerides directly
for lactate synthesis with the evolution of hydrogen gas.

Results and discussion

Our preliminary investigation began to envisage catalyst 1 for
synthesizing lactate from glycerol. After investigating various
reaction parameters, an efficient protocol was identified. Under
reaction conditions with glycerol (1 mmol) in ‘BuOH (1 mL),
KOH (1.5 mmol), and 1 (1 mol%) at 120 °C, a yield of 73% with
96% selectivity was attained, with the evolution of an H, gas
volume of 16 mL after 24 h (Table S1, entry 1, Fig. S23 and S24t).
The evolved gas was collected by the inverted burette technique
double-passed through an alkali solution, and the purity of H,
was analyzed using GC-TCD (Fig. S4t1). Further, the catalytic
activity of 1 was appraised to determine the feasibility of lactate
formation from a mixture of ethylene glycol and methanol. After
initial optimization, we achieved a lactate yield of 67% under
reaction conditions of 1 (1 mol%), KOH (3.5 mmol), ethylene
glycol (1 mmol), and MeOH (5 mmol) at 120 °C after 48 h with
the evolution of 55 mL of H,; where 98% ethylene glycol
conversion was obtained with glycolate and formate as side
products (Table S2, entry 3, Fig. S31 and S327). The lower
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selectivity for lactate could be adequately demonstrated by the
slower dehydrogenation of methanol compared to ethylene
glycol (see details in ESI, Fig. S1-S37).

After having initially optimized reaction conditions, we
focused on exploring the production of lactate from a mixture of
glycerol, ethylene glycol, and methanol in a single pot using
complex 1. A reaction was performed with a mixture of glycerol
(1 mmol), ethylene glycol (1 mmol) in the presence of 1 (1 mol%
with regard to glycerol), and KOH (2.5 mmol) at 120 °C in ‘BuOH
(1 mL)/MeOH (5 mmol) for 24 h, resulting in a 43% (0.86 mmol)
yield of lactate and 12% yield of glycolate (Table 1, entry 1;
considering 2 mmol of lactate will be formed from a mixture of
1 mmol of glycerol and 1 mmol of ethylene glycol in the pres-
ence of MeOH following eqn (S5),T the yield of glycolate was
calculated with regard to ethylene glycol following eqn (S6), in
the ESIf). Further increasing the KOH loading to 3.5 mmol,
a 52% (1.04 mmol) lactate yield was obtained with the evolution
of 54 mL H, (entry 2, Fig. S35f). However, with further
increasing the KOH loading to 4.5 mmol, no increase in lactate
formation was observed (entry 3). Nevertheless, the reaction
time was found to have a profound effect (entries 4, 5); specif-
ically, when the reaction was continued for 72 h with KOH (3.5
mmol) and 1 (1 mol%), yields of 72% (1.44 mmol) lactate and
22% glycolate (with regard to ethylene glycol) and up to 99%
carbon balance were achieved with the evolution of 65 mL (2.89
mmol) of H, (entry 5, Fig. S36 and S377). Although increasing
the temperature to 140 °C resulted in a 78% (1.58 mmol) lactate
yield, a reduced carbon balance (92%) was observed (entry 6,
Fig. S40%). Thus, further optimization was examined with
3.5 mmol KOH at 120 °C for 72 h. Additionally, various solvents
and bases were examined; however, no significant improvement
in lactate yield could be established (entries 7-10).

Notably, when an equimolar mixture of glycerol, ethylene
glycol, and methanol was subjected to the above reaction
conditions, no appreciable decrease in the lactate yield (62%,
1.24 mmol) was detected (entry 11, Fig. S417). Furthermore, no
lactate formation was observed in KOH (3.5 mmol) without
catalyst 1 (entry 12, Fig. S42 and S43%). When the catalyst
loading was decreased to 0.5 mol%, considerable lactate
formation (70%, 1.4 mmol) was observed, whereas a further
decrease in catalyst loading to 0.1 mol% led to diminished
lactate yield (36%, 0.72 mmol) with the evolution of 38 mL of H,
(Table S3, entries 13, 14, Fig. S44 and S45%). In addition, under
neat conditions, lower catalytic efficiency was observed with
a lactate yield of 25% (0.5 mmol) (Table S3, entry 15, Fig. S467).
Also the mercury experiment excluded the formation of metal
nanoparticles, resulting in 71% (1.42 mmol) of lactate with
63 mL of H, gas under the optimized conditions (Fig. S87).

