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ABSTRACT
Deep eutectic solvents (DESs) are efficient catalysts; however, their foundational hydrogen-bonding framework is susceptible
to water-induced disruptions. In this study, a structure-stability-performance relationship is examined for two acidic DESs:
tetrabutylammonium hydrogensulfate (N-DES) and tetraphenylphosphonium bromide (P-DES) with p-toluenesulfonic acid
monohydrate (PTSAM), in a glycerolysis reaction. Glycerolysis of free fatty acids (FFAs) generates water as by-product, creating
dynamic water-rich reaction environment, providing a controlled basis for comparing two DESs against water-ingression. N-DES
being more acidic achieved equilibrium conversion faster than P-DES, under identical conditions, validated by lower apparent
activation energy for N-DES. Both DESs remained in the glycerol phase post-reaction, and under recycle routine there was
water build-up in glycerol phase. The water ingress affected the catalytic stability of both DESs, while removing water via oven
evaporation, resulted in improved catalytic conversion- N-DES (40% to 62%) in comparison to P-DES (46% to 81%), at the end of fifth
cycle. TGA data confirms thermal stability of both DESs within operational ranges, eliminating DES degradation behind decreased
catalytic ability. Insights from viscosity and molecular self-diffusion data highlights the differences in component mobility and
hydrogen-bond network organization, as most probable cause of divergent resistance to water-induced disruption during recycling.
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Introduction

ndustrial or waste-derived nonedible lipid sources, often con-
aining high levels of free fatty acids (FFAs) are promising
eedstock for sustainable production of fuels and materials [1,
]. Biodiesel, a petro–diesel substitute, commonly known as
atty acid methyl esters (FAMEs), is commercially produced via

ethanolic transesterification of triglycerides in neat vegetable
ils [3, 4]. However, FAMEs conversion is sensitive to high
FAs content, where FFAs react with alkaline catalysts to form
oaps, which lowers yield and causes emulsification [5]. Glyc-
rolysis or glycerol esterification of FFAs provides a chemical
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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route to convert FFA-rich residues into glycerides that re-enter
conventional transesterification pathways [6]. Transesterification
by-product, glycerol has three hydroxyl groups and is a highly
hydrophilic molecule, it exhibits limited solubility in organic
media; for instance, glycerol is soluble only up to 4%–5% in typical
hydrophobic fats. This low solubility hinders the reaction unless
it is carried out at elevated temperatures or in the presence of
an effective catalyst to assist glycerol (a weak nucleophile). Deep
eutectic solvents (DESs) have emerged as versatile media and cat-
alysts for acid-catalyzed transformations, owing to their tunable
hydrogen-bond networks, low toxicity, and recyclability [7–9].
Unlike Ionic Liquids, DESs have simpler synthesis routine, rather
se, which permits use, distribution and reproduction in any medium, provided the
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ost-effective components, while retaining low-volatility [10].
owever, the fundamental hydrogen bonding governing DESs

tructure is susceptible to water ingression, significantly affecting
he reaction equilibria and catalyst stability [11]. Furthermore,
he physicochemical behavior of DESs in solvolysis or catalysis is
overned by the complex hydrogen-bonding interactions, which
re dependent on component-specific associations [12].

cidic DESs based on quaternary salts and organic acid have been
eported earlier by Mamtani et al. (2023)- tetrabutylammonium
ydrogensulfate (N-DES) and tetraphenylphosphonium bromide
P-DES) with p-toluenesulfonic acid monohydrate (PTSAM),
espectively [13]. Advanced characterization quantified physico-
hemical properties of two DESs, establishing thermal behavior,
onicity, viscosity, conductivity and molecular diffusion trends.
he group then investigated application of N-DES in glycerolysis
f FFAs, reporting high catalytic activity but poor catalyst recycla-
ility (conversion falling to ≈ 62.5% after five cycles and reduced
onversion when using crude glycerol), owing to water, a reaction
y-product [14]. Lower catalyst recyclability was hypothesized
o arise from water-based disruption of N-DES structure. In P-
ES, the HBA is composed of an aromatic cation with increased

harge delocalization, which may reduce effecting coupling of
BA cation and HBD complex, as observed from previous 1H-
MR self-diffusion data- partial decoupling of the hydrogen-bond
onor from the ionic framework in the phosphonium-based
ES.

