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ABSTRACT: We report the first example of a non-aqueous Pickering
nanoemulsion, which comprises glycerol droplets dispersed in mineral oil.
The droplet phase is stabilized by hydrophobic sterically stabilized poly(lauryl
methacrylate)-poly(benzyl methacrylate) nanoparticles which are prepared
directly in mineral oil using polymerization-induced self-assembly. First, a
glycerol-in-mineral oil Pickering macroemulsion with a mean droplet
diameter of 2.1 ± 0.9 μm is prepared via high-shear homogenization using
excess nanoparticles as an emulsifier. Then, this precursor macroemulsion is
subjected to high-pressure microfluidization (a single pass at an applied pressure of 20,000 psi) to produce glycerol droplets of
approximately 200−250 nm diameter. Transmission electron microscopy studies indicate preservation of the distinctive
superstructure produced by nanoparticle adsorption at the glycerol/mineral oil interface, thus confirming the Pickering nature of the
nanoemulsion. Glycerol is sparingly soluble in mineral oil, thus such nanoemulsions are rather susceptible to destabilization via
Ostwald ripening. Indeed, substantial droplet growth occurs within 24 h at 20 °C, as judged by dynamic light scattering. However,
this problem can be suppressed by dissolving a non-volatile solute (sodium iodide) in glycerol prior to formation of the
nanoemulsion. This reduces diffusional loss of glycerol molecules from the droplets, with analytical centrifugation studies indicating
much better long-term stability for such Pickering nanoemulsions (up to 21 weeks). Finally, the addition of just 5% water to the
glycerol phase prior to emulsification enables the refractive index of the droplet phase to be matched to that of the continuous phase,
leading to relatively transparent nanoemulsions.

■ INTRODUCTION
Pickering emulsions comprise liquid droplets (e.g., oil or
water) dispersed within a second immiscible liquid (e.g., water
or oil) in which the droplets are coated with a layer of
adsorbed particles.1−7 Adsorption at the liquid−liquid interface
occurs spontaneously because it minimizes the interfacial area
between the two immiscible liquids, which lowers the free
energy of the system.3,5 Many types of particles have been used
in this context: hydrophilic particles usually lead to the
formation of an oil-in-water emulsion, whereas hydrophobic
particles favor the formation of water-in-oil emulsions.3,5,8−12

Pickering emulsions typically exhibit greater long-term stability
than conventional surfactant-stabilized emulsions; they also
offer reduced foaming during homogenization and better
reproducibility.3

Nanoemulsions are relatively fine emulsions that can be
prepared by temperature-induced phase inversion,13,14 emul-
sion inversion point,15,16 or high-energy emulsification17−20 of
an existing coarse emulsion. Precisely what constitutes a
nanoemulsion seems to be a somewhat controversial topic in
the literature.21 For example, Anton et al. defined a
nanoemulsion to contain droplets of less than 500 nm
diameter,22 whereas Solans and co-workers suggested a rather
stricter characteristic length scale of less than 200 nm
diameter.23 However, there appears to be general agreement
that nanoemulsions tend to exhibit long-term instability owing

to Ostwald ripening.24−29 In principle, this problem can be
suppressed provided that the droplet phase is sufficiently
insoluble within the continuous phase.27,30,31 There are
numerous literature reports of surfactant-stabilized nano-
emulsions23,32−35 but far fewer examples of Pickering nano-
emulsions.36−46 This is no doubt because there are only a
limited number of examples of colloidal particles that are (i)
sufficiently small to act as effective emulsifiers and (ii) possess
minimal surface charge (because highly charged particles tend
not to adsorb efficiently at the liquid−liquid interface).

Polymerization-induced self-assembly (PISA) has become
widely recognized as an efficient and versatile route to a wide
range of sterically stabilized diblock copolymer nanopar-
ticles.47−52 Importantly, PISA can be conducted in either
polar or non-polar solvents, which enables the rational design
of either hydrophilic or hydrophobic nanoparticles. Over the
past seven years, we have reported that such nanoparticles can
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be used to stabilize either oil-in-water53−56 or water-in-oil57

Pickering nanoemulsions, respectively.
Herein we report the first example of a non-aqueous

Pickering nanoemulsion. This is achieved by preparing
hydrophobic sterically stabilized diblock copolymer nano-
particles of 30 ± 4 nm diameter directly in mineral oil via the
reversible addition-fragmentation chain transfer (RAFT)
dispersion polymerization of benzyl methacrylate (BzMA)
using an oil-soluble poly(lauryl methacrylate) (PLMA)
precursor (see Scheme 1). Similar PISA formulations have

been previously employed by Armes and co-workers to
produce hydrophobic nanoparticles for the preparation of
water-in-oil Pickering (nano)emulsions.11,57−60 The resulting
nanoparticles are used to prepare a relatively coarse Pickering
macroemulsion via high-shear homogenization with glycerol,
which is immiscible with the mineral oil. Excess nanoparticles
are deliberately employed during this initial step, with
subsequent high-pressure microfluidization producing the
desired nanoemulsion Pickering nanoemulsion, which com-
prises glycerol droplets of approximately 200−250 nm
diameter dispersed within mineral oil (see Scheme 2). The
Pickering nature of the droplets is confirmed by transmission
electron microscopy (TEM) studies. Finally, the effect of
dissolving a suitable non-volatile solute within the droplet
phase on the susceptibility of such Pickering nanoemulsions

toward Ostwald ripening is assessed using analytical
centrifugation.

■ EXPERIMENTAL SECTION
Materials. Lauryl methacrylate (LMA, 96%), benzyl methacrylate

(BzMA, 96%), cumyl dithiobenzoate (CDB), and CDCl3 were
purchased from Merck (UK). Each monomer was passed through
basic alumina in order to remove the inhibitor prior to use. tert-Butyl
peroxy-2-ethylhexanoate (Trigonox 21S or T21s) initiator was
supplied by AkzoNobel (The Netherlands). Glycerol, sodium iodide
(NaI), and tetrahydrofuran (THF) were purchased from VWR (UK).
Group III hydroisomerized mineral oil (viscosity = 3.1 cSt at 100 °C;
refractive index = 1.462) was kindly provided by The Lubrizol
Corporation Ltd. (Hazelwood, Derbyshire, UK). Deionized water was
used for all experiments.

One-Pot Synthesis of PLMA49-PBzMA50 Diblock Copolymer
Nanoparticles in Mineral Oil. The one-pot synthesis of PLMA49-
PBzMA50 diblock copolymer spheres was conducted as follows. LMA

Scheme 1. Reaction Scheme for the Synthesis of PLMA49-
PBzMA50 Diblock Copolymer Nanoparticles via RAFT
Dispersion Polymerization of BzMA in Mineral Oil at 90 °C

Scheme 2. Schematic Representation of the Two-Step
Preparation of a Non-Aqueous Pickering Nanoemulsion
Using PLMA49-PBzMA50 Nanoparticles

a

aFirst, a glycerol-in-mineral oil Pickering macroemulsion of 2.1 ± 0.9
μm diameter is prepared via high-shear homogenization (UltraTurrax
overhead stirrer, 13,500 rpm for 2 min at 20 °C). This relatively
coarse precursor emulsion is then refined by just one pass through a
commercial LV1 microfluidizer at 20,000 psi to obtain a glycerol-in-
mineral oil Pickering nanoemulsion comprising glycerol droplets of
227 ± 73 nm diameter.
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(2.333 g; 9.18 mmol), CDB (50.0 mg; 183.5 μmol; target degree of
polymerization = 50), and T21s initiator (9.93 mg; 45.88 μmol;
dissolved at 10% v/v in mineral oil; [T21s]/[CDB] = 5) were
dissolved in mineral oil (3.58 g; target solids = 40% w/w). The
reaction mixture was sealed in a 100 mL round-bottomed flask and
purged with nitrogen gas for 30 min. The deoxygenated solution was
then placed in a pre-heated oil bath at 90 °C for 16 h (final LMA
conversion = 97%; Mn = 13,400 g mol−1; Mw/Mn = 1.13). BzMA
(1.620 g; 9.17 mmol; target degree of polymerization = 50) and T21s
initiator (9.93 mg; 45.88 μmol; dissolved at 10% v/v in mineral oil;
[T21s]/[CDB] = 5) were dissolved in mineral oil (12.43 g; target
solids = 20% w/w) and purged with nitrogen gas for 30 min before
being added to the original reaction vessel at high (97%) LMA
conversion. The final BzMA conversion was 99% after 6 h at 90 °C
(Mn = 20,000 g mol−1; Mw/Mn = 1.19).

Preparation of Non-Aqueous Pickering Macroemulsions Using
High-Shear Homogenization. A 5.0% w/w dispersion of PLMA49-
PBzMA50 diblock copolymer nanoparticles in mineral oil (4.50 mL)
was added to a 14 mL glass vial. This was then homogenized with a
series of glycerol solutions (0.50 mL; volume fraction = 0.20;
containing 0−4.00 M NaI) for 2 min at 20 °C using an IKA Ultra-
Turrax T-18 homogenizer equipped with a 10 mm dispersing tool and
operating at 13500 rpm.

Preparation of Non-Aqueous Pickering Nanoemulsions Using
High-Pressure Microfluidization. To study the effect of varying the
copolymer concentration on the mean droplet diameter, the initial
Pickering macroemulsions (5.0 mL; volume fraction = 0.20;
nanoparticle concentration in mineral oil = 1.0 to 7.0% w/w) were
further processed using the LV1 microfluidizer. The pressure was
fixed at 20,000 psi, and each macroemulsion was passed just once
through the LV1 unit to produce the corresponding glycerol-in-
mineral oil Pickering nanoemulsion.

To study the effect of varying the applied pressure on the mean
droplet diameter, multiple identical batches of a Pickering macro-
emulsion (5.0 mL; volume fraction = 0.20; nanoparticle concentration
in mineral oil = 5.0% w/w) were further processed using the same
LV1 microfluidizer. The pressure was systematically varied between
5,000 and 30,000 psi, and each macroemulsion was passed just once
through the LV1 unit to produce the corresponding glycerol-in-
mineral oil Pickering nanoemulsion.

The optimized protocol for the preparation of non-aqueous
Pickering nanoemulsions was as follows. A Pickering macroemulsion
(5.0 mL; volume fraction = 0.20; initial nanoparticle concentration in
mineral oil = 5.0% w/w) was processed using an LV1 microfluidizer
(Microfluidics, USA) at a fixed pressure of 20,000 psi, and each
emulsion was passed just once through the LV1 unit to produce the
corresponding glycerol-in-mineral oil Pickering nanoemulsion.

To study the effect of varying the concentration of NaI on the
stability of the final Pickering nanoemulsions, different batches of a
Pickering macroemulsion (5.0 mL; volume fraction = 0.20; NaI
concentration = 0.25−4.00 M; nanoparticle concentration in mineral
oil = 5.0% w/w) were further processed using the LV1 microfluidizer
(Microfluidics, USA) at a fixed pressure of 20,000 psi, and each
emulsion was passed just once through the LV1 unit to produce the
corresponding glycerol-in-mineral oil Pickering nanoemulsion.

Preparation of Transparent Pickering Nanoemulsions Using
High-Pressure Microfluidization. A 5.0% w/w dispersion of PLMA49-
PBzMA50 diblock copolymer nanoparticles in mineral oil (4.50 mL)
was added to a 14 mL glass vial. This was then homogenized with
various aqueous /glycerol solutions (0.50 mL; volume fraction = 0.20;
3−6% v/v water; prepared using deionized water at around pH 6) for
2 min at 20 °C using an IKA Ultra-Turrax T-18 homogenizer
equipped with a 10 mm dispersing tool and operating at 13,500 rpm.
Each Pickering macroemulsion (5.0 mL, initial nanoparticle
concentration in the mineral oil phase = 5.0% w/w) was further
processed using the LV1 microfluidizer.
Characterization. 1H NMR Spectroscopy. 1H NMR spectra were

recorded in CDCl3 using a 400 MHz Bruker Avance spectrometer at
25 °C. Typically 64 scans were averaged per spectrum.

Gel Permeation Chromatography (GPC). Molecular weight
distributions were assessed by GPC using THF eluent. The GPC
system was equipped with two 5 μm (30 cm) Mixed C columns and a
WellChrom K-2301 refractive index detector operating at 950 ± 30
nm. The THF mobile phase contained 2.0% v/v triethylamine and
0.05% w/v butylhydroxytoluene (BHT), and the flow rate was fixed at
1.0 mL min−1. A series of twelve near-monodisperse poly(methyl
methacrylate) calibration standards (Mp values ranging from 800 to
2,200,000 g mol−1) were used in combination with the refractive
index detector.

Transmission Electron Microscopy. The staining agent was
prepared by dissolving ruthenium(IV) oxide hydrate (0.30 g) and
sodium periodate (2.00 g) in water (50 mL). Nanoparticle dispersions
in mineral oil were diluted to 0.02% w/w using n-dodecane. A droplet
(10 μL) was then placed on a carbon-coated copper TEM grid with
the aid of a micropipet. Each grid was then stained for 7 min by
exposure to the heavy metal stain within a desiccator. Glycerol-in-
mineral oil nanoemulsions containing various amounts of NaI within
the glycerol droplets were diluted to 1.0% v/v using n-dodecane,
placed on a carbon-coated copper TEM grid with the aid of a
micropipet, and viewed without using any heavy metal stain. TEM
images were recorded using a Tecnai Spirit T12 TEM instrument
operating at 80 kV and equipped with an Orius SC1000B S4 CCD
camera (2672 × 4008 pixels; 9 μm each).

Dynamic Light Scattering (DLS). Hydrodynamic z-average
diameters were obtained by using a Malvern Zetasizer NanoZS
instrument at a fixed scattering angle of 173°. 0.1% w/w nano-
emulsions or nanoparticle dispersions were analyzed using disposable
cuvettes and the results were averaged over three consecutive runs,
each comprising ten analyses. The mineral oil used to dilute each
sample was ultrafiltered through a 0.20 μm membrane to remove
extraneous dust.

Analytical Centrifugation. Droplet size distributions were assessed
using a LUMiSizer analytical photocentrifuge (LUM GmbH, Berlin,
Germany) at 20 °C. Measurements were conducted on dilute
Pickering nanoemulsions (1.0% v/v glycerol) using 2 mm pathlength
polyamide cells at 500 rpm for 200 profiles (allowing 10 s between
profiles), and the rate of centrifugation was subsequently increased up
to 4000 rpm for a further 800 profiles. The slow initial rate of
centrifugation enabled detection of any larger oil droplets that might
be present within the nanoemulsion. Overall, the measurement time
was approximately 135 min. The LUMiSizer instrument employs
space- and time-resolved extinction profiles (STEP) technology to
measure the intensity of transmitted near-infrared light as a function
of time and position simultaneously over the entire length of the cell.
The gradual progression of these transmission profiles over time
provides information on the rate of sedimentation of the glycerol
droplets and hence enables assessment of the droplet size distribution.
The particle density is an essential input parameter for analytical
centrifugation studies. The droplet density used for the nanoemulsion
aging studies was either the density of pure glycerol or the appropriate
density for a given glycerol/NaI solution (which are 1.33, 1.47, 1.60,
1.88, and 2.44 g cm−3 for 0.25, 0.50, 1.00, 2.00, and 4.00 M NaI,
respectively).61 This ignores any contribution to the droplet density
from the adsorbed PLMA49-PBzMA50 nanoparticles. This is a
reasonable approximation given that we merely wish to assess relative
changes in the droplet size distribution over time.

Visible Absorption Spectroscopy. The transmittance of (glycerol
plus water)-in-mineral oil Pickering nanoemulsions (volume fraction
of glycerol plus water = 0.20) was studied using a PC-controlled UV-
1800 spectrophotometer equipped with a 10 mm pathlength quartz
cell. Spectra were recorded between 200 and 800 nm at 20 °C.

Small-Angle X-ray Scattering (SAXS). SAXS patterns were
recorded at a synchrotron facility (ESRF, beamline ID02, Grenoble,
France)62 using a monochromatic X-ray source (wavelength λ =
0.0995 nm, with q ranging from 0.0021 to 2.0 nm−1, where q is the
length of the scattering vector, i.e., q = (4π/λ) sin θ, and θ is the one-
half of the scattering angle) and a Ravonix MX-170HS CCD detector.
A flow-through glass capillary (2.0 mm diameter) was connected to an
injector syringe and a waste container via plastic tubing and mounted
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horizontally on the beamline stage; this setup was used as a sample
holder. Scattering data were reduced using standard routines from the
beamline62 and were further analyzed using Irena SAS macros63 for
Igor Pro.

■ RESULTS AND DISCUSSION
The nanoparticles used in the current study were prepared by
chain-extending an oil-soluble PLMA precursor with BzMA in
mineral oil using a convenient one-pot protocol developed by
Derry and co-workers.64 Mineral oil was selected as the solvent
for this polymerization owing to its greater immiscibility with
glycerol than n-dodecane. Initially, LMA was polymerized at
70% w/w solids in mineral oil with more than 97% conversion
being achieved within 16 h at 90 °C. The resulting PLMA49
precursor was subsequently chain-extended with BzMA
targeting a mean degree of polymerization of 50 at 20% w/w
solids. 1H NMR spectroscopy studies indicated that the BzMA
polymerization proceeded to 99% conversion within 6 h at 90
°C (see Figure S1). THF GPC analysis indicated a relatively
narrow molecular weight distribution for the final copolymer
(Mn = 20,000; Mw/Mn = 1.19; vs a series of near-monodisperse
poly(methyl methacrylate) calibration standards) and a high
blocking efficiency, suggesting that this RAFT dispersion
polymerization was well-controlled (see Figure S2).65

TEM analysis indicated a well-defined spherical morphology
for the final PLMA49−PBzMA50 nanoparticles (Figure 1a).
DLS studies reported a hydrodynamic z-average diameter of 30
± 4 nm for these nanoparticles, see Figure 1b. This is
consistent with the number-average diameter of 19 ± 3 nm
estimated from TEM studies (based on digital image analysis
of more than 150 nanoparticles). Fitting the SAXS pattern
recorded for these sterically stabilized nanoparticles using a
spherical micelle model indicated an overall volume-average
diameter of 26 ± 1 nm (Figure 1c). Based on our prior studies,
such spherical nanoparticles should be sufficiently small to
enable the preparation of glycerol-in-mineral oil Pickering
nanoemulsions.37,53

Initially, a relatively coarse Pickering macroemulsion with a
mean number-average droplet diameter of 2.1 ± 0.9 μm (see
Figure S3) was prepared by subjecting a 5.0% w/w dispersion
of PLMA49-PBzMA50 nanoparticles in mineral oil to high-shear
homogenization in the presence of glycerol (glycerol volume
fraction = 0.20). These conditions were deliberately selected
because they lead to a large excess of free nanoparticles. These
non-adsorbed nanoparticles are required to stabilize the
substantial increase in interfacial area for the glycerol droplets
that is generated during the subsequent high-pressure micro-
fluidization to produce the much finer Pickering nanoemulsion.
More specifically, the precursor macroemulsion was subjected
to just one pass through an LV1 microfluidizer at an applied
pressure of 20,000 psi to generate a glycerol-in-mineral oil
Pickering nanoemulsion with a mean droplet diameter of 227
± 73 nm, as illustrated in Scheme 2.

In our prior studies, we reported that the preparation of
either oil-in-water or water-in-oil Pickering nanoemulsions
required multiple passes through an LV1 microfluidizer. Each
pass reduces the droplet size until a minimum diameter is
achieved for a given applied pressure. For example, ten passes
are required to prepare n-dodecane-in-water Pickering nano-
emulsions of around 200 nm diameter stabilized by hydrophilic
diblock copolymer nanoparticles.53,54

In the arguably more pertinent case of water-in-n-dodecane
Pickering nanoemulsions, five passes through an LV1 micro-

fluidizer were required to produce aqueous droplets of
approximately 250 nm diameter.57 Clearly, the microfluidiza-
tion processing conditions required to generate the glycerol-in-
mineral oil Pickering nanoemulsion reported in the current
study are much less demanding. This important difference can
be rationalized by considering the free energy change for
emulsification (ΔGemul), as defined by eq 1:

=G A T Semul (1)

where ΔA is the difference in interfacial area between the
initial state (which comprises two immiscible bulk liquids) and
the final nanoemulsion and γ is the interfacial tension. The
interfacial tension for the n-dodecane−water interface is
around 53 mN m−1, which is significantly greater than that
for the n-dodecane−glycerol interface (25 mN m−1).66,67 Thus,

Figure 1. Characterization data obtained for the spherical PLMA49-
PBzMA50 diblock copolymer nanoparticles prepared in mineral oil:
(a) (TEM image, (b) DLS data, and (c) SAXS data.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00464
Langmuir 2023, 39, 7361−7370

7364

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly less energy is required to generate glycerol
droplets in n-dodecane (or mineral oil, which has a similar
chemical composition) than aqueous droplets in n-dodecane.
Indeed, using multiple passes to further process the nano-
emulsion only led to a rather modest reduction in the mean
droplet diameter (see Figure S4). It is also worth emphasizing
that fine glycerol droplets can be produced in the absence of
any salt, whereas the addition of NaCl to the aqueous droplet
phase is essential to generate a water-in-n-dodecane nano-
emulsion.57

Thompson et al. reported that the mean droplet diameter of
oil-in-water Pickering nanoemulsions could be tuned by
systematically varying the copolymer concentration and
applied pressure employed during microfluidization. To
examine whether this was also the case for glycerol-in-mineral
oil nanoemulsions, the PLMA49-PBzMA50 nanoparticle con-
centration was varied from 1 to 7% w/w at a constant applied
pressure of 20,000 psi (see Figure 2a). As expected, increasing
the nanoparticle concentration up to 6% w/w led to a gradual
(albeit modest) reduction in the z-average droplet diameter
reported by DLS. Using a higher nanoparticle concentration
aids the formation of smaller glycerol droplets since there are
more nanoparticles available to stabilize the additional
interfacial area generated during microfluidization. Similarly,
raising the applied pressure from 10,000 to 20,000 psi at a fixed
nanoparticle concentration of 5.0% w/w leads to a reduction in
the mean droplet diameter (see Figure 2b). This is because
finer droplets can be generated at higher pressures. However,
increasing the applied pressure above 20,000 psi led to no
significant further reduction in mean droplet diameter.

Moreover, our prior studies suggested that nanoparticle
disintegration can occur at higher applied pressures, leading to
the generation of individual diblock copolymer chains.53,56

Thus such conditions are best avoided if genuine Pickering
nanoemulsions are desired. In view of these preliminary
observations, a nanoparticle concentration of 5% w/w and a
single pass at an applied pressure of 20,000 psi were used for
the remaining experiments. Unfortunately, visual inspection of
a glycerol-in-mineral oil Pickering nanoemulsion prepared
using the above optimized conditions confirmed that
demulsification occurred within 24 h (see Figure S5).
Nanoemulsions are known to be susceptible to Ostwald
ripening,23 so such instability is likely to be related to the
background solubility of glycerol within the mineral oil
continuous phase. To examine this hypothesis, the z-average
diameter of a freshly prepared nanoemulsion was recorded
every 6 min using DLS. The observed variation in the cube of
the mean droplet radius (r3) over time is shown in Figure 3. An
approximately linear relationship is observed over the first 210
min. According to Lifshitz−Slyozov−Wagner (LSW)
theory,68,69 this indicates that droplet growth occurs
predominantly via Ostwald ripening, which is driven by the
relatively high Laplace pressure within such small droplets.37,54

Furthermore, the rate of Ostwald ripening was calculated to be
104 ± 6 nm3 s−1 from the gradient of this linear plot. Clearly,
the glycerol droplets undergo substantial ripening in mineral
oil within relatively short time scales. The same nanoemulsion
was analyzed using DLS and analytical centrifugation. DLS
reported a z-average diameter of 248 ± 77 nm for the freshly
prepared nanoemulsion (see Figure 3a), whereas analytical
centrifugation reported a volume-average droplet diameter of
288 ± 257 nm (see Figure 4). This discrepancy most likely
arises because the latter measurement requires a significantly

longer analysis time (nearly 3 h). According to the data shown
in Figure 3, this time period is sufficient for droplet growth to
occur via Ostwald ripening. After aging the same Pickering
nanoemulsion for 24 h at 20 °C (see Figure 4), its volume-
average droplet diameter had increased up to nearly 3 μm,
which indicates very poor long-term stability.

It is well-known that the addition of electrolyte to the
aqueous phase of surfactant-stabilized nanoemulsions can
significantly suppress the rate of Ostwald ripening.18,70,71 For
example, Koroleva and Yurtov studied the effect of varying the
NaCl concentration within the aqueous phase of water-in-
mineral oil emulsions.70 Nanoemulsions prepared using less
than 0.188 M NaCl were unstable with respect to Ostwald
ripening, resulting in larger droplets that became susceptible to
coalescence. Moreover, Hunter et al. reported that the addition

Figure 2. Variation in the z-average diameter of glycerol droplets with
(a) nanoparticle concentration (at a fixed applied pressure of 20,000
psi) and (b) applied pressure (at a fixed nanoparticle concentration of
5.0% w/w) for glycerol-in-mineral oil Pickering nanoemulsions
prepared using PLMA49-PBzMA50 nanoparticles in the absence of
any added NaI. Conditions: glycerol volume fraction = 0.20; one pass
through an LV1 microfluidizer. Error bars represent standard
deviations for the DLS droplet size distributions rather than the
experimental error associated with repeated measurements. The
vertical dashed red line shown in part (b) indicates that a
nanoemulsion could not be formed at (or below) this pressure.
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of salt (0.11 M NaCl) was essential to generate relatively stable
water-in-n-dodecane Pickering nanoemulsