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Eco-efficient hydrolysis of coconut oil:
a continuous hydrothermal and water-only
process for the production of oleochemicals

Enkeledo Menalla, ¢ @ Diego Martin,? Luis Vaquerizo,® Jefferson W. Tester, () °
Maria José Cocero® and Danilo Cantero (2 *@

A continuous hydrothermal process using water as reaction medium was investigated for the selective
hydrolysis of triglycerides under sub- and supercritical conditions. The process was operated in continu-
ous flow at 250-400 °C and 22-25 MPa with residence times between <1 s and <60 s, enabling con-
trolled partial or near-complete hydrolysis without added catalysts, organic solvents and expensive
enzymes. At 380 °C and 25 MPa, selective partial hydrolysis yielded up to 51 wt% mono-diglycerides and
32 wt% fatty acids at a residence time of 23 s. The process was demonstrated at a pilot scale with a
throughput of 30 kg h™ and stable operation at high oil concentrations up to 34 wt% in the reactor.
Integration of counter-current heat recovery reduced the external energy demand by up to 61%, addres-
sing the high energy intensity typically associated with supercritical water processing. Hydrolysates
enriched in mono- and diglycerides exhibited strong emulsifying performance and long-term stability up
to 1 year, comparable to that of a commercial emulsifier. These results show that continuous, water-only
hydrothermal hydrolysis enables rapid and selective triglyceride conversion within an energy-integrated
and scalable process configuration.

1. Triglyceride hydrolysis is carried out in water without added catalysts, organic solvents, or neutralization steps, enabling the direct formation of diglycer-
ides, monoglycerides, free fatty acids, and glycerol without generating byproducts or hazardous residues.

2. Implementation of counter-current heat recovery enables recycling of up to 61% of the process thermal energy, substantially reducing external heating
requirements and directly addressing the primary energy-intensity limitation of sub- and supercritical water processes.
3. Residence-time control (0.9-43 s) enables selective enrichment of mono- and diglycerides, producing emulsions with long-term stability comparable to a

commercial emulsifier and promoting the release of antioxidant compounds during partial hydrolysis.

1. Introduction

Conventional acid- and base-catalyzed hydrolysis typically
requires stoichiometric quantities of corrosive reagents and

Developing more efficient methods of triglyceride hydrolysis is
essential for reducing the use of materials, auxiliary inputs
and energy demand in oleochemical production."™ This
process enables the formation of free fatty acids, mono- and
diglycerides, and glycerol, important intermediates for surfac-
tants, emulsifiers, fuels, and functional additives.” ' However,
established hydrolysis technologies are hindered by long reac-
tion times, high reagent usage and limited scalability."*™**
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generates salt-containing aqueous waste during neutralization
(Fig. 1).">7'° It also operates at residence times of hours.'®"”*°
Although enzymatic hydrolysis offers milder conditions and
improved selectivity, its industrial implementation is limited
by slow reaction kinetics, enzyme deactivation, high catalyst
costs and low space-time yields.'"'*'®?%?! Consequently, both
approaches have inherent limitations in terms of material
efficiency, energy demand and process intensification as
shown in Table 1.

Hydrothermal processing utilizing subcritical and super-
critical water has developed as an alternative method for trigly-
ceride hydrolysis, as water in these states demonstrates a
diminished dielectric constant similar to nonpolar solvents,
increased diffusivity, and enhanced mass transfer, facilitating
ester bond cleavage without the necessity for additional cata-
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Fig. 1 Three-dimensional comparison of hydrolysis processes based on temperature, reaction time, and enthalpy: real operating conditions (red

line) vs. target conditions with heat integration (yellow line).

Table 1 Comparison of conventional and hydrothermal routes for triglyceride hydrolysis

Feature Acid-catalyzed Base-catalyzed (saponification) Enzymatic (lipase) Sub/supercritical water

Reaction time 4-24h 1-3h 2-30 h, maximum yield 16 h Seconds to 1.5 h

Temperature 60-200 °C 60-80 °C 30-50 °C 250-400 °C

Pressure 0.1-1 MPa ~0.1 MPa ~0.1 MPa 10-22.1+ MPa

Catalyst Solid acids (SO,>7/ZrO,, Nafion Strong base (NaOH/KOH) Lipase enzyme None (self-catalyzing)
SAC-13, sulfonated carbons)

Solvent/medium  Water or water/alcohol mix Water/alcohol mix Water Water

Yield/conversion = 80-98% ~99% 78-98% 90-99%

Downstream Complex; requires neutralization Requires acidification to Simple phase separation; the Simple phase separation

separation and washing release FFA from soap enzyme is recycled upon cooling

Type of vegetable Refined vegetable oils: palm, Waste cooking oil (sunflower- Coconut oil Sunflower oil

oil rapeseed, sunflower, soybean type: 53% oleic) Canola oil

Ref. 15-17 18 and 19 16, 21 and 22 23

16,24-30 preyious research has shown

lysts or organic solvents.
that triglycerides can be hydrolyzed into mono- and diglycer-
ides, fatty acids and glycerol under hydrothermal
conditions.’**'* However, most of these studies have been
performed in batch reactors, where productivity and industrial
relevance are limited by discontinuous operation, limited heat
transfer, and poor thermal integration.>**® Continuous pro-
cessing has been also explored under subcritical conditions,
and systematic studies of triglyceride hydrolysis in continuous
supercritical water are still limited.*””*' In addition, the high
thermal input required for supercritical operation necessitates
effective energy management to ensure overall process
efficiency.'>?*

The selection of coconut oil in this study was due to its
extensive use in cosmetic and personal care formulations and

6242 | Green Chem., 2026, 28, 6241-6260

also suitability for the generation of functional glyceride-based
ingredients."®'"*>*3 Its triglyceride composition is rich in
medium-chain fatty acids and favors the formation of mono-
and diglycerides which have a strong amphiphilic character
during partial hydrolysis.****> The resulting DG/MG fractions
are relevant for cosmetic applications as they exhibit enhanced
interfacial activity, improved compatibility with skin and hair,
and superior penetration properties compared to intact
triglycerides.®'**® Consequently, coconut oil is a valuable plat-
form for evaluating continuous hydrothermal hydrolysis for
producing high-performance glyceride fractions.

In this work, a continuous hydrothermal process using
water as the reaction medium is investigated for the selective
hydrolysis of triglycerides from coconut oil. The study exam-
ines whether the combination of ultrashort residence times

This journal is © The Royal Society of Chemistry 2026
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and continuous operation can enable selective formation of
mono- and diglycerides without the use of added catalysts or
organic solvents. The process is explored under sub- and
supercritical water conditions, with particular attention to the
integration of heat recovery as a strategy to reduce the high
energy demand associated as a potential improvement point of
this technology. In addition, the stability of operation at a pilot
scale and the functional performance of the resulting glyceride
mixtures are assessed through emulsion stability tests.

2. Materials and methods

2.1. Materials

Type I deionized water (Elix, 10 MQ cm) was used as the reac-
tion medium. Virgin, unrefined organic coconut oil was com-
mercially sourced (Maxivio, Spain) and used as received. The
feedstock consists predominantly of triacylglycerols (TAG;
>94 wt%), with minor partial glycerides/free fatty acids typical
of commercial coconut oil.*’ Reagents, solvents, standards,
suppliers and lot numbers are reported in the SI (section 2.1).