To demonstrate its practical applicability, the developed
protocol was implemented for reforming crude glycerol (0.235
mL, 1 mmol; analyzed by "H NMR: Fig. S21 and S22) and
ethylene glycol (1 mmol) in the presence of 1 (1 mol%) and KOH
(3.5 mmol) in ‘BuOH at 120 °C, which resulted in a lactate yield
of 80% (1.6 mmol) with an H, gas volume of 73 mL. The gas
purity was checked using GC-TCD analysis (Scheme 2a, Fig. 547,
S48 and S77). In contrast, the use of only crude glycerol under
reaction conditions of 1 (1 mol%) and KOH (1.5 mmol) in
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Table 1 Lactate formation from a mixture of glycerol, ethylene glycol, and methanol catalyzed by 1¢
@ o
HO N 0H + o ~OH + MeOH — o 2K0)Kr°H + (it
OH Solvent, T °C, t
+ Glycolate + Formate + 0021

Entry KOH (mmol) T (°C)/t (h) Gly conv. (%) EG conv. (%) Lactate yield” (%) H, (mL)
1 2.5 120/24 47 51 43 36

2! 3.5 120/24 54 69 52 54

3 4.5 120/24 55 71 51 53

4 3.5 120/48 60 85 60 56

5 3.5 120/72 75 91 72 65

6 3.5 140/72 83 100 78 86

75 — 120/72 74 84 70 87

84 — 120/72 26 63 31 58

9¢ 3.5 120/72 68 93 69 63

10" 3.5 120/72 — — 30 40

118! 3.5 120/72 76 95 62 56

12" 3.5 120/72 — — — —

¢ Glycerol (1 mmol), ethylene glycol (1 mmol), MeOH (5 mmol), 1

calculated from "H NMR using 2,6-lutidine as an 1nternal standard. © NaOH (3.5 mmol) as a base. ¢
" Without catalyst 1. ' Reactions were repeated two times, and an average of the results is

‘AmOH. 7 Solvent: dioxane. & Methanol 1 mmol.
reported with an error limit of 6%.

a One-pot reaction with crude glycerol and ethylene glycol
1 (1 mol%), KOH (3.5 mmol)
tBUOH (1 mL), 120 °C, 72 h

o
KOJ\(OH + (1

1.6 mmol (80%) 73 mL

o
§
2 KOJ\(OH myt

36.56 mmol (61%) 1680 mL

Crude glycerol *+ HO/\/OH

1 mmol 1 mmol

b Scale-up utility
1 (0.5 mol%), KOH (105 mmol)

'BUOH (10 mL), 120 °C, 120 h

Crude glycerol * Ho/\/OH

30 mmol 30 mmol

¢ Lactate synthesis directly from triglyceride

(o]
1 (0.01 mmol)
Soyabean oil Ko/lk(OH +W t
S KOH (5 mmol), 150 °C,
-> mg t o
5 o BUOH (1 mL), 72 h 1.08 mmol (92%) 26 mL

Scheme 2 Practical applicability: (a) conversion of crude glycerol and
ethylene glycol to lactate catalyzed by 1; (b) scale-up reaction with
crude glycerol and ethylene glycol; (c) one-pot lactate synthesis from
triglyceride.

‘BuOH (1 mL) at 120 °C after 24 h resulted in a 69% (0.69 mmol)
yield of lactate with good selectivity (Table S1, entry 7, Fig. S26
and S271). To examine the scale-up utility, a reaction with
a mixture of crude glycerol (7.05 mL, 30 mmol) and ethylene
glycol (30 mmol) was demonstrated with 1 (0.5 mol%) (Scheme
2b), yielding 61% (36.56 mmol) lactate and 22% glycolate (with
regard to ethylene glycol) with liberation of 1680 mL H, gas
(Fig. S497). Further, triglyceride (soyabean oil composition was
analyzed by NMR and mass spectrometry: Fig. S50-S541) was
used as a substrate to produce lactate and hydrogen directly
through performing base hydrolysis followed by dehydrogena-
tion in a single pot in the presence of catalyst 1. Subjecting only
soyabean oil (891.5 mg) to base-hydrolysis without any catalyst
in the presence of KOH (5 mmol), ~1.17 mmol of glycerol was
obtained in addition to the formation of long-chain fatty acid

37084 | RSC Adv, 2024, 14, 37082-37086

(1 mol%), KOH (in mmol), BuOH (1 mL), 120 °C, 24 h. ?