onsidering combined evidence establishing structure-property-
erformance relationship, arising from reported studies, it is
ypothesized that substituting ammonium cation in HBA with
romatic phosphonium cation, may lead to a more durable
ES structure with moderated interactions with water, thereby

esisting water-induced structural disruptions and thus improv-
ng catalyst recyclability. Hence, the present study investigates
-DES in glycerolysis of FFAs for its catalytic performance,
specially catalyst recyclability. The focus of work is not reaction
ptimization or catalyst screening, but reaction kinetics and
ssociated parameters are examined to contextualize stability
elated performance differences relative to N-DES (considered as
enchmark). Special emphasis is placed on catalyst reusability
nd performance under water-rich conditions, as these aspects
irectly reflect structural stability of the DES catalyst during
epeated glycerolysis cycles.

Experimental Section

.1 Materials

able S1 shows the list of chemical reagents used in this research
tudy. All the chemicals were used as received without any
odification. Oleic acid was used as model FFA.

.2 Catalyst Preparation

he acidic DESs investigated in this study comprise a quaternary
alt as hydrogen bond acceptors (HBAs- N-DES or P-DES), both
ormed using p-toluene sulfonic acid monohydrate (PTSAM) as
of 8
the hydrogen bond donor (HBD). These catalysts differ only in
the hydrogen-bond acceptor framework, enabling a controlled
comparison of ammonium and phosphonium systems under
identical glycerolysis conditions. Briefly, P-DES was prepared
using the standard heating-mixing method described elsewhere
[15]. The corresponding ammonium-based DES (N-DES), used as
the benchmark catalyst in this study, has been described in detail
and applied in glycerolysis of FFAs in our earlier work [14].

Comprehensive physicochemical characterization of both DES
catalysts, including acidity, thermal behavior, density, viscosity,
and water content, has been reported elsewhere [13] and is not
repeated here. Key physicochemical properties relevant to cat-
alytic performance, including Hammett acidity, melting behavior,
density, viscosity, and water content, are tabulated below in
Table 1.

TGA mass change values reflect overall volatility and loss of
weakly associated species and do not indicate catalyst decompo-
sition within the operable temperature range.

2.3 Reaction Setup and Glycerolysis Procedure

A batch reactor was employed made up of a stainless-steel vessel
(250 mL) fitted with an axial impeller, temperature probe, and
reactor lid that had an opening for sampling, and nitrogen
purging. Heating was provided with a hot plate (fitted with a
temperature controller device), insulation provided to minimize
heat losses, and purging was provided using flow meter main-
tained at 80–120 mL/min rate. Moisture in the effluent nitrogen
was condensed using a pair of condensers; one hot maintained
at 60◦C and other cold maintained at room temperature. Oleic
acid and pure glycerol were used as model reactants for purpose
of establishing reaction kinetics. Both reactants and catalyst were
heated to the desired temperature separately and then mixed,
marking the beginning of the reaction. The reaction progress was
tracked by sampling at the marked time intervals of 0, 5, 10, 15,
30, 45, 60, 90, 120, 150, and 180 min. The 5 mL samples were
withdrawn from the reactor and immediately quenched with
ice to stop any reaction. The conversion of FFAs was calculated
as the average of two independently repeated runs for each
experimental condition.

2.4 Product Analysis

After the glycerolysis reaction and ice-quenching, the products
consisted of an upper layer (i.e., mono-, di-, tri-glycerides, and
unreacted oleic acid) and a lower layer (i.e., excess glycerol and
water). The upper layer was analyzed for composition. The oleic
acid (FFA) content was determined by the Lubrizol method
for commercial fats and oils [16]. Glyceride composition was
determined by gas chromatography with flame ionization detec-
tion (GC-FID) using calibrated monoolein and diolein standards,
while water content was measured using Karl Fischer coulomet-
ric titration. All analyses were performed in duplicate, and the
resulting conversions and compositions were reported as average
values. Detailed analytical procedures, calibration methods, and
calculation steps are provided in Supporting Information.
ChemCatChem, 2026
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TABLE 1 Important properties of quaternary acidic N-DES and P-DES, reproduced from [13].

