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Simultaneous enzymatic esterification and ester
extraction in Pickering emulsions for the recovery
of butanol from fermentation brothf
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The recovery of biobutanol from highly diluted aqueous fermentation broth usually suffers from intensive
energy consumption. In this study, we developed a Pickering emulsion system stabilized by silica
nanoparticles for the rapid and efficient recovery of low concentrations of butanol (<20 g L™ from
fermentation broth in the form of esters. Each droplet in the emulsion system serves as a microreactor for
enzymatic esterification of butanol in the water phase, and the ester product is spontaneously extracted to
the oil phase, thereby promoting the esterification reaction. The system offers a significantly larger
interfacial area and a 2-5 times improvement in reaction rate compared to the biphasic system. Under
optimal conditions, the conversion and extraction of butanol from the fermentation broth into butyl
butyrate achieved a yield of 79% in the presence of a Pickering emulsion. This study presents a sustainable
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Introduction

The depletion of oil reserves and rising prices over recent
decades have drawn significant attention to the development
of biofuels. Biobutanol has been considered as a promising
alternative to fossil fuel due to its low volatility, high energy
content and hydrophobic nature."™ The biobutanol can be
produced at the industrial scale via procedures known as
acetone-butanol-ethanol (ABE)*® or isopropanol-butanol-
ethanol (IBE)*’ fermentation from renewable resources. It is
in fact known that the concentration of butanol in the
fermentative production is limited to 20 g L™ because of its
severe toxicity on the microorganism. One of the most critical
challenges in utilizing butanol produced by fermentation is
the separation of water and other impurities present in the
fermentation broth.® To separate the butanol from dilute
fermentation broths, conventional distillation has been used
as the dominant purification method, but intensive energy is
required and makes the process economically unfavorable.”*’
Several strategies have been proposed for the separation of
butanol from fermentation broth, including liquid-liquid
extraction,"*™* gas stripping,’*'®> membrane filtration,'
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and efficient approach for the recovery of biobased butanol.

pervaporation,'” and adsorption.’® One of the promising
techniques for separation of butanol from fermentation broth
is liquid-liquid extraction, because of its high selectivity, low
energy consumption, mild operating temperature and easy
scale-up. In this regard, several extractants have been studied
for butanol extraction such as fatty ester,'>*® vegetable oil*"**
and primary alcohol.*®> However, these extractions with high
partition coefficient for butanol are most likely toxic to the
producing microorganism. Zhang et al. used a mixture of
aliphatic acid and oleyl alcohol as extractant to accumulate
isopropanol and butanol because of the high biocompatibility
and high distribution coefficient.>* The main drawback of
using oleyl alcohol is its market price, combined with the
high energy required for recovery, making the process
economically unfavourable.

Given the favourable selectivity and reactivity of butanol
with acids, the esterification of butanol with an appropriate
acid to produce a more hydrophobic ester presents a
significant opportunity for the extraction and purification of
butanol from fermentation broth.>>>® If desired, the purified
ester can be obtained through subsequent distillation. If
necessary, the ester can also be hydrolysed with simultaneous
removal of acid and water to produce high-purity butanol.
This approach highlights the economic potential of
recovering butanol in the form of esters directly from the
fermentation broth. van den Berg et al. disclosed that one-
pot combination of butanol esterification and ester extraction
offers a simplified method for the recovery and purification
of the alcohol product in a fermentation medium.>” Esters

This journal is © The Royal Society of Chemistry 2025
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are generated by the reaction of alcohols within the
fermentation medium and carboxylic acids (such as fatty
acids) in the presence of a catalyst. Specifically, the butyl
butyrate produced in the extractant phase could be used
as biofuel without further separation and purification
steps, as it exhibits excellent properties as components of
both gasoline and diesel due to its wunique fuel
characteristics.

Bearing these facts in mind, it is possible to perform the
esterification of butanol to butyl butyrate in highly diluted
fermentation broth simultaneously with the extraction of this
ester by an organic solvent. The organic extractant and
diluted fermentation broth form a biphasic mixture. The very
high partition coefficient of the ester in the organic phase
drives the reaction towards synthesis on the ester side even
at relatively low concentration of butanol. Despite their
benefits, conventional biphasic systems often suffer from
high mass/heat transfer resistances because of the limited
organic/aqueous interfacial area between the organic
extractant and aqueous phase.”®*° To address this limitation,
Pickering emulsion is a promising strategy to improve the
efficiency of biphasic reactions. In the Pickering emulsion
systems, solid nanoparticles serve as emulsifiers at the
organic/aqueous interface, increasing the interfacial area at
the nano- and microscales and reducing diffusion limitations
in biphasic reactions.**** This system not only enhances
mass transport by expanding the interfacial area but also
simplifies emulsifier separation and recovery compared to
the use of surfactant.