Lactate yield was
CsOH-H,0 (3.5 mmol) as a base. ¢ Solvent:

(Fig. S55 and S561). When the reaction was performed with
soybean oil (891.5 mg) in the presence of catalyst 1 in ‘BuOH (1
mL) at 150 °C for 72 h, 1.08 mmol (92%) of lactate resulted, with
the evolution of 26 mL of H, gas, and the same long chain fatty
acid was observed as detected during the base-hydrolysis
(Scheme 2c, Fig. S57 and S587).

Having evaluated the catalytic activity of 1, several stoichio-
metric reactions and catalytic studies were performed to
investigate the reaction pathway and intermediates involved
during the examined process (Scheme 3). The synthesis of
lactate can involve the formation of a common intermediate
glyceraldehyde (which is in equilibrium with dihydroxyace-
tone), formed either by the dehydrogenation of glycerol or from

a Control experiments

HO™ o

0o
1 mmol

KOH (1.5 mmol) 'l
'BUOH (1 mL), 120°C, 2 h

Yield = 70%
Gas volume = 0 mL

o
OH
KO)K(
o
K OJ\rOH

1 (1 mol%), KOH (3.5 mmol) Il Yield = 44%

Ho/\/OH Gas volume = 26 mL
(CH20), (5 mmol), 'BUOH (1 mL),
ool 120°C, 48 h
1(1 mol%), o 1 (1 mol%),
o
T o KOH (3.5 mmol.) (il OH IV KOH (3.5 mmol.) AP

HO 'BUOH/ MeOH (5 mmol), gl 'BUOH/ MeOH (5 mmol),

1 mmol 120°C, 48 h 120°C, 48 h dimmol

b H/ID exchange experiment
1 (1 mol%),

KOH (3.5 mmol,
HO N Y0H + o~ EROH(3.5imiricl) 3P
'BUOH, 120 °C, 72h KO
OH 1 mmol

1 mmol CD30D (5 mmol)

(ﬂ

3P NMR at 44.08 ppm
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Scheme 3 Control and stoichiometric experiments.
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the coupling of glycolaldehyde and formaldehyde generated
during the dehydrogenation of ethylene glycol and methanol
(Fig. 1B and S19Bf). Additionally, glycolate and formate can also
be produced as side products during the further dehydrogena-
tion of the formed glycolaldehyde and formaldehyde with the
evolution of additional hydrogen molecules.’* When dihy-
droxyacetone was subjected to react in the presence of KOH
without catalyst 1, a 70% yield of lactate was obtained at 120 °C
within 2 h, indicating that after the first dehydrogenation,
a base-mediated Cannizzaro reaction took place to produce
lactate (Scheme 3a, I, and Fig. S9t).>* Moreover, when ethylene
glycol in the presence of 1 was subjected to react with para-
formaldehyde at 120 °C for 48 h (Scheme 3a, II), the formation
of 44% lactate with 26 mL of H, supported the involvement of
formaldehyde in the reaction pathway (Fig. S10t). When glycolic
acid was subjected to react with methanol in the presence of 1
(Scheme 3a, III, and Fig. S117), no lactate formation was
observed. A similar result was also obtained when glyoxal was
treated with methanol in the presence of catalyst 1, resulting in
the formation of glycolic acid (45%) and formate (14%) with the
evolution of 35 mL H, gas (Scheme 3a, IV, and Fig. S127), which
depicted the involvement of intermediates formed before the
formation of glycolate and glyoxal from ethylene glycol during
the dehydrogenative coupling to lactate and supporting the
formation of glycolate as a by-product that affects the selectivity
towards lactate formation. When a H/D exchange experiment