Molar mass
(g/mol)

Melting
point

Water
content

Mass
change

Mass
Density

Dynamic
viscosity H0

a

N-DES 719.94 −43.18◦C 4.50% 1.75% (25◦C–130◦C) 1.125 g/cm3 (at 90◦C) 0.055 Pa s (at 90◦C) −2.91
P-DES 247.49 64.30◦C 4.37% 9.81% (25◦C–135◦C) 1.271 g/cm3 (at 90◦C) 0.181 Pa-s (at 90◦C) −1.89

aH0 represents Hammett acidity value in 40 mM aqueous solution.

FIGURE 1 Oleic acid conversion in the glycerolysis reaction using
P-DES catalyst at optimum conditions: 130◦C and 10 wt.% catalyst loading.
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TABLE 2 Apparent activation energies (EA) for glycerolysis cat-
alyzed by phosphonium- and ammonium-based DESs.

Catalyst
loading %

P-DES, EA,
KJ/mol

aN-DES,
EA, KJ/mol

1 84.79 ± 9.64 64.52 ± 9.56
5 80.23 ± 12.73 55.72 ± 7.49
10 40.33 ± 6.35 16.18 ± 2.23

aN-DES data adapted from [14] under identical conditions.
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Results and Discussion

.1 Glycerolysis of Oleic Acid

lycerolysis of oleic acid using the phosphonium-based DES
P-DES) catalyst was investigated over a range of temperatures
90◦C–150◦C) and catalyst loadings (1–10 wt.%), with the param-
ter range selected to match conditions previously established
or ammonium-based DES systems, discussed in Section S3.1
17]. The experimental parameter range for optimization study
ere identical with N-DES work, to enable a direct comparison.
igure 1 (and Figure S2) shows oleic acid conversion trend,
chieving equilibrium conversion (94%) within 15 min at 130◦C
ith catalyst loading (10 wt.%). The results are close to N-DES

atalyst, where similar conversion was reported but within 10 min
nder identical conditions [13]. The identification of comparable
ptimum conditions for both systems enables a direct comparison
f catalytic performance, ensuring that differences observed in
ubsequent sections arise from catalyst properties rather than
ariations in reaction conditions.

.2 Comparative Kinetics Analysis

eaction kinetics were analyzed to provide comparative
nsight into the rate behavior of glycerolysis catalyzed by the
hosphonium-based DES (P-DES), relative to the ammonium-
ased benchmark (N-DES), under identical reaction conditions.
he objective of this analysis is not kinetic optimization, but to
hemCatChem, 2026
contextualize observed stability and recyclability trends in terms
of apparent reaction rates.

Given the large excess of glycerol employed, glycerolysis of oleic
acid was treated using a pseudo-first-order kinetic approximation
with respect to oleic acid concentration. The complete kinetic
formulation, assumptions, and derivations are provided in Sec-
tion S3.2. Apparent pseudo-first-order rate constants (k′) were
extracted from time-dependent conversion data obtained at differ-
ent temperatures and catalyst loadings. Arrhenius plots of ln(k′)
versus temperature (1/T) were used to estimate apparent acti-
vation energies (EA) for P-DES at catalyst loadings of 1–10 wt.%
(Figure S3, Table 2). The calculated EA decrease with increasing
catalyst concentration, from approximately 85 kJ mol−1 at 1 wt.%
to ∼40 kJ mol−1 at 10 wt.%. The associated uncertainties in EA
arise primarily from regression fitting over limited temperature
ranges and should therefore be interpreted qualitatively rather
than as intrinsic kinetic constants. For comparison, Table 2,
also list previously reported EA trend for N-DES, under identical
reaction conditions. It is observed that across catalyst loading,
N-DES consistently has lower EA than P-DES, corresponding
to faster reaction rates reaching equilibrium conversion earlier
(10 min) than P-DES (15 min).

The kinetic data, further validated optimal the catalyst dosage
(10 wt.%) at 130◦C and 15 min. These conditions were adopted
here onwards for examining the effect of HBA substitution on
catalyst performance, specifically recyclability.

FT-IR ATR analysis of biphasic products (fatty and aqueous) was
done to verify the presence of glycerides and P-DES. Verification
of esters formation in Section S3.2.1, provides comprehensive FT-
IR spectrums (Figures S4 and S5) and associated analysis for neat
oleic acid, P-DES and post-reaction fatty and aqueous (glycerol)
phase. It was confirmed that glycerides made majority of fatty
phase, while P-DES remained in aqueous phase, post reaction.
The catalyst retention in aqueous phase is consistent with N-DES,
suggesting hydrophilic nature of both DESs.
3 of 8
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FIGURE 2 Comparative change in the molar composition of the fatty phase with respect to time, data for N-DES adapted from [14].
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he evolving product distribution during reaction is presented in
igure 2, for both DESs at optimized conditions. It is observed

hat the reaction proceeds via combination of parallel as well
s consecutive pathways, producing mixture of glycerides during
he reaction. Rapid formation of monoglycerides and gradual
ormation of di- and tri-glycerides is observed. N-DES shows
aster monoolein accumulation and subsequent product stabiliza-
ion, consistent with its lower EA. While, P-DES shows a more
radual monoolein accumulation and subsequent transforma-
ions, in accordance with its higher EA. At lower temperatures
r catalyst loadings, similar qualitative trends are expected, with
elayed progression toward higher glycerides due to kinetic limi-
ations. The underlying acid-catalyzed esterification mechanism
s well established for DES-mediated glycerolysis systems and
as been reported previously for ammonium-based DES catalysts;

herefore, it is not repeated here.

.3 Catalyst Stability and Recyclability

vidence generated in the present study reveals that water is the
mmediate cause limiting equilibrium conversion, as aggressive
hrough-volume N2 purging for in situ water-removal increased
-DES catalyzed equilibrium conversion from ∼94% to near-
ompleted conversion ∼99.4% (Figure S6 and S3.3.1). This behav-
or closely parallels that reported previously for the ammonium-
ased DES system (N-DES ≈ 98.8% under analogous purging con-
itions [14]), supporting the conclusion that water accumulation
onstrains equilibrium conversion in both catalyst systems.

urther, recyclability of P-DES is examined and compared with
he ammonium benchmark under an identical handling regime:
ractical post-reaction oven-evaporation (105◦C) water removal
etween cycles. After each run the organic and glycerol layers
ere separated by gravity (Figure S7), the glycerol phase was

opped up with fresh glycerol to restore reactant molar ratio.
he recovered glycerol phase (with or without oven treatment)
as reused for the next cycle. Full experimental details for

he recyclability protocol, mass-balance tracking, and make-up
lycerol additions are provided in Tables S2–S4.

igure 3a shows oleic acid conversion for both DESs, for five
onsecutive runs. For N-DES, the catalytic conversion drops from
of 8
94% in fresh run to ∼40% in fifth run, showcasing substantial
loss of catalytic activity. For P-DES, the results are similar,
where P-DES performs marginally better, with 46% conversion
at the end of fifth cycle. Table S2 shows water content in
upper and lower layers of biphasic products, measured before
starting the reaction. It can be seen that there is consistent water
accumulation in recycled lower glycerol layer. The accumulating
water limits equilibrium conversion, and also may be affecting
P-DES structurally. Figure 3b shows the oleic acid conversion
profile for both DESs, when lower glycerol layer was subjected
to overnight oven evaporation (105◦C) for removing water, before
each recycle run. Table S3 shows mass lost during evaporation,
presumably mostly water. Water removal has a pronounced effect
on catalyst recyclability. For both DESs, the consecutive runs
show increased oleic acid conversions, where the gap between
both DESs widens. P-DES now shows superior catalytic activity
with gradual reduction in OA conversion, while for N-DES there
is a sudden loss in catalytic conversion. P-DES retains ≈ 81%
conversion after five cycles, compared with ≈ 62.5% for N-DES.
These results reconfirm that water is a deterioration agent in
glycerolysis reaction limiting equilibrium conversion as well as
a DES performance disruptor.