Regarding the catalyst, esterification reactions are
classically carried out under mild conditions using lipase or
esterase enzymes, in particular lipase B from Candida
antarctica, or the lipase from Candida rugosa. To facilitate the
natural reaction of hydrolysis of insoluble substrates, these
enzymes are amphiphilic and have a mode of action at the
interface between the aqueous and organic phases.>**®
Maximising the interface between the aqueous and organic
phases is therefore of interest not only for ester extraction
but also for enzymatic catalyst activation.

Herein, we report a simultaneous enzymatic
esterification and ester extraction system based on a
Pickering emulsion for recovering butanol in the form of
esters from fermentation broth. The system utilizes silica
nanoparticles of different hydrophobicity to prepare both
oil-in-water (O/W) and water-in-oil (W/O) emulsions
(Fig. 1). The physicochemical properties and stability of
the obtained determined. We first
addressed the enzymatic esterification of butanol with a
carboxylic acid in the presence of lipase to evaluate the
impact of the experimental conditions such as pH effect,
emulsion type, lipase concentration and alcohol/acid ratio
on the catalytic performance. The catalytic system is
versatile and can be applied to the esterification of
various carboxylic acids. Furthermore, the separation
performance was also investigated in the case of the real
fermentation broth.

emulsions were
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Fig. 1 Schematic representation of the Pickering emulsion systems
developed in this study using hydrophobic silica nanoparticles R972 to
prepare W/O emulsion (a) and hydrophilic silica nanoparticles R816 to
prepare O/W emulsion (b). Enzymatic esterification of butanol and
butyric acid was performed in the water phase, while the obtained
butyl butyrate was spontaneously extracted to the oil phase.

Experimental

Materials

AEROSIL® R972 and R816 are kind gifts from Evonik
Industries AG (Rheinfelden, Germany). AEROSIL® R972 is
prepared by treating hydrophilic fumed silica with
dimethyldichlorosilane, while AEROSIL® R816 is produced
by modifying hydrophilic fumed silica with hexadecylsilane.
n-Dodecane (99%), hexadecane (99%) and heptane (99%)
were supplied by Fisher Scientific. 1-Butanol (99%), butyric
acid (99%), hexanoic acid (99%), palmitic acid (99%), linoleic
acid (99%) and butyl palmitate (99%) were purchased from
Sigma-Aldrich. Butyl butyrate (99%), isopropyl butyrate
(99%), and butyl hexanoate (=98%) were supplied by Fisher
Scientific. Lipase B Candida antarctica solution (CaLB,
enzyme activity >5000 LU g™') was supplied from Sigma-
Aldrich (ref. L3170).

Methods

Preparation and characterization of Pickering emulsions.
Typically, 1.0 wt% Aerosil® R972 nanoparticles with respect
to the total weight of the biphasic system were weighted in a
glass vessel, followed by the addition of 6 mL water phase
and 6 mL oil phase (dodecane). Emulsions were formed
using an Ultra-TURRAX® homogenizer T25 (IKA, Germany) at
a stirring rate of 13 500 rpm for 2 min at room temperature.

The type of emulsion was determined by observing the
evolution of a drop of each emulsion when a volume of either
oil or water was added (dilution test). Optical micrographs
were carried out using an Olympus BX51 digital microscope
equipped with a video camera. The emulsion was diluted in
the continuous phase, and several images were captured
from different locations of the emulsion droplets to represent
the overall mean droplet size of the emulsion sample. The
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images were analyzed using Image] software (National
Institutes of Health, USA) to measure the droplet diameter.
The size distribution and average diameter of the droplets
were determined by measuring the diameters of 150-200
individual droplets.