2.2. Supercritical water hydrolysis PHUn-1: the device

Details for the continuous process used to hydrolyze coconut
oil in SCW were reported elsewhere.>*>* The Pressurized
Hydrolysis Unit (PHUn-1) shown in Fig. 2 is a custom-designed
stainless steel 316L system featuring a sudden expansion

HE-101
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reactor (SER) capable of operating at up to 400 °C and 30 MPa.
The reactor length (0.09-8.7 m) and flow rates (up to 5 kg h™*
water, 2.5 kg h™" oil suspension) are adjustable to control resi-
dence times between 0.7 and 43 seconds. A needle valve from
Autoclave Engineers model 30VRMM4812-HT enables rapid
depressurization (0.1-1 ms) and cooling the reaction mixture
from ~400 °C to ~150 °C via the Joule-Thomson effect and
effectively halting further reactions. The reaction time was con-
trolled by changing the total flow rate and the reactor volume.

Water is delivered using a Milton Roy MD140 membrane
pump, while the oil suspension is pumped with a Lewa EK1
piston pump. The suspension oil feed remains unheated prior
to mixing, ensuring that hydrolysis only begins upon contact
with the hot, pressurized water inside the reactor. This pre-
vents secondary reactions and enables precise control of resi-
dence time. The reactor configuration (linear or coiled)
depends on length, with thermocouples placed for real-time
temperature monitoring. An electrical heater inline at nine
kilowatts supplies thermal energy to the water stream. A down-
stream cooler collects the product at room temperature. This
system enables precise control of catalyst-free, solvent-free tri-
glyceride hydrolysis with high product selectivity and minimal
thermal degradation.

2.3. Supercritical water hydrolysis PHUn-2: pilot scale

The PHUN-2 system operates using the same sample collection
procedure and operational methodology as PHUn-1, with the
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Fig. 2 PFD diagram of the continuous SCW pilot plant.
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primary distinction being an increased total feed rate from
7.6 kg h™" to 30 kg h™". This system is fully automated, ensur-
ing precise control over reaction conditions, flow rates, and
product collection. A larger description of this unit can be
found in the literature.® Additionally, a heat exchanger
(H-301) has been integrated into the plant to enhance thermal
efficiency and energy recovery and does not affect the process
performance.

The heat exchanger consists of an inner tube with dimen-
sions of 6.35 mm x 1.65 mm and an outer tube measuring
19.05 mm x 2.77 mm, with a total length of 6 m. Further
details on the system’s configuration and operation can be
found in section 4.1.

2.4. Experimental design

The experimental setup was designed to explore how changes
in water properties affect the hydrolysis of coconut oil, along
with examining how the reaction temperature and time impact
the process. Table 2 summarizes the tested conditions.

For the hydrolysis of coconut oil, a range of conditions was
examined to capture key factors influencing the reaction. Five
temperatures (250, 300, 350, 380, and 400 °C) and two press-
ures (22.0 and 25.0 MPa) were tested across eight different
reactor lengths (9, 50, 110, 200, 230, 318, 510, and 870 cm),
resulting in varied reaction times. Flow rates were maintained
at 4 kg h™" for supercritical water (SCW) and 1.5 kg h™" for the
coconut oil mixture, providing a consistent baseline for com-
parative analysis of hydrolysis under different conditions.

In the 200 cm reactor, the concentration of the coconut oil/
water mixture was varied to 10%, 25%, 50%, 75%, and 100%
w/w in the tank T-201, corresponding to 3.4%, 8.3%, 17.1%,
25.6%, and 34.2% w/w in the reactor. The goal of this change
was the assessment of the concentration effects on hydrolysis
yields. For all other reactor lengths, a consistent 50% concen-
tration in the tank was maintained to compare the differences
in conversion between the conditions.

Triglyceride conversion was calculated on a mass basis as
the fraction of triglycerides consumed relative to the inlet
amount. Product yields (diglycerides, monoglycerides, free
fatty acids, and glycerol) were defined as the mass fraction of
each product formed relative to the initial mass of triglycerides
fed to the reactor.

Xig (%) _ mrG,0 — Mrg

x 100 (1)
mrG,o0

Table 2 Experimental conditions and pure water properties under
those conditions

Temperature Pressure Density Ionic product Dielectric
(°C) (MPa) (kgm™)  (pKy) constant
250 22 818 11.0 28.1

300 22 738 11.2 21.4

350 25 612 11.6 14.4

380 25 450 12.7 9.3

400 25 166 16.7 3.7
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where Xrg is the conversion in percentage on a mass basis;
mrg,o is the mass of triglycerides at the reactor inlet; and mrg
is the mass of triglycerides at the reactor outlet.

ms
Yrg (%) = —— x 100 (2)
mraG,0
Yrc is the yield in percentage on a mass basis; m; is the mass
of product i measured at the reactor outlet; and mrg, is the
initial mass of triglycerides fed to the reactor.

2.5. Characterization of the product

The product composition (TG, DG, MG, total FFA and glycerol)
was quantified primarily by high-performance size-exclusion
chromatography (HPSEC) following ISO 18395:2012,* which
enables class-based separation and quantification of glycerides
and total fatty acids in complex hydrolysate mixtures. Detailed
information on sample preparation, column configuration and
analytical conditions is provided in the SI (section 2.5.1).
Individual free fatty acids and glycerol were additionally quan-
tified by GC-MS after silylation derivatization using external
calibration with authentic standards and an internal
standard;*>>" the full method (derivatization, calibration and
instrumental parameters) is reported in the SI (section 2.5.2).
FTIR spectroscopy was used to assess functional-group
changes between the feedstock and representative products,
with acquisition and processing details provided in the SI
(section 2.5.3). Total phenolic content (TPC) was determined
using the Folin-Ciocalteu assay and reported as gallic acid
equivalents as an activity-based proxy for antioxidant-related
constituents;’>* the assay protocol is given in the SI (section
2.5.4).

2.6. Emulsion preparation and droplet sizing (FlowCam)

Oil-in-water emulsions were prepared from selected hydroly-
sate products to assess their formulation performance.
Emulsification was performed by high-shear homogenization
(Ultra-Turrax), and macroscopic stability (creaming/phase sep-
aration) was visually screened.>*® Droplet size distribution
and morphology were quantified by FlowCam 8000 imaging
flow microscopy based on automated analysis of droplet
images acquired in a flow cell.>”*® Full formulation matrices,
dilution protocols and measurement settings are provided in
the SI (sections 2.6.1 and 2.6.2).

2.7. Principal component analysis (PCA) and clustering
analysis

Principal component analysis (PCA) and cluster analysis were
used to compare samples and group them by compositional
similarity, enabling selection of compositionally distinct
samples  during product development for detailed
characterization.

2.7.1 Principal component analysis (PCA). Principal com-
ponent analysis (PCA) was used to reduce dataset dimensional-
ity and visualize compositional trends.>® Data were z-score
standardized prior to analysis. PCA was performed on the
covariance matrix of the standardized variables, and samples

This journal is © The Royal Society of Chemistry 2026
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were projected onto the first two principal components for
visualization. Full details are provided in the SI (section 2.7.1).
2.7.2 Clustering analysis. To classify samples based on
their compositional profiles, k-means clustering was applied to
the PCA-transformed data.°® The algorithm partitions data
into k clusters by iteratively minimizing the within-cluster sum
of squares (WCSS). The number of clusters was chosen based
on inspection of the WCSS versus k curve. The clustering
results revealed distinct sample groupings, aiding in the
interpretation of compositional trends. A detailed description
of the clustering procedure, including centroid initialization
and convergence criteria, is available in the SI (section 2.7.2).

2.8. Severity factor (i)

In super-subcritical water (SCW) hydrothermal processing, the
severity factor (¢;) is a widely accepted metric for quantifying
the combined influence of temperature and reaction time on
process kinetics.®" This study adopts the formulation proposed
by Posmanik et al.,°> which normalizes treatment conditions
to a reference temperature, allowing for consistent comparison
across experimental setups.

The severity factor expresses the equivalent reaction time at
a reference temperature Ty of 380 °C and is defined as eqn (3).

[

where ¢ is the severity time in seconds, ¢ is the reaction time
(s), T is the treatment temperature (°C), and o is a tempera-
ture-dependent empirical parameter. In most studies, o is
approximated as a constant value of 14.75, derived from the
Arrhenius relationship as shown in eqn (4).

_ Tref2 ‘R
E,

(4)

Here, T is the reference temperature (380 °C), while the uni-
versal gas constant (R) was taken as 8.314 ] mol™* K™'. The
apparent activation energy (E,) and other kinetic parameters
were derived based on prior work by Minami-Saka,*
Milliren,** Savage® and Cocero® who also investigated the
influence of fatty acids acting as autocatalysis. The develop-
ment of this kinetic analysis is shown in the SI (section 2.8).

By combining eqn (3) and (4), the final expression used for
t; in this study becomes eqn (5).

a(T — Tref))

Tref2 ‘R

ts=t- exp( (5)
This formulation enables the comparison of reaction severity
across diverse thermal profiles and is instrumental in evaluating
and optimizing PDC extraction performance across reactor
systems. The kinetic modeling of these reactions and the fitting
of the activation energy can be found in section 2.8.1 of the SI.

2.9. Green chemistry metrics

Environmental and process efficiency metrics were studied for
the continuous hydrolysis of coconut oil at various residence

This journal is © The Royal Society of Chemistry 2026
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times. Key green chemistry indicators such as atom economy,
E-factor, process mass intensity (PMI), reaction mass efficiency
(RME), carbon efficiency, and energy intensity (EI)*®*®” are
reported in the Results section. Further details on the calcu-
lation methodology can be found in the SI (section 4.1).

3. Results and discussion

This section is structured to guide the reader through the pro-
gressive stages of coconut oil hydrolysis and the characteriz-
ation of the resulting bio-based products under subcritical and
supercritical water conditions. The first part focuses on the
hydrolysis process itself, detailing the influence of tempera-
ture, pressure, and feed concentration on the conversion of tri-
glycerides and the formation of diglycerides, monoglycerides,
free fatty acids, and glycerol. Subsequently, the profiles of indi-
vidual fatty acids are analyzed to evaluate the reaction path-
ways and solubility-driven selectivity of hydrolysis products.
The second part examines the functional potential of the
hydrolysates, including their composition-based classification
through principal component analysis (PCA), molecular trans-
formations observed via FTIR spectroscopy, and antioxidant
activity. Finally, the emulsification performance is assessed
through stability testing, droplet size distribution analysis
using FlowCam, and comparative evaluations against commer-
cial emulsifiers.

3.1 Hydrolysis of coconut oil

The data presented in Fig. 3 show the conversion of triglycer-
ides (TG) and the yields of diglycerides (DG), monoglycerides
(MG), free fatty acids (FFA), and glycerol (G) during the hydro-
lysis of coconut oil under subcritical and supercritical water
conditions. Triglyceride conversion is reported as the fraction
of triglycerides consumed relative to the inlet amount, while
product yields are expressed on a mass basis relative to the
initial triglyceride feed. Graphs (a) and (b) correspond to
experiments conducted at 380 °C and 25 MPa and at 300 °C
and 22 MPa, respectively, while graph (c) shows the effect of
the inlet coconut oil concentration in the reactor. The com-
plete dataset for all investigated conditions is provided in
section 3.1 of the SI.

SCW progressively deconstructs coconut oil into its con-
stituent components, with triglycerides (TG) decreasing over
time and being converted into diglycerides (DG), monoglycer-
ides (MG), free fatty acids (FFA), and glycerol (G), as reflected
in the conversion profiles at different residence times. Under
supercritical conditions at 380 °C and 25 MPa (Fig. 3a), the
reduced dielectric constant of water enhances the solubility of
non-polar triglycerides, accelerating hydrolysis relative to sub-
critical conditions (Fig. 3b) where the TG solubility remains
limited, a behavior widely reported for SCW systems.>*®® The
hydrolysis rate increases markedly at elevated temperatures,
particularly around 380 °C, owing to enhanced molecular
mobility, increased collision frequency, and improved reactant
solubility, which together promote bond cleavage and favor

Green Chem., 2026, 28, 6241-6260 | 6245
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Fig. 3 Coconut oil hydrolysis and product conversion at (a) 380 °C — 25.0 MPa, (b) 300 °C - 22.0 MPa, and (c) 380 °C - 25.0 MPa with different

inlet concentrations of raw material (oil) in the reactor.

the formation of DG and MG intermediates.>*®*”" The dielec-
tric properties of SCW, which vary with temperature and
density, further facilitate interactions between water and the
hydrophobic regions of triglycerides, thereby governing the

6246 | Green Chem., 2026, 28, 6241-6260

hydrolysis mechanism and reaction rate.>*”>Under these con-

ditions, a residence time of 23 s yielded a product composition
of 12 wt% TG, 28.5 wt% DG, 23 wt% MG, 32 wt% FFA, and
4.5 wt% glycerol, indicating a high degree of conversion with

This journal is © The Royal Society of Chemistry 2026
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DG and MG as the dominant intermediates. This temperature—
pressure combination provides a favorable balance between
reaction rate, product selectivity, and energy demand.*
Detailed experimental conditions for subcritical (250 °C - 220
bar and 350 °C - 250 bar) and supercritical (400 °C - 250 bar)
hydrolyses are reported in the SI (section 3.1).

Fig. 3c illustrates the effect of inlet coconut oil concen-
tration on product composition at 380 °C and 25 MPa with a
residence time of 11 s. The product distributions (TG, DG,
MG, FFA, and G) remain essentially constant as the inlet oil
concentration increases up to 34.2 wt%, indicating that the
continuous reactor maintains efficient hydrolysis without solu-
bility or mass-transfer limitations. The stable composition
across this concentration range highlights the robustness of
the system and supports its relevance for scale-up, where
higher feed concentrations are desirable
throughput.

In contrast to the present approach, conventional triglycer-
ide hydrolysis typically relies on acid- or base-catalyzed pro-
cesses that require stoichiometric reagents and downstream
neutralization steps, or on enzymatic routes that operate under
mild conditions but are limited by slow kinetics and catalyst
stability. Batch hydrothermal approaches avoid added catalysts
but typically require residence times of minutes to hours and
lack continuous operation, constraining throughput and
energy management. In contrast, the continuous hydrothermal
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process investigated here operates at residence times on the
order of seconds, without added catalysts or organic solvents,
while enabling control over product selectivity through resi-
dence-time tuning.

3.2 Profile of fatty acids

The data presented in Fig. 4 illustrate the progression of
coconut oil hydrolysis in subcritical and supercritical water at
different temperatures (400 °C - Fig. 4a, 380 °C - Fig. 4b,
350 °C - Fig. 4c, and 300 °C - Fig. 4d) and pressures (22-25
MPa). Each figure shows the total concentration of free fatty
acids over time and the relative concentration percentages of
individual fatty acids, specifically lauric, myristic, and palmitic
acids, as well as glycerol. The role of those parameters is to
understand the breakdown of triglycerides into various hydro-
lysis products and observe how temperature influences the
reaction kinetics and composition of the resultant
compounds.