To exclude simple material-handling artefacts as the cause of
conversion loss, mass-balance tracking was performed during
the recyclability campaign (Table S4). Transfer-related losses
of the glycerol phase (measured WLL) were small and non-
accumulative and could not account for the large decline in
conversion observed without water removal; make-up glycerol
additions (WMUG) restored the nominal charge between cycles.
These data therefore indicate that conversion decline is domi-
nated by chemical/solvation effects (water accumulation and its
consequences for the catalytic microenvironment) rather than by
gross physical loss of catalyst during handling.

Thermogravimetric analysis (TGA, Figure S1) confirms that both
N-DES and P-DES catalysts are thermally stable within the
operable temperature range employed in this study (≤ 130◦C),
with no evidence of abrupt decomposition under reaction or
oven-evaporation conditions. Thermal degradation can therefore
be excluded as the origin of the observed differences in catalyst
recyclability. Hammett acidity (H0) measurements (Figure 4)
establish that both DESs possess strong Brønsted acidity, consis-
ChemCatChem, 2026
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FIGURE 3 Catalyst recyclability under repeated glycerolysis cycles. (a) Recyclability of P-DES and N-DES deep eutectic solvent catalysts over
five consecutive cycles without any water-removal step between runs. (b) Recyclability of P-DES and N-DES catalysts over five consecutive cycles with
oven-assisted water removal (105◦C) between runs.
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ent with their high catalytic activity in glycerolysis. The higher
pparent acidity of the N-DES correlates with its lower apparent
A (Table 2) and faster attainment of equilibrium conversion

≈ 10 min for N-DES versus ≈ 15 min for P-DES under otherwise
dentical conditions). H0 measurements performed over a range
f aqueous DES concentrations (10–40 mM) capture the influ-
nce of dilution and solvation on proton activity. These results
rovide a useful framework for interpreting effective acidity
nder varying catalyst loadings in the present biphasic system,
here direct in situ measurement is not well-defined. However,

cidity alone does not explain the superior recyclability of P-
ES. Instead, the enhanced operational durability of P-DES is

nterpreted to arise, at least in part, from higher dynamic viscosity
t reaction temperatures (Figure 5), which influences the catalyst
hemCatChem, 2026
microenvironment within the glycerol phase. Additionally, the
higher viscosity of P-DES may also be linked to higher EA,
as high viscosity imposes greater mass-transfer limitations in
the studied biphasic glycerolysis reaction, especially at lower
reaction temperatures. Furthermore, increased viscosity may
reduce catalyst mobility and mitigate adverse water-induced sol-
vation effects, which may contribute to stabilization of protonic
catalytic sites during repeated cycling. These physical effects
may become particularly important under water-rich reaction
conditions (recycle runs), where P-DES retains higher activity
than the more kinetically active but less durable ammonium ana-
logue. Relationships between viscosity, molecular mobility, and
transport behavior in DES systems have been widely reported,
with higher viscosity often associated with reduced diffusivity
5 of 8

ive C
om

m
ons L

icense



FIGURE 4 Hammett acidity for studied DESs at different aqueous
concentrations, reproduced from [13]. Δ: N-DES, Ο: P-DES, and Χ:
PTSAM.

FIGURE 5 Dynamic viscosity (η), vs. temperature (1/T) for DESs. Ο:
N-DES, Δ: P-DES. Reproduced from [13].
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FIGURE 6 Arrhenius plots of the self-diffusion coefficients for the
respective cation species and common HBD in synthesized DESs; (a) N-
DES (343–423 K), (b) P-DES (363–403 K). Reproduced from [13].
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nd altered local structuring [18]. While direct in situ character-
zation of the DES microenvironment under reaction conditions
ould be challenging, the H0, viscosity and recyclability data are

ollectively consistent with this interpretation.

further scientific rationale behind differing catalyst recyclabil-
ty can be developed based on previously reported 1H-NMR self-
iffusion studies (Figure 6) [13]. Briefly, in N-DES, ammonium
ation (TBA+) and HBD diffuse at comparable rates suggesting
trongly associated H-bond network. While in P-DES, the HBD
iffuses faster than the phosphonium cation (TPP+) suggesting
artial component decoupling. From this structural distinction,

t can be inferred that HBD in P-DES retains greater mobility
ithin a more dynamic and reorganizable H-bond network,
hereas in more tightly associated N-DES, such mobility is rather

estricted. As a result, the N-DES structure is more susceptible
o water ingress during repeated recycling. Moreover, TPP+
of 8
cation consists of aromatic substituents and exhibits greater
charge delocalization, which may reduce ion pairing and weaken
DES hydrogen-bond network strength, in comparison to TBA+

analogue. Such moderation may lead to less tightly associated
liquid structure, consistent with NMR diffusion observations.
As such, in P-DES system, the microstructure may adapt under
hydration–drying perturbation, suggesting improved resilience to
disruption by water. These molecular-level differences are fully
consistent with the observed trade-off between catalytic activity
and operational durability identified in the present recyclability
study.
ChemCatChem, 2026
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uch decoupling of molecular motion and deviations from simple
ransport models have been observed in a range of DES sys-
ems, where translational and rotational dynamics reflect the
nderlying hydrogen-bond network organization rather than
imple ionic behavior [19, 20]. Pulsed-field gradient NMR studies
f choline chloride-based DESs have similarly shown unequal
iffusion of HBA and HBD components, including in reline
ChCl:Urea), where diffusion asymmetry has been interpreted
s reflecting underlying differences in component association
nd network organization rather than instability of the solvent
tructure [21]. This interpretation is further supported by reports
hat hydrated DESs, specifically reline retain nano-structural
rganization over substantial water contents before transitioning
oward simple aqueous solutions, demonstrating that hydrogen-
onded DES networks can remain functionally resilient under
ater ingress [22]. Recent studies further demonstrate that DES

tructure and stability are highly sensitive to environmental con-
itions, including water incorporation and temperature, which
an influence hydrogen-bond connectivity and system behavior
23]. By analogy, the P-DES investigated here may exhibit a
imilarly water-responsive yet structurally persistent catalytic
nvironment.

aken together, the acidity, viscosity, self-diffusion, and recy-
lability results support the hypothesis that HBA substitution
nfluences catalyst durability primarily through modifications to
ES microstructure, component mobility, and water response,

ather than through changes in intrinsic acidity alone.

Conclusion

arlier work on N-DES catalyzed glycerolysis identified accumu-
ation of water in the glycerol phase as a major factor limiting
quilibrium conversion and undermining catalyst reuse. The
resent work examines whether phosphonium-HBA substitution
lters this failure mode: specifically, whether phosphonium-
ased DES (P-DES) shows comparable water sensitivity, and
hether its physicochemical profile confers improved opera-

ional durability under practical recycle handling, in glycerolysis
f FFAs.

ested under controlled reaction parameter range, both DESs
roved efficient acidic catalysts. Both DESs exhibit strong
ronsted acidity, with differing dynamic viscosity and com-
onent mobility. Critically, P-DES exhibits higher dynamic
iscosity at reaction temperatures and 1H-NMR self-diffusion
ata show partial decoupling of the acidic HBD (PTSAM)
rom the phosphonium cation, whereas in N-DES the cation
nd PTSAM diffuse together. These observations support the
nterpretation that P-DES provides a more viscous and dynam-
cally adaptable acidic microenvironment, in which Brønsted
cid sites remain functionally available despite water-induced
erturbations to the hydrogen-bond network, thereby improv-

ng durability at the expense of reaction rate. Comparative
hysicochemical analysis indicates that these differences arise
rimarily from changes in component mobility influencing
ES microstructure and thus, water response introduced by
BA substitution, rather than differences in intrinsic acid-

ty or thermal stability. These findings identify HBA identity
s a practical catalyst-design variable for tuning the balance
hemCatChem, 2026
between reaction rate and durability in homogeneous DES
catalysts.

One key limitation of present work is its focus on a single pair
of HBA chemistries. Future works should focus on develop-
ing advanced probing techniques to investigate water-induced
disruption of catalytic microenvironment. A key takeaway of
current work is the critical need to explore effective water removal
strategies when working with DES-based systems. Essentially,
there is a need to extend the HBA substitution concept across
broader DES families to validate structure-stability-performance
relationships identified here.
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