Catalytic tests. Typically, 6 mL water containing butanol
(0.1 mol L™) and butyric acid (0.1 mol L™"), 6 mL dodecane
and the given particle at constant weight loading (1 wt% of
the whole liquid mixture, 105 mg) were added to a 20 mL
glass vial, followed by the addition of 0.3% v/v fresh lipase
solution (volume of lipase solution relative to the volume of
aqueous phase, 18 pL). The pH of the aqueous phase is
adjusted by using an aqueous KOH solution. The final
mixture was emulsified using an Ultra-TURRAX at 13 500 rpm
for 2 min, and then sealed and incubated at 40 °C for 6 h
under magnetic stirring at 500 rpm. During the reaction, the
reaction medium was sampled, the emulsion was broken by
centrifugation, and the supernatant oil solution was filtered
and collected.

The oil phase was analyzed using an Agilent 7890 GC
equipped with a flame ionization detector (FID) detector and
a HP-1 ms column (length 15 m, inner diameter 0.32 mm,
film thickness 0.25 pm). Helium was used as carrier gas at a
flow rate of 1.6 mL min~". The column was gradually heated
from 50 °C to 250 °C in a 10 min run. Mass balance errors
were within 5% for all catalytic tests. The amount of ester
and alcohol were quantified by interpolation of the
corresponding calibration curves using hexadecane as
internal standard. The yield of ester was calculated as follows
with respect to the initial amount of butanol: Ester yield (¢) =
Npster(t)/MButanor X100 (1) where n,nor refers to the moles
number of butanol at time = 0, and 7ngge(f) is the moles
number of the corresponding ester at time = ¢ (h).

For control experiments, the catalytic reaction was
performed at the same reaction conditions, but without the
addition of emulsifiers. In a typical test, 6 mL water
containing butanol (0.1 mol L") and butyric acid (0.1 mol
L™") and 6 mL dodecane were added to a glass vial, followed
by the addition of 0.3% v/v fresh lipase solution (volume of
lipase solution relative to the volume of aqueous phase). The
mixture was sealed, stirred at 500 rpm and heated at 40 °C
for 6 h. After reaction, the upper oil phase was collected and
analyzed by GC system.

For blank experiments, the catalytic
carried out at identical conditions without the addition of
lipase.

Catalytic test in the fermentation broth. In a typical
catalytic test, 6 mL fermentation solution containing butanol
(0.23 mol L™") were added into a 20 mL glass vial, followed by
the addition of 0.127 mL butyric acid (1:1 molar ratio with
butanol), 6 mL dodecane, 1.0 wt% silica nanoparticles (with
respect to the total weight of the biphasic system) and 0.3%
v/v fresh lipase solution (volume of lipase solution relative to
the volume of aqueous phase). The final dispersion was
emulsified using an Ultra-TURRAX at 13500 rpm for 2 min,
and then sealed and stirred at 40 °C for 6 h at 500 rpm. After

reaction was
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reaction, the supernatant oil solution was collected and
analyzed by GC.

Results and discussion

Physicochemical properties of silica stabilized Pickering
emulsions

As a first step in the development of our Pickering-assisted
esterification and extraction methodology, we studied the
preparation of W/O and O/W Pickering emulsions and
characterized their stability. Hydrophobic R972 and
hydrophilic R816 nanoparticles were chosen to prepare both
kinds of emulsion and their emulsifying properties were
explored for a 50:50 (v/v) water/dodecane biphasic system as
a function of particle concentrations at room temperature
(Fig. 2 and S17). As expected, emulsions stabilized by R972
and R816 nanoparticles were successfully generated in all
cases. The dilution tests performed on both types of
emulsions suggested that R972 particles allowed the
formation of a W/O emulsion, while R816 favoured the
formation of an O/W emulsion. For the R972 nanoparticles,
an excess of oil phase is always present regardless of particle
concentration (probably due to the sedimentation of water
droplets), whereas the R816 nanoparticles stabilized
emulsion exhibits an excess of the water phase (probably due
to the creaming of oil droplets). The droplet size of
emulsions stabilized with R972 nanoparticles gradually
decreases from 33 to 23 um as the silica concentration
increases from 0.1 wt% to 1.0 wt%. Further increasing the
R972 concentration to 2.0 wt% results in a smaller droplet
size, while the emulsion volume remains relatively
unchanged. In parallel, the droplet size of the emulsion
stabilized with R816 nanoparticles is 4-9 times larger
compared to the average size of the emulsion stabilized by
R972 nanoparticles (Fig. 2b and f). As the R816 nanoparticles
concentration increases from 0.1 wt% to 1.0 wt%, the droplet
size decreases significantly from 289 um to 67 pm, which
then remains nearly unchanged. To confirm the emulsion
types, we separately labelled organic phase and water phase
with Nile red and fluorescein isothiocyanate isomer I for
fluorescence imaging. Fluorescence microscopy images
revealed that the R972 nanoparticles formed a W/O emulsion
(Fig. 2d), whereas the R816 nanoparticles led to the
formation of an O/W emulsion (Fig. 2h), as expected from the
initial dilution test.