Fig. 4 presents the behavior of FFAs and glycerol during the
hydrolysis of coconut oil in SCW. From this figure, it can be
seen that the total FFA content increases more rapidly and
attains a higher value at a higher temperature, while the line
plots point out the release and accumulation of individual
components with time. When the temperature is raised up to
380 °C, the product composition changes very rapidly. These
transformations progress at a slower rate at lower tempera-
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tures, thus confirming the strong temperature dependence of
the hydrolysis rate.>**®

The evolution of individual FFAs indicates a clear sequence
of release during hydrolysis. Lauric acid (C12) dominates the
early stages of the reaction, reflecting both its high abundance
in coconut oil and its shorter chain length, which facilitates
cleavage from the glyceride backbone under supercritical con-
ditions. As the reaction time increases, the relative contri-
butions of myristic (C14) and palmitic (C16) acids gradually
increase, suggesting a stepwise hydrolysis mechanism in
which ester bonds associated with longer-chain fatty acids are
cleaved more slowly due to stronger molecular interactions or
less labile positions within the triglyceride structure.’®”*

The decrease in the relative proportion of lauric acid
reflects changes in product composition rather than a decline
in its concentration, as additional FFAs are continuously
formed during hydrolysis. Glycerol increases steadily under all
conditions, consistent with ongoing triglyceride cleavage,
while larger compositional fluctuations at intermediate temp-
eratures (Fig. 4d) arise from lower overall hydrolysis yields.

3.3. Statistical analysis

The compositional evolution of the hydrolysis products was
assessed by means of principal component analysis (PCA),
with the aim of selecting representative samples for further
functional analysis. This multivariate technique has been
demonstrated to simplify complex datasets while retaining
their main variance, thus allowing clear visualization of com-
positional patterns among samples. The application of PCA to
the relative concentrations of triglycerides (TG), diglycerides
(DG), monoglycerides (MG), free fatty acids (FFA), and glycerol
(G) provides an overview of the changes in product compo-
sition that occur throughout the hydrolysis process. This ana-
lysis enables classification of samples based on their chemical
profiles, independent of processing conditions, and helps
identify distinct compositional clusters that correspond to
different reaction stages. As shown in Fig. 5, the PCA revealed
clear groupings that guided the selection of key samples for
further evaluation of emulsification performance and mole-
cular transformations.

Samples exhibiting similar compositions are observed to
cluster together, while those with significant differences are
spatially separated, thus providing insight into the progression
of the hydrolysis reaction, as illustrated in Fig. 5a. The appli-
cation of cluster analysis resulted in the further stratification
of the data into four distinct groups, thereby enhancing the
comprehension of compositional differences. Dark blue
samples (Cluster 0) are characterized by a high TG content,
representing the unreacted or minimally hydrolyzed starting
material. Conversely, light blue samples (Cluster 1) exhibited
low TG content, indicative of advanced hydrolysis with sub-
stantial triglyceride breakdown into smaller components (high
amount of FFA). The red cluster (Cluster 2) is indicative of the
intermediate stage of the reaction, at which point TG begins to
convert into DG and MG. This group exhibits a balance
between TG and their breakdown products, reflecting partial
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hydrolysis. The yellow samples (Cluster 3) are characterized by
elevated concentrations of DG and MG, indicative of advanced
hydrolysis stages. The compositional diversity observed across
the various clusters provides a foundation for the selection of
representative samples, which can then be used to evaluate
their emulsion properties.

Fig. 5b shows the distribution of samples in different
identified clusters. Cluster 0 is the most populated group,
holding 38.5% of the total samples, likely to contain the most
common compositional features, while cluster 1 accounts for
23.1% of the total samples, comprising the second major
grouping; both clusters 2 and 3 have 19.2%, representing
smaller and more distinct subgroups. In PCA, as depicted in
the figure, the first two principal components, PC1 and PC2,
together explain 98.61% of the total variance where 82.39% of
the variance is given by PC1 and the remaining 16.22% by
PC2; this suggests that the most of the variation within these
five major components, namely TG, DG, MG, FFA, and G, is
preserved with little loss of information. The legend shows full
identifiers of the samples, hence allowing the composition of
each cluster to be identified accurately.

Fig. 5c shows a quantitative correlation between compo-
sitional clustering and severity time, a kinetic parameter that
lumps temperature and residence time into one descriptor.
Accordingly, the clustering pattern derived from PCA remains
identical even upon normalization to a reference temperature
of 380 °C by means of the severity factor. Such consistency
ensures that severity time is an appropriate descriptor of
hydrolysis development over the wide temperature range
tested. A clear trend in compositional change can be seen with
the alignment of clusters along increasing severity values—
from triglyceride-rich samples at low severities to samples
dominated by monoacylglycerols, then diacylglycerols, and
finally FFAs at higher severities. This systematic trend con-
firms the robustness of the unsupervised classification as well
as the reliability of the severity factor as a predictive indicator
of the hydrolysis extent and product distribution in complex
lipid systems.

According to the index of severity, PCA, and cluster analysis,
the samples with the greatest deviation are represented as C4,
C9, C14, C19, C24, C29, C34, and C40, corresponding to the
reaction times of 0.7 s, 2.3 s, 5.3'5,9.2 s, 14.4 5, 22.9 5, 34.1 s,
and 43.1 s, all under constant conditions of 380 °C and 25
MPa.

3.4. Antioxidants and product distribution

The FTIR data in Fig. 6 show the molecular transformations
occurring during the hydrolysis of coconut oil under super-
critical water conditions, highlighting differences between raw
coconut oil (TK111) and hydrolysates at 23 s (C34) and 43.1 s
(€C40) of reaction.

The antioxidant concentration profile (Fig. 6a), in conjunc-
tion with the FTIR analysis (Fig. 6b), reveals a strong corre-
lation between chemical bond cleavage and the liberation of
bioactive compounds. Initially, the raw material (0 s) consists
predominantly of triglycerides (TG), as evidenced by a strong

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6gc00718j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 18 March 2026. Downloaded on 6/17/2026 9:26:34 PM.

(cc)

Green Chemistry

View Article Online

Paper

Yo PCA of TG, DG, MG, FFA, G with Clustering 3.0 Distribution of Samples Across Clusters
) e
a c29 b
(]
15 ca 25
[ ]
as
() c23
~ LO (=71 c2a ® c10
2 o o ° © 2.0
s [ ]
=
8, 0.5
€ & 5
o 15%
o e ]
g 0.0
G gt
e L 1.0
= J
a -0.5 c20
[¢]
a3
-1.0 a0 (¢]
° 0.5
4o 5 s Samples Name by Cluster
% 5} mmm Cluster 0: C2, C7, C22, €27, €32, C3, €8, C13, €4, C5
-15 ° = Cluster 1: C33, C40, C20, €25, €30, C35
0.0 Cluster 2: C19, €24, €29, C34, C15
-4 -3 =2 =i 0 1 2 === Cluster 3: C18, C23, C9, C14, C10

Principal Component 1

€ Coconut Oil Hydrolysis Profile with Cluster-Based Severity Regions

100

€30

80

60

40

Conversion (%) / Yield (%)

20

gg0 Cluster 0 Hirh TG Conversion
Cluster 2 DG Formation
Cluster 3 High DG/MG Yield
Cluster 1 Hieh FFA formation

Yield of Diglvcerides (DG)

Yield of Monoglycerides (MG)

Yield of Free Fattv Acids (FFA)

Yield of Glveerol (G)

Conversion of Triglycerides (TG)

xXéo»n

0 10 20 30
Severity time (s@ 380 °C)

Fig. 5
lysis at 380 °C over severity time.

carbonyl (C=0) peak at 1740 cm™" and a strong aliphatic C-H
stretching (2800-3000 cm™") indicative of ester bonds and long
hydrocarbon chains.”* The low antioxidant concentration
(590.54 mg L") at this stage suggests that most bioactive com-
pounds remain trapped within the oil matrix.

As hydrolysis proceeds, triglycerides are sequentially con-
verted into diglycerides (DG) and monoglycerides (MG),
accompanied by the release of antioxidant compounds. At a
residence time of 9.2 s, a marked reduction of the carbonyl
(C=0) band and increased hydroxyl (-OH) absorption in the
FTIR spectra indicate extensive ester bond cleavage and the
formation of glycerol and FFAs,”® coinciding with the highest

This journal is © The Royal Society of Chemistry 2026

40

(a) PCA analysis grouped by clusters, (b) sample distribution across clusters and (c) conversion/yields (%) of products from coconut oil hydro-

antioxidant concentration measured (4114.7 mg L"), corres-
ponding to a sevenfold increase compared to the raw material.
At longer residence times, the antioxidant concentrations pro-
gressively decrease (3723.1 mg L™" at 14.4 s, 2688.9 mg L™" at
22.9 s, and 2118.6 mg L™" at 43.1 s), despite continued hydro-
lysis. In the 600-950 cm™" fingerprint region, the ~721 cm™*
band is assigned to CH, rocking of long alkyl chains, while
weaker features reflect overlapping C-H deformation modes.”®
Overall, antioxidants are native bioactive constituents of the
unrefined coconut oil (590.54 mg L™'). SCW does not generate
these compounds de novo; instead, ester-bond cleavage and
partial TG hydrolysis release them from the lipid matrix,
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Fig. 6 (a) Total antioxidant compound contents of raw coconut oil and hydrolyzed products over time. (b) FTIR spectra of raw material (raw

coconut oil), hydrolyzed product at 22.9 (high composition of DG/MG) s and 43.1 s (high composition of FFA).

giving a maximum of 4114.7 mg L™" at 9.2 s. At longer resi-
dence times, the antioxidant level decreases (2118.6 mg L™" at
43.1 s), due to thermal degradation reactions at 380 °C.

The identification of 9.2 s as a critical residence time high-
lights the strong coupling between molecular structure and
antioxidant behavior during hydrothermal processing.
Hydrolysates obtained at this stage are enriched in diglycerides
and monoglycerides, while limiting extensive conversion to
free fatty acids and glycerol, resulting in compositions with
favorable amphiphilic characteristics. The simultaneous pres-
ence of antioxidant compounds at their highest measured

6250 | Green Chem., 2026, 28, 6241-6260

levels further enhances the functional potential of these mix-
tures. Similar trends of antioxidant release under hydro-
thermal conditions have been reported for biomass
processing;®”” however, most studies rely on batch reactors,
where prolonged heating and cooling stages obscure precise
control of reaction severity.”” In contrast, the continuous
operation employed here enables accurate residence-time
control on the order of seconds, demonstrating that controlled
partial hydrolysis is essential for tuning product composition
and preserving antioxidant compounds in hydrothermal
systems.
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3.5. Emulsion testing: stability

Emulsions were prepared by mixing 0.2-2 mL of hydrolysate
with 2 mL of water to assess the emulsifying performance of
the products as a function of hydrolysis composition.
Emulsion stability was monitored over time to evaluate
resistance to phase separation and to identify hydrolysis con-
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ditions leading to effective bio-based emulsifiers. Samples
with low diglyceride and monoglyceride contents (C4 and C9)
did not form stable emulsions (Fig. 7a), whereas samples
enriched in these amphiphilic components (C19, C29, C34,
and C40) yielded stable emulsions. Among them, sample C34
exhibited the highest stability after one day (Fig. 7b), consist-
ent with its elevated DG and MG content.

a
b
¢ 100
~ 80
g
c
S 6o
‘@
2
40
£
0
(V]
20
i}
ca c9 c19 c29 c34 cao0
Sample Name
0.7 23 9.2 14.4 22.9 43.1
Time (s)
Components

|EE TG B 0G+MG EER FFA

Em G

Fig. 7

Images of emulsions highlighting the conditions that successfully form emulsions and the extent of phase separation observed after storage

at 25 °C for (a) 1 day and (b) 1 month and (c) distribution of hydrolysis products (TG, DG + MG, FFA, and G) in different residence times and 380 °C,

25 MPa.
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During one month of storage (Fig. 7b), pronounced differ-
ences in emulsion stability could be seen: samples C4 and C9,
which did not create emulsions at first, remained as two dis-
tinct phases of oil and water. In the initial steps of analysis,
samples C19 and C40 the starting point of the emulsion
showed some temporal instability, represented by partial
coalescence and phase separation. Samples C29 and C34, on
the other hand, showed stability with minor separations,
maintaining a creamy appearance. This reveals the importance
of the DG and MG fractions to the temporal stabilization of
emulsions, through their amphiphilic nature, reducing inter-
facial tension and preventing droplet coalescence.”®”® It
became evident that sample C34 presents exceptional stability,
reflecting the key role of hydrolysis progress in optimizing the
emulsified composition toward temporal stability.

From the composition point of view, the differences in
emulsion stability among samples are dependent on their
composition. Samples C4 and C9 have high levels of TG with
very small contents of DG and MG, thus lacking enough
amphiphilic molecules at the oil-water interface to stabilize
these droplets. In contrast, samples C19, C29, C34, and
C40 had progressively higher DG and MG contents and hence
showed an improved emulsifying ability (Fig. 7c). Among
them, sample C34 showed the maximum stability due to its
optimal balance of DG and MG, resulting in a good effect on
both the emulsification and strong interfacial stability.

3.6. Emulsion testing: FlowCam

In order to understand the factors governing emulsion stabi-
lity, the droplet size distribution of emulsions prepared from
hydrolyzed coconut oil was analyzed using FlowCam. The
influence of the product composition, additive presence,
mixing conditions, and formulation environment on droplet
formation and stability was systematically examined. This ana-
lysis clarifies how di- and monoglyceride content and proces-
sing conditions affect emulsion structure and performance,
providing practical insight into the formulation of effective
bio-based emulsifiers.

3.6.1. Effect of composition on emulsion stability. For this
analysis, the emulsion samples were prepared by dispersing
0.5 g of the emulsion in 100 g of water. Emulsion stability was
evaluated through measurement of the equivalent spherical
diameter (ESD) distribution using FlowCam 8000. The results
indicate that samples C4 and C9 produced smaller droplets,
with mean diameters of 23.68 pm and 27.91 pm, respectively,
but exhibited rapid instability over time (Table 3). This behav-
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ior is likely attributable to diminished surfactant activity or
inadequate interfacial interactions, precipitating phase separ-
ation. Conversely, samples C19 and C29 initially formed emul-
sions but underwent gradual destabilization over time, indica-
tive of a partial breakdown of the emulsion structure.

Conversely, emulsions containing C34 and C40 depicted
larger mean ESD values of 51.8 um and 47.4 pm, respectively,
with enhanced stability. The results obtained suggest that
higher concentrations of diacylglycerol (DG) and monoacylgly-
cerol (MG) in C34 contribute to the creation of larger droplets
of the dispersed oil phase in the fluid phase, likely due to
stronger interfacial tension reduction. As illustrated in Table 3,
there is a clear correlation between droplet size and emulsion
stability, as evidenced by the data for the particle size distri-
bution for all samples.

The histogram shown in Fig. 8 illustrates the distribution of
particle sizes (Diameter (ESD) [um]) for sample C34, where the
x-axis represents particle size and the y-axis shows frequency.
This figure presents the particle size distribution for C34, a
sample that demonstrated superior emulsion stability. The
higher frequency of larger droplets and the reduced number of
sub-20 pm particles indicate stronger droplet integrity and re-
sistance to phase separation.

3.6.2. Effects of additives and conditions on particle size
and stability. For FlowCam analysis, emulsions were prepared
by dispersing 0.5 g of emulsion in 600 g of water, a dilution
ratio selected to ensure adequate dispersion and minimise
droplet overlap during measurement. The effect of stabilisers
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Fig. 8 Histogram of diameter (ESD) distribution for sample C34.

Table 3 Particle size distribution of emulsions dissolved in 100 g of DI water

Sample Mean (um) Median (pum) Max (um) Stability observation

C4 23.6 £1.9 20.6 £ 1.7 137.3+£5.6 Unstable, rapid phase separation

C9 27.9+£2.2 25.5+1.9 142.5£6.2 Unstable, poor interfacial tension control
C19 37.5+2.5 31.7+£2.2 205.4 + 8.4 Initial emulsion, later breakdown

C29 40.2 £ 3.0 33.3+24 324.1£12.5 Moderate stability, slight coalescence
C34 51.9+2.8 45.0 +2.3 193.4+7.6 Most stable, suitable for emulsions

C40 47.5+2.6 42.9 2.2 186.9 +7.4 Stable, retained emulsion structure
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was evaluated using hydrolysed coconut oil sample C34_600
with the addition of cetearyl alcohol (2%) and xanthan gum
(0.5%). In the absence of additives, the emulsion exhibited a
mean droplet diameter of 33.9 pm, with droplets up to
259.8 pm, and showed only moderate stability. Upon incorpor-
ation of stabilisers, the mean droplet size decreased to
27.1 pm, accompanied by a narrower size distribution and
improved homogeneity, as illustrated in Fig. 9a. This behav-
iour is consistent with enhanced interfacial stabilisation,
which limits droplet coalescence and improves dispersion
stability under ambient conditions.

The emulsification process was further subjected to variable
mixing speeds 10000 rpm and 20000 rpm by means of an
Ultraturrax homogenizer. At a rotational speed of 10 000 rpm,
the emulsions reached a mean droplet size of 27.12 um and
showed excellent stability. The moderate shear rate was
sufficient to form small, uniform droplets without structure
breakdown. On the other hand, at a speed of 20 000 rpm, an
increase in droplet size was observed with a mean of 31.76 um,
accompanied by a broader size distribution, leading to only
moderate stability (Table 4). This reflects that while high levels
of shear can enhance the initial droplet disruption, it may also
cause coalescence because of interface disruption with incom-
plete coverage by the stabilizer. Thus, although higher energy
input offers better initial dispersion, it may result in lower
long-term stability of the emulsion due to secondary inter-
actions among droplets.

a Histogram of Diameter (ESD) Distribution C34_600_additives
“Aull —
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Temperature was shown to be a critical factor affecting the
performance of emulsification. When the process was con-
ducted at 50 °C, the average droplet size reduced significantly,
reaching as low as 19.5 um, which evidenced the production of
finer and more stable emulsions. Such an improvement can be
attributed to the increased viscosity reduction of the oil phase
and the enhanced diffusion of the emulsifying agents at
higher temperatures, in which both factors support efficient
droplet disruption and more effective interfacial stabilization,
respectively. Compared to commercial Lecithin-Tween emul-
sions this achieves a finer size with better stability. During the
present study, emulsions produced at 50 °C were shown to
possess the highest degree of stability; this confirms the
hypothesis that moderate thermal input greatly promotes the
efficiency of emulsification in bio-based systems.

The emulsions were then subjected to testing under a
different ionic strength and pH to assess the influence of
environmental conditions. The addition of 10% (w/w) calcium
chloride (CaCl,) increased the average droplet size to 32.4 pm,
indicating some degree of destabilization. This is attributed to
the fact that Ca®" ions compress the electrical double layer at
the oil-water interface, reducing electrostatic repulsion among
droplets, hence enhancing aggregation. However, the
maximum droplet size remained well below that of the
untreated emulsions, suggesting that the Ca®>" ions probably
act as bridging agents among droplets, leading to partial, but
not complete, destabilization.
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Fig. 9 Histograms of diameter (ESD) distribution for sample (a) C34_600_additives and (b) C34_600.
Table 4 Particle size distribution of emulsions dissolved in 600 g of DI water
Sample Condition(s) Mean (um) Median (pm) Max (um) Stability description
C34_600 25 °C (no additives) 33.9+2.5 28.4 +2.1 259.8 £10.3 Moderate stability
C34_600_additives 25 °C + stabilizers 271+1.8 26.4+1.7 210.9 + 8.5 Improved stability
C34_600_additives_10K rpm 10000 rpm 271 +1.5 259+1.4 194.2+7.1 High stability
C34_600_additives_20K rpm 20000 rpm 31.8+2.1 26.6 +1.6 232.4+9.4 Moderate stability
C34_600_additives_50 °C 50 °C 19.5+1.2 18.0+1.1 87.4+4.2 Best stability
C34_600_additives_CacCl, 10% w/w CacCl, 32.4+2.3 28.8+1.9 152.2 £ 6.3 Moderate stability
C34_600_additives_acidic pH=4 30.0 £2.0 27.8+1.7 178.0 £ 7.5 Reduced stability
Lecithin-Tween emulsions® 25 °C 25-42 0.1 70 Stable

This journal is © The Royal Society of Chemistry 2026
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Under acidic conditions (pH 4), the particle size of emul-
sions was at an average of 29.8 um and showed reduced stabi-
lity. This reduced electrostatic repulsion is because protona-
tion of polar headgroups on these emulsifiers prevents them
from doing their job of keeping droplets apart. Although the
largest droplet size (178 pm) was smaller when compared to
the unmodified emulsion, the overall destabilization brought
out the system’s sensitivity to changes in interfacial chemistry
due to pH alteration.

3.7. Separation of fatty acids from glycerides and compared
with commercial emulsifiers

To assess the functional role of di- and monoglycerides (DG
and MQG) in emulsion stabilisation, free fatty acids (FFAs) were
selectively removed from the hydrolysate by extractive separ-
ation. This step aimed to enhance interfacial performance by
reducing excess FFA, which can interfere with emulsion stabi-
lity, while preserving the DG/MG fractions responsible for
interfacial activity. The treated product was subsequently eval-
uated against a commercial-type emulsifier under stress con-
ditions, including centrifugation, as a measure of interfacial
strength and emulsion integrity. FFA separation was achieved
via stoichiometric neutralisation using a 1 M NaOH solution,
optimised to minimise losses of DG and MG. Under these con-
ditions, the FFA content was reduced by 16% with only minor
depletion of the DG and MG fractions.

A comparative stability test was conducted in order to evalu-
ate the performance of the formulated emulsion (comprising
61% water, 14% hydrolysate and 25% oil) against a commer-
cial reference emulsifier, SUPER JILK (Lot No. 6102625). The
assessment of emulsion stability was conducted through a cen-
trifugation process at a speed of 3000 rpm for a duration of
3 minutes. As shown in Fig. 10a, the commercial sample dis-
played evident phase separation into three discrete layers,
indicative of minimal resistance to centrifugal stress. In con-
trast, the emulsion formulated with the coconut oil hydrolysate
demonstrated homogeneity post-centrifugation (Fig. 10b),
thereby indicating an enhancement in resistance to coalesc-
ence and phase separation. This enhanced stability is consist-
ent with the selective enrichment of di- and monoglycerides
and the reduced free fatty acid content of the hydrolysate. The

Fig. 10
the Coco sample remained unchanged following centrifugation.
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formulated emulsion has demonstrated stability for a period
of up to six months when stored under ambient conditions,
with ongoing investigations focused on assessing its long-term
stability.

4. Energy integration as a key enabler
for scalable supercritical hydrolysis

The shift of supercritical water hydrolysis (SCWH) processes
from a lab setting to an industrial scale requires effective
energy management, where heat recovery systems are crucial
for enabling ongoing high-temperature operations. At first, the
incorporation of a heat exchanger was avoided by the group
because the very short residence times required for converting
simple model compounds like glucose®’ or lignocellulosic
biomass®*® meant that even slight delays caused by
additional equipment could jeopardize product selectivity.®* At
that stage, rapid quenching via an expansion valve and the
Joule-Thomson effect was preferred to preserve reaction speci-
ficity. However, as the process transitioned toward the hydro-
lysis of different substrates, such as esters, which require
longer reaction times—up to 43.1 seconds in this study—
became necessary, thereby allowing for thermal integration
without detrimental effects on selectivity. This advancement
enabled the successful incorporation of an advanced heat
exchanger (HE-301) into the upgraded PHUn-2 system. The
utilisation of heat recovery and reuse in the process stream has
been demonstrated to engender a reduction in external energy
input of over 50%. This enhancement of process sustainability
paves the way for stable, scalable, and economically viable bio-
based production.

Fig. 11 presents the upgraded PHUn-2 system, an advance-
ment over the PHUn-1 setup, designed for supercritical water
(SCW) processing in oil-water mixtures. The operational struc-
ture stays aligned with PHUn-1, but there is a significant rise
in flow rate capacity, now at 30 kg h™, comprising 20 kg h™" of
water and 10 kg h™" of oil. This represents a notable enhance-
ment from the 7.6 kg h™" overall flow rate in the earlier setup.
The oil concentration in the reactor is 33.3% w/w, ensuring a
high productivity, smooth, controlled, and stable pumping

(a) The emulsion obtained from SUPER JILK following centrifugation exhibited phase separation, as illustrated. (b) The emulsion stability of

This journal is © The Royal Society of Chemistry 2026
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process that maintains a steady operational regime throughout
the system. The primary enhancement in PHUn-2 is the addition
of another heat exchanger, HE-301, which is vital for optimizing
energy efficiency and enhancing temperature stability. The coun-
tercurrent concentric tube heat exchanger (HE-301) enables heat
recovery and preheating prior to the flow entering the main elec-
trical heater (HE-101). This leads to a significant decrease in the
need for heating energy. The system reaches an outlet tempera-
ture of 355 °C when only water is circulated and 370 °C with an
oil-water mixture (33% w/w oil), which is due to the greater
specific heat capacity (C},) of oil relative to water.

HE-301 is a countercurrent heat exchanger in which the
cold stream enters at 22 °C and leaves at 355 °C for the water-
diluted slurry (or at 370 °C for the oil-water mixture); mean-

This journal is © The Royal Society of Chemistry 2026

15:00 15:30 16:00 16:30 17:00 17:30

T cold Inlet == T cold Outlet

(a) Process configuration and energy integration in PHUN-2; and profiles of the temperatures (b) without heat integration and (c) with heat

while, the hot stream heating up is at 380 °C for water and at
397 °C for the oil-water mixture, while it exits at approximately
190 °C for both occasions. The purpose of this heat exchan-
ging is, with the efficient energy transfer, to minimize thermal
loss and heat stress on the primary heater (HE-101).

Fig. 11b shows the temperature profiles for different
process conditions. The blue line represents the temperature
of the supercritical water (SCW), while the red line corres-
ponds to the temperature of the oil-water mixture without the
implementation of HE-301. Without heat recovery, the system
demands a higher energy input to reach the desired oper-
ational temperature, leading to increased energy consumption.

In comparison, Fig. 11c and 12b highlight the benefits of
energy recovery with HE-301 under the same operating con-

Green Chem., 2026, 28, 6241-6260 | 6255
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(a) Effect of heat exchange area on outlet temperatures and tube length in a heat exchanger system, and (b) pressure—enthalpy diagram

illustrating the energy required to heat water from 22 °C to 450 °C (blue to red line) and from 370 °C to 450 °C (orange to red line) using HE-301.

ditions. The overall enthalpy required to heat up 20 kg h™" of
the stream to 450 °C is approximately 2955.44 k] kg™". However,
through effective energy integration, the system recovers up to
1786.5 kJ kg™ for the oil-water mixture and 1660 kJ kg™ for
the water-diluted slurry. This represents a substantial saving in
external energy utilization by drawing effectively on the residue
heat of the exiting stream to heat up the cold feed.

The result through the implementation of energy balance
shows that HE-301 installation decreases the energy consump-
tion by 55% for water-diluted slurry processing and by 61% for
oil-water mixture processing. It is clear from this that adding
heat into the system makes a huge difference in general energy
efficiency. This now makes PHUn-2 a more feasible and
energy-efficient configuration toward supercritical water pro-
cessing applications.

Fig. 12 shows the correlation among heat exchange area,
the outlet temperatures of both hot and cold fluids, and tube
length, offering an in-depth examination of the heat exchan-
ger’s thermal performance. The SR-Polar thermodynamic
property approach was employed in Aspen Plus for modeling
the supercritical heat exchanger, as it integrates the Soave-
Redlich-Kwong equation of state with polar interaction adjust-
ments, making it effective for precisely forecasting the phase
behavior, enthalpy, and various thermophysical properties of
polar or associating substances in supercritical and signifi-
cantly non-ideal scenarios.

The heat exchange area (m?), displayed on the x-axis
(Fig. 12a), is an essential element influencing heat transfer
efficiency. As the available surface area increases from 0 m” to
0.3 m?, enhanced thermal contact between the fluids leads to
improved heat exchange. The temperature of the hot outlet
(green line) shows a downward trend, dropping from 380 °C to
200 ©°C, reflecting increased heat dissipation as the heat
exchange area enlarges. On the other hand, the cold outlet
temperature (red line) shows a rising trend, climbing from
83.9 °C to 370 °C, indicating enhanced energy absorption by
the cold stream as a result of the expanded heat exchange
surface. The length of the tube (blue dashed line), displayed

6256 | Green Chem., 2026, 28, 6241-6260

on the secondary y-axis, grows in proportion to the heat
exchange area, varying from 0.08 m to 6.9 m.

A temperature deviation of 20 °C is observed between the
calculated and experimental values, which is primarily attribu-
ted to heat loss due to insulation inefficiencies. This loss
occurs as the heat exchanger tube extends up to 6 m, which
increases the potential for thermal dissipation into the sur-
roundings. The heat exchanger dimensions include an outer
tube measuring 19.05 mm X 2.77 mm and an inner tube
measuring 6.35 mm x 1.65 mm. Within this system, the hot
stream flows through the smaller inner tube, while the cold
stream, which subsequently experiences a temperature
increase, passes through the larger outer tube.

Fig. 13 shows the percentage reduction in external energy
consumption achieved at various pre-mixing water tempera-
tures in the hydrolysis process. The temperatures shown rep-
resent the temperature of the water stream before mixing with
coconut oil—not the actual reactor temperature. The data
compare two feed types: oil-water mixtures and water-diluted
slurries. The highest energy savings, reaching 74%, are
observed at a water inlet temperature of 380 °C, with a corres-
ponding reactor temperature of approximately 320 °C.
Although approximately 61% energy savings were achieved at
450 ©°C—slightly below the optimal threshold—operating
under supercritical water (SCW) conditions remains essential
for maximizing the product selectivity, quality, and overall reac-
tion performance. While supercritical conditions remain favor-
able, the subcritical regime, particularly around 380 °C, offers
the most energy-efficient operational window for preheating,
which can open a new alternative for fully hydrolyzed triglycer-
ides and use those fatty acids as raw materials for biofuels.