A Proposed mechanism for dehydrogenation of alcohol substrate catalyzed by 1

[ “2HCI

| = N i ) S=solvent
ey ]
OH OH | X N = ‘ OH
1 )
N S/R\LJ\P ;:1 R OH
o S ™o

Hy -

|
2 8
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] NG
N Y s ﬁ I s
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ﬁ/&o ® H %
OH c
A
F N [
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N0 ey L
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Fig. 1 Proposed mechanism for the dehydrogenation of the alcohol
substrate for the synthesis of lactate catalyzed by 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

was conducted with CD;OD under the optimized reaction
conditions, no appreciable deuterium scrambling was observed
for C-H at the C2 carbon of lactate (Scheme 3b, Fig. S13 and
S14t).

Continuing from our previous report on the identification of
the involved intermediates,**® the deprotonated intermediate
1a was allowed to react with lactic acid in CDCl; (Scheme 3c). A
peak at 48.37 ppm appeared in the *'P NMR spectrum, which
can be assigned as a lactic acid-coordinated intermediate
(Fig. S151). This was further supported by HRMS with the
detection of peaks at 698.1193 (1a + lactic acid + H"), 608.1011
(1a + H') and 649.1235 (1a + CH;CN + H") (Fig. S167). Addi-
tionally, when the in situ generated intermediate 1a was sub-
jected to react with dihydroxyacetone in the presence of KOH,
a small peak for the lactic acid-coordinated intermediate was
observed at 48.37 ppm in the *'P NMR spectrum (Fig. S177).
Further, to illustrate the catalytically active intermediates,
a reaction was performed with a mixture of complex 1, glycerol,
and KOH on the NMR scale and monitored by using *'P NMR.
After heating at 120 °C, the deprotonated intermediate 1a was
observed as a significant peak without any lactate-coordinated
species (48.37 ppm in *'P NMR). Additionally, an unidentified
signal at 39.25 ppm appeared in the *'P NMR spectrum, which
was also observed during lactic acid and dihydroxyacetone
treatment (Fig. S18t). This result indicates that the interme-
diate 1a can be a potential active species during the dehydro-
genation of glycerol, and that high KOH concentration may
facilitate the discoordination of lactic acid from the active site.
However, the
unsuccessful.

Based on the previous literature and the catalytic studies,
a possible reaction pathway is proposed in Fig. 1.>>*¢ The
cooperative ligand backbone can undergo lactam-lactim tau-
tomerization during the key steps of the catalytic reactions. The
initial reaction step can involve the formation of intermediate A
(1a, as a deprotonated intermediate) from 1 in the presence of
a base, which can act as an active intermediate. Furthermore,
substrate interaction at the active catalyst center can lead to the
formation of intermediate B, which may possess a hydrogen
bonding interaction. Intermediate B can undergo B-hydride
elimination and subsequent molecular hydrogen elimination to
regenerate active intermediate A via intermediate C to afford
dehydrogenated organic carbonyl intermediates. The formed
carbonyl intermediates, either from the direct dehydrogenation
of glycerol or dehydrogenative coupling of glycolaldehyde and
formaldehyde formed from the dehydrogenation of ethylene
glycol and methanol, can undergo a base-mediated rearrange-
ment or condensation reaction to produce the lactate (Fig. 1B).

isolation of intermediate 1a remained

Conclusions

In summary, incorporating proton-shuttling scaffolds in the
ligand framework plays a remarkable role in the design of non-
innocent-ligand-based catalysts. The developed Ru catalyst was
identified as suitable for the efficient synthesis of lactate from
a mixture of glycerol, ethylene glycol, and methanol under
relatively benign conditions. The strategy was utilized to

RSC Adv, 2024, 14, 37082-37086 | 37085
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synthesize lactate from a mixture of crude glycerol and ethylene
glycol, as well as from triglycerides directly via base hydrolysis,
followed by dehydrogenation in a single pot. This coherent
approach for synthesizing lactic acid may establish a new
straightforward route for the more-sustainable disposal of
waste glycerol produced during biodiesel production. For
practical utility, further scale-up of this catalytic strategy is in
progress.
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