To better characterize the stability of the emulsion, we
performed multiple light scattering measurements using
Turbiscan® (Formulaction, France) to monitor real-time
information on the destabilization processes (see ESIf
Experimental section). The delta transmission (AT) and delta
backscattering (ABS) profiles of the emulsion stabilized by
both R972 and R816 nanoparticles are shown in Fig. S2(a
and b).f For the emulsion stabilized by R972 nanoparticles
(W/O emulsion), a sharp decline of ABS at the top of the
sample with a concomitant increase of the AT signal suggests
the gravity-induced migration of the water droplets.

This journal is © The Royal Society of Chemistry 2025
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(a and e) Images of emulsions stabilized by R972 and R816 nanoparticles at variable concentration, respectively; (b and f) evolution of the

average droplet size as a function of the silica concentration for emulsion stabilized with R972 and R816 nanoparticles, respectively; (c and g)
optical micrographs of emulsions stabilized with 1.0 wt% R972 and R816 nanoparticles, respectively. (d) Fluorescence microscopy image of a R972
nanoparticles stabilized Pickering emulsion with the water phase dyed by water-soluble fluorescein isothiocyanate isomer I. (h) Fluorescence
microscopy image of a R816 nanoparticles stabilized Pickering emulsion with the oil phase dyed by oil-soluble Nile red. Emulsification conditions:
6 mL dodecane, 6 mL water, certain amounts of nanoparticles, 13500 rpm for 2 min.

Moreover, the slight change of ABS in the middle portion of
the emulsion can be explained as an increase in the droplet
size due to either coalescence or flocculation. In the presence
of R816 nanoparticles (O/W emulsion), the ABS value at the
bottom layer of the emulsion drops sharply as the AT signal
dramatically increases, which suggests that the bottom of the
emulsion is clarified due to creaming. In addition, the oil
droplets migrate through the continuous water phase from
the bottom to the top of the samples, leading to a progressive
concentration increase at the mid-height of the samples. This
is characterized by an increase in the backscattering signal at
the middle of the samples. These findings support that the
layering process occurs immediately after emulsion
preparation, and that emulsions can maintain long-term
stability once equilibrium is reached.

Furthermore, we evaluated the emulsion stability of both
R972 and R816 nanoparticles in the presence of substrates
(0.1 mol L™ butanol and butyric acid in the aqueous phase),
as well as using fermentation broth as the aqueous phase
(Fig. S2c-ft). The emulsions stabilized by R972 nanoparticles
remain almost unchanged across different aqueous medium
(Fig. S3f). In contrast, the ABS signals drop sharply
throughout the entire height of the emulsion stabilized by
R816 nanoparticles, indicating lower resistance to
flocculation and/or partial coalescence. However, no
appearance of supernatant oily phase is noted which would
indicate the total coalescence of the oil drops, which proves
that the emulsion is stable over 12 h regarding coalescence.

Catalytic performance

Considering the emulsion properties of the prepared system,
we aim to utilize the enhanced interfacial contact between
the hydrophilic reagents and hydrophobic extractants to
improve the catalytic performance of simultaneous enzymatic

This journal is © The Royal Society of Chemistry 2025

esterification and ester extraction in the biphasic system. As
a proof-of-concept, the enzymatic esterification of butanol
(0.1 mol L™) and butyric acid in a diluted aqueous solution
was chosen as a model reaction to mimic a fermentation
broth. The amount of butyl butyrate in the organic extractant
phase was used to assess reaction efficiency. For comparison,
control experiments were performed under the same reaction
conditions, but in the conventional biphasic system.

As expected, no yield of ester is observed for the blank
experiment without lipase addition in both the Pickering
emulsion and the biphasic system (Table 1 entries 1 and 2).
With the addition of 0.3% v/v lipase in the biphasic system,
the yield of ester is only 9% after 1 h. In contrast, the ester
yield in the R972 nanoparticle stabilized W/O Pickering
emulsion system is 5 times higher, reaching 47% after 1 h
(Table 1 entries 3 and 4). This result is clearly attributed to
the micro-structured reaction medium, which largely

Table 1 Enzymatic esterification of butanol and butyric acid in water/
dodecane system

Entry Lipase Emulsifier Emulsion type pH Yield/%
1 — — — 2.7 0
2 — R972 W/O 2.7 0
3 CaLB — — 2.7 9
4 CaLB R972 W/O 2.7 47
5 CaLB — — 4.0 12
6 CalLB R972 W/O 4.0 42
7 CalLB R816 o/wW 4.0 31
8 CaLB — — 5.0 5
9 CalLB R972 W/O 5.0 20

Reaction conditions: 6 mL water (containing 0.1 mol L™ butanol and
0.1 mol L™ butyric acid), 6 mL dodecane, 1.0 wt% silica
nanoparticles, 0.3% v/v CaLB solution (relative to the volume of
aqueous phase), emulsification at 13500 rpm for 2 min, 40 °C for 1
h, 500 rpm. The pH of the original aqueous solution is 2.7 and can
be adjusted to 4.0 or 5.0 using KOH solution.

React. Chem. Eng., 2025, 10, 1606-1614 | 1609
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facilitates mass transfer and enzyme interaction. The water
droplets act as “microreactor”, improving contact area with
dodecane and boosting extraction efficiency. It should be
noted that the thermodynamic equilibrium of the
esterification reaction is very unfavourable in water due to
the excess of water, and even more so with very diluted
reactants. As a result, the extent of the reaction would be very
limited in an aqueous phase alone. The very high partition
coefficient of butyl butyrate in the organic extractant phase
can “push” the esterification toward the ester synthesis side
even at a highly diluted butanol concentration.

To gain insight into the effect of pH on esterification, we
performed the catalytic test after adjusting the pH of the
aqueous solution, as the pH of the reaction medium affects
both the esterification equilibrium and lipase activity. By
increasing pH of the aqueous solution from 2.7 to 4.0, the
yield of esters decreases smoothly from 47% to 42%, whereas
it slightly increases to 12% in the biphasic system (Table 1
entries 5 and 6). However, increasing the pH from 4.0 to 5.0
sharply reduces the ester yield from 42% to 20%, a similar
trend also observed in the conventional biphasic system
(Table 1 entries 8 and 9). This result is consistent with the
fact that protonated butyric acid is less available when the
pH is above the pK, of butyric acid (4.8), in favor of the non-
reactive deprotonated form. From an esterification point of
view, it is favorable to perform esterification at lower pH
because only undissociated butyric acid will react with
butanol in aqueous media. However, from a lipase activity
point of view, very acidic pH should be used carefully since
lipase could be denatured at low pH.***”

The catalytic performance was also studied in the O/W
Pickering emulsion stabilized by R816 nanoparticles. The
ester yield is 31% after 1 h, which is lower than that obtained
with W/O emulsion (Table 1 entry 7). This could be related to
the physicochemical properties of the emulsion (Fig. S31),
because the average droplets size is larger, hence the
interfacial area is smaller, or it could also indicate that the
confinement of the biocatalyst within water droplets in a W/
O emulsion enhances extraction efficiency compared to an O/
W emulsion, where oil droplets recover ester from the
continuous phase.®® Indeed, the stability of Pickering
emulsions is not always easy to assess under actual reaction
conditions, as substrates, products, and the reaction itself
can influence emulsion stability.>* Analysis of the emulsion
properties (Fig. S1-S37) reveals that emulsions stabilized by
R816 nanoparticles are more susceptible to the variations of
aqueous solution properties compared to those stabilized by
R972 nanoparticles, suggesting that emulsions stabilized by
R816 nanoparticles are likely to exhibit lower catalytic
performance.

Given the high catalytic performance of the emulsion
system, the kinetic profiles were studied for both emulsion
and biphasic system at a fixed pH and variable lipase
concentrations (Fig. 3a and b). The ester yield increases
steadily from 11% to 42% after 1 h when the lipase
concentration is increased from 0.05 to 0.3% in the Pickering

1610 | React. Chem. Eng., 2025, 10, 1606-1614
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Fig. 3 (a and b) Yield of butyl butyrate as a function of lipase
concentration for the enzymatic esterification of butanol and butyric
acid in biphasic system and W/O emulsion system. (c and d) Yield of
butyl butyrate as a function of butanol:butyric acid ratio for the
enzymatic esterification of butanol and butyric acid in biphasic system
and W/O emulsion system. (e) Yield of butyl butyrate obtained for
enzymatic esterification in both W/O and O/W emulsion (butanol:
butyric acid 1:3). (f) Yield of butyl butyrate obtained for enzymatic
esterification in W/O emulsion by using different oils (butanol : butyric
acid 1:3). Reaction conditions: 6 mL water (containing 0.1 mol L™?
butanol and 0.1 or 0.3 mol L™ butyric acid), 6 mL dodecane (or
heptane or hexadecane for (f)), 1.0 wt% silica nanoparticles, 0.3% v/v
CalB solution (relative to the volume of aqueous phase), the pH of the
aqueous phase is fixed at 4.0, emulsification at 13500 rpm for 2 min,
40 °C for 6 h, 500 rpm.

emulsion system. A similar trend is observed in the biphasic
system, though the ester yield increased from 3% to 12%
after 1 h. The emulsion system exhibits a much faster
reaction rate than the biphasic system, with the ester yield
nearly reaching equilibrium within 1 h in the Pickering
emulsion system, whereas the biphasic system requires 6 h
or more to reach a similar level. Notably, the ester yield
achieved with 0.05% lipase concentration in the Pickering
emulsion system is comparable to that of the biphasic system
at 0.3% lipase concentration, highlighting the cost-
effectiveness of the Pickering emulsion system.

We therefore investigated the effect of butanol:butyric
acid ratio on the catalytic performance (Fig. 3c and d).
Decreasing the alcohol/acid ratio from 1:1 to 1:3
substantially increases both the initial rate and the
equilibrium yield of ester. After 1 h, butyl butyrate yield
increases from 42% to 72% in the Pickering emulsion
system, and from 12% to 25% in the biphasic system. The
equilibrium yield in the Pickering emulsion system increases
from 47% to 72% within 1 to 2 h, which is consistent with
the enhanced availability of butyric acid. This trend is also

This journal is © The Royal Society of Chemistry 2025
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observed in the biphasic system, although it takes 6 h to
achieve yields comparable to the Pickering emulsion system.
The kinetic profile was also measured for the O/W emulsion
stabilized by R816 nanoparticles at butanol: butyric acid ratio
of 1:3 (Fig. 3e). The ester yield reaches 62% after 1 h,
reaching almost equilibrium after 2 h. This kinetic rate is
slightly lower than the one in W/O emulsion. Additional
enzymatic esterification experiments were performed using
either heptane or hexadecane as organic phase (Fig. 3f). In all
cases, emulsions are generated successfully and show
comparable catalytic performance, both in terms of initial
rate and final equilibrium yield.

Based on the above results, it can be concluded that Pickering
emulsions play a critical role in enhancing catalytic efficiency for
the enzymatic esterification of butanol and butyric acid in the
biphasic system. The formation of a Pickering emulsion allows
the increase of the interface area between reactants and
extractants at microscale, reducing the diffusion-related
limitation, which allows maximal lipase activity by eliminating
product-related slowdown, which ultimately speeds up the entire
reaction process. Furthermore, solid emulsifiers are biologically
compatible and environmentally friendly as they do not
inactivate the enzyme and might simplify the separation and
purification of the product.

Scope of substrates

To extend the generality of the system, the enzymatic
esterification of butanol and other carboxylic acids was
carried out at the same reaction conditions. For hexanoic
acid, the yield of butyl hexanoate is 67% after 0.5 h and
reaches equilibrium within 1 h in the W/O emulsion system.

[o] o

(a) A~ (b)~ P -
— )
Rl B
3
e 2
- @ —
© o —_
S0 S 0 r/k
3 x 1
o [ |/
> =y
,5 40 :>.‘ 404 |
Qo 3
\E el
o2 —e—W/O (R972) ‘5 20 —e— W/O (R972)
° —+—O/W (R816) ] —v— O/W (R816)
= —=— Biphasic system g —e— Biphasic system

6 1 3 4 5 6

1 2 3 4 5 2
Reaction time (h) Reaction time (h)

(c)_ S N (d) -
Q
S5 = 80
o =
£ S
8 c
E o0 fey
£ 2
8 W/O (R972) prs —e— WO (R972)
S0 —=—O/W (R816) © 4 —<— O/W (R816)
g —e— Biphasic system S Biphasic system
2 12
S 20 as 20
he} 3
2 Q
= O

1 5 6 1 6

2 4 2 4 5
Reaction time (h) Reaction time (h)

Fig. 4 Kinetic profiles for the enzymatic esterification of butanol and
various carboxylic acids in biphasic system and Pickering emulsion
system. Reaction conditions: 6 mL water containing 0.1 mol L™*
butanol and 0.1 mol L™ butyric acid (a), 6 mL dodecane (a) or 6 mL
dodecane containing 0.1 mol L™ hexanoic acid (b), palmitic acid (c) or
linoleic acid (d), 1.0 wt% silica nanoparticles, 0.3% v/v CalLB solution
(relative to the volume of aqueous phase), emulsification at 13500 rpm
for 2 min, 40 °C for 6 h, 500 rpm.
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This is comparable to the yield in the O/W emulsion and 5
times higher than the yield after 1 h in the biphasic system
(Fig. 4b). Similarly, the esterification of butanol with palmitic
acid to form butyl palmitate shows a yield of 76% after 0.5 h
in the W/O emulsion system, while the biphasic system
reaches only 22% after 1 h (Fig. 4c). In the case of linoleic
acid, no commercial butyl linoleate ester was available to
prepare a standard, so the conversion of butanol was used to
quantify the catalytic efficiency. The enzymatic esterification
of linoleic acid shows 83% conversion of butanol after 0.5 h
in the W/O emulsion system, whereas only 17% is obtained
after 1 h in their biphasic counterpart (Fig. 4d).

Surprisingly, in the O/W emulsion, both the ester yields of
palmitic acid and linoleic acid are much lower compared to
the biphasic system, with after 1 h only 13% butyl palmitate
yield (Fig. 4c) and trace amounts of butanol conversion to
butyl linoleate (Fig. 4d). This suggests that the O/W emulsion
has a negative effect in these cases compared to the biphasic
system. It is worth noting that both palmitic acid and linoleic
acid can also act as surfactants. We hypothesize a kind of
double mechanism of stabilization occurs in the Pickering
emulsion: hydrophilic R816 silica nanoparticles adsorb at the
interface from the aqueous phase, while palmitic acid or
linoleic acid adsorb at the interface from the oil phase.*® In
this case, the silica nanoparticle/surfactant complex forms a
viscoelastic film at the water/oil interface, allowing the
formation of droplets covered by tightly packed nanoparticle/
surfactant complex monolayers or multilayers.""”**> This
phenomenon could limit the diffusion between lipase and
substrates, as the lipase is confined to the aqueous phase,
resulting in unsatisfactory catalytic performance.

Overall, these results clearly demonstrate the versatility of
enzymatic esterification and ester extraction in Pickering
emulsion systems, which can be performed in both W/O and
O/W emulsions, across various pH levels, organic phases, and
acid co-substrates. The reduced yield observed in the specific
case of using long-chain acids in O/W emulsion would
require further work to understand the limitation and
optimize reaction conditions.

Enzymatic esterification in fermentation broth

A real fermentation broth was then studied with enzymatic
esterification and ester extraction in the Pickering emulsion
under the aforementioned conditions.

Table 2 Composition of the fermentation broth (pH = 4.8)

Concentration
Component (g™ (mol L)
Butanol 17.04 0.23
Isopropanol 3.94 0.07
Ethanol 1.07 0.02
Acetone 0.05 0.00
Lactic acid 1.22 0.01
Acetic acid 1.16 0.02
Butyric acid 1.75 0.02
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The concentrations of the components in the fermentation
broth are presented in Table 2, indicating that the main
components produced were butanol and isopropanol. Butanol
accounted for 77% of the total alcohols produced by
fermentation, with a concentration of 0.23 mol L™* in the
fermentation broth (see ESIf Experimental section). The
original fermentation broth was used as raw material, along
with the addition of extra butyric acid for enzymatic
esterification process (Fig. 5). A biphasic system without the
addition of emulsifiers was carried out at the same
conditions as a control for comparison with the Pickering
emulsion system.

In the W/O emulsion system, the butyl butyrate yield
from the fermentation broth reaches 41% and 63% after 1
h and 6 h, respectively (Fig. 5c). In contrast, the biphasic
system shows only 12% yield of butyl butyrate after 1 h
(Fig. 5a). To enhance the final ester yield, we investigated
the effect of lower butanol/butyric acid ratio for the
esterification performance. At a high butyric acid
concentration (butanol/butyric acid ratio of 1:3), the butyl
butyrate yield after 1 h is 63% in the W/O emulsion system
(Fig. 5d), which is 3 times higher compared to the biphasic
system (21%) (Fig. 5b). The equilibrium yield increases from
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Fig. 5 Kinetic profiles for enzymatic esterification of fermentation
broth at butanol : butyric acid ratio of 1:1 in biphasic system (a), W/O
emulsion system (c) and O/W emulsion system (e). Kinetic profiles for
enzymatic esterification of fermentation broth at butanol: butyric acid
ratio of 1:3 in biphasic system (b), W/O emulsion system (d) and O/W
emulsion system (f). Reaction conditions: 6 mL fermentation broth, 6
mL dodecane, 0.127 mL or 0.381 mL butyric acid (after the addition of
butyric acid, the pH of the fermentation broth solution was 3.8 or 3.4,
respectively.), 1.0 wt% silica nanoparticles, 0.3% v/v CalLB solution
(relative to the volume of aqueous phase), emulsification at 13500 rpm
for 2 min, 40 °C for 6 h, 500 rpm.
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63% to 79% in the W/O emulsion system because of the
increased availability of butyric acid.

In addition to the W/O emulsion, we developed an O/W
emulsion system for the enzymatic esterification of the
fermentation broth (Fig. 5e). The kinetic profile of the O/W
emulsion increases not as fast as the W/O emulsion, giving a
yield of 31% of butyl butyrate after 1 h. At lower butanol/
butyric acid ratio (Fig. 5f), the yields of butyl butyrate are
47% and 66% after 1 h and 6 h, respectively. The catalytic
performance of the O/W emulsion system can be related to
the previously observed lower interface area compared to the
W/O emulsion in the same emulsification conditions (Fig. 2)
which is also observed using this fermentation broth as the
aqueous phase (Fig. S31). Consistent with the case of a pure
solution (Fig. 3e), we observe here that the droplet size is a
key parameter for the performance of the system: the kinetics
are faster when the droplets are smaller.

It is noteworthy that isopropyl butyrate can be observed
during the esterification process, which is attributed to the
presence of 0.07 mol L™ isopropanol in the fermentation
broth. Unlike the esterification behavior of butanol and
butyric acid, the yield of isopropyl butyrate proceeds slowly
in both biphasic and emulsion systems.**** The conversion
of isopropanol into isopropyl butyrate in the presence of W/O
emulsion is 6% after 6 h, and the yield is 5% after 6 h in
biphasic system (Fig. 5a and c). A higher yield of isopropyl
butyrate is also observed by increasing the availability of
butyric acid, with yields of 15% and 10% after 6 h in the W/O
Pickering emulsion and biphasic system, respectively
(Fig. 5b and d). Likewise, the yield of isopropyl butyrate in
the presence of O/W emulsion is only 5% (Fig. 5f), which is
consistent with the reduced catalytic performance observed
for butyl butyrate in this case.

The reaction was also performed in an artificial solution
with the same butanol concentration as the fermentation
broth (0.23 mol L™" Fig. S41). In W/O emulsions, the reaction
kinetics for the artificial solution and the fermentation broth
are almost identical at both 1:1 and 1:3 butanol/butyric acid
ratios, reaching equilibrium yields of 65% and 84%,
respectively (Fig. S4a and bf). In the same way in O/W
emulsions, the kinetics using the artificial solution are very
similar to those obtained with the fermentation broth,
although slightly slower than in W/O emulsion as already
discussed (Fig. S4c and df). Therefore, no apparent effect of
the presence of complex components in the fermentation
broth on the butyl butyrate yield is observed. This
demonstrates the robustness of the designed system for real-
life applications such as processing a complex fermentation
broth without any prior treatment other than solid-liquid
separation.

Conclusions

In conclusion, we developed a versatile Pickering emulsion
system for the recovery of butanol from a fermentation broth
in the form of ester. Both W/O and O/W Pickering emulsions
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with high stability were achieved in water/dodecane system
by using two types of silica nanoparticles. The catalytic
performance was influenced by the emulsion properties, with
reaction rates 2-5 times higher in the emulsion system
compared to the biphasic system, which allowed the
equilibrium to be reached in less than 2 h in our setup.
Notably, the Pickering emulsion system can be applied to the
enzymatic esterification of butanol and various carboxylic
acids, and using different oil phases. Furthermore, the
methodology was applied to the extraction of butanol from
an original and untreated fermentation broth, showing
performances identical to the ones obtained using an
artificial pure butanol solution. The results presented in this
study pave the way for designing highly efficient tools to
separate bio-based components.
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