5. Toward a zero-waste biorefinery:
valorization of all product streams

Following hydrolysis, the product mixture can be refined into
different products as depicted in Fig. 14. The product first

This journal is © The Royal Society of Chemistry 2026
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decants into a light-organic phase with FFAs, MGs, DGs, and
residual triglycerides, and a heavy-aqueous phase rich in gly-
cerol and water. High-purity FFAs are recovered via alkaline
neutralization,®® vacuum or short-path distillation (>99%
purity),®®> organic solvent nanofiltration (OSN),*® supercritical
CO, extraction,®” or adsorptive separation using ion-exchange
resins.®® FFAs are utilized as precursors for soaps and deter-
gents® and as feedstocks for fatty alcohols, esters, and amines

This journal is © The Royal Society of Chemistry 2026

in surfactants, lubricants, and coatings.’® Medium-chain FFAs,
especially lauric acid, exhibit antimicrobial properties and
serve as renewable sources for biofuels and biopolymers.® The
glycerol-water mixture is directly applied in fermentations,
anaerobic digestion,® microalgae cultivation, and heat-trans-
fer fluids and also functions as a cryoprotectant,” a viscosity
modifier, and a water activity (A,) regulator in food, chemical,
and pharmaceutical formulations.”*

5.1 Green chemistry metrics of continuous hydrolysis of
coconut oil

Table 5 summarizes the environmental and process efficiency
metrics for the continuous hydrolysis of coconut oil in super-
critical water at different residence times. Atom economy,
process mass intensity (PMI), reaction mass efficiency (RME),
E-factor, carbon efficiency, and energy intensity (EI) are
reported.” The calculation methodology and the complete
mass balances for base-, acid-, and enzymatic triglyceride
hydrolysis are provided in section 4.1, Table S2 of the SI. For
consistency across the cited literature, the triglyceride feed
was normalized to 100 g for all acid-, base-, and enzymatic
hydrolysis routes, enabling a direct and transparent compari-
son of the green metrics. Water recycling is included in the cal-
culations in Table 5 (70% recovery), but the green metric
without water recycling is shown in Table S3 in section 4.1 of
the SI.

All green metrics improve systematically with increasing
residence time, reflecting the transition from partial to near-
quantitative hydrolysis. At 23 s, the process reaches an optimal
balance between diglyceride/monoglyceride  selectivity,
material efficiency, and energy performance, achieving a high
atom economy (90.7%) and efficient conversion of the feed-
stock into value-added products, including fatty acids, partial
glycerides, and glycerol, recovered as co-products. Under these
conditions, the high RME (0.74), low E-factor (0.35), and PMI
(1.35) indicate minimal material losses. The energy intensity
decreases markedly with residence time and is further reduced
through heat integration, reaching 3.6 MJ kg™

Green Chem., 2026, 28, 6241-6260 | 6257
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Table 5 Environmental impact metrics over time and compared with other hydrolysis methods

Atom economy

EI(MJkg™)  EI(M]Jkg™)

t(s) (%) PMI RME E-Factor without HE with HE Ref.

2.3 20.8 £ 0.5 6.1 +0.18 0.16 + 0.05 5.1+0.15 41.8 +1.22 16.3 +0.71 This work

9.2 61.3+1.2 2 +0.06 0.5+0.13 0.96 + 0.03 13.3+1.14 5.2+0.33 This work

14.4 77.5+1.0 1.4+0.1 0.7 £0.02 0.42 + 0.07 9.6 +1.43 3.75+0.15 This work

23 90.7 £ 0.6 1.35 £ 0.07 0.74 + 0.02 0.35+0.11 9.2+1.31 3.6 £0.16 This work

43.1 98.4 + 0.3 1.2 £0.04 0.8 £0.02 0.24 + 0.05 8.4 + 0.55 3.3+£0.13 This work

Base hydrolysis 90-97 5.82+2.12 0.17 + 0.04 4.82 £1.05 2.1 +0.42 — 2,18, 19 and 95-97
Acid hydrolysis 90-95 1.96 +1.04 0.51+0.12 0.96 + 0.32 1.31 £ 0.27 — 2,15,17, 32, 41, 98
Enzymatic hydrolysis 90-98 1.68 +0.35 0.59 + 0.08 0.68 + 0.22 0.52 £ 0.07 — 21, 22 and 99-101

Comparison with acid-, base-, enzymatic-, and conventional
hydrothermal hydrolysis highlights the advantages of the con-
tinuous supercritical water (SCW) process. Base-catalyzed
routes show high atom economy but suffer from high PMIs
and E-factors due to stoichiometric reagents and salt waste,
while acid hydrolysis reduces material intensity but still gener-
ates significant waste and corrosion-related burdens.
Enzymatic hydrolysis operates at low energy input but is typi-
cally limited by batch operation, long reaction times, and low
space-time yields, which are not captured by standard green
metrics. In contrast, SCW hydrolysis combines high atom
economy, low PMIs, and low E-factors with competitive energy
intensity (3.6 MJ kg™ with heat recovery), while operating
without added catalysts or solvents and enabling full valoriza-
tion of fatty acids, partial glycerides, and glycerol.

6. Conclusions

This work demonstrates a continuous hydrothermal process
for triglyceride hydrolysis using only water under sub- and
supercritical conditions, enabling catalyst-free and solvent-free
operation with residence times reduced to seconds. At 380 °C
and 25 MPa, rapid and controllable conversion of coconut oil
was achieved, allowing selective production of mono- and
diglyceride-rich intermediates or near-complete hydrolysis to
free fatty acids and glycerol through residence-time tuning. At
an optimal residence time of 23 s, the process yielded
28.5 wt% diglycerides, 23 wt% monoglycerides, and 32 wt%
free fatty acids, representing a balanced compromise between
conversion rate, selectivity, and energy demand.

From a process-engineering standpoint, the continuous
configuration, precise residence-time control, and absence of
auxiliary chemicals constitute a clear intensification relative to
conventional acid-, base-, and enzyme-catalysed hydrolysis
routes. Quantitative evaluation using process mass intensity,
E-factor, reaction mass efficiency, and energy intensity con-
firms high material efficiency, while integration of counter-
current heat recovery reduced the external energy demand by
up to 61%, demonstrating that the energetic cost of supercriti-
cal operation can be effectively mitigated.

Beyond conversion efficiency, control over reaction severity
enables direct generation of functional glyceride mixtures
without downstream modification. Hydrolysates enriched in

6258 | Green Chem., 2026, 28, 6241-6260

mono- and diglycerides exhibited strong emulsifying perform-
ance and long-term stability, as confirmed by droplet size ana-
lysis, storage tests, and comparison with a commercial emulsi-
fier. These results demonstrate that intermediate hydrolysis
conditions provide both efficient triglyceride conversion and
application-relevant functionality.

Scalability was validated on a pilot scale with stable oper-
ation at 30 kg h™" and high oil concentrations without loss of
selectivity. Combined with valorization of all product streams,
the proposed continuous hydrothermal process provides a
robust and resource-efficient platform for oleochemical pro-
duction, demonstrating that ultrafast, water-only hydrolysis
can simultaneously meet industrial process requirements and
deliver high-performance bio-based ingredients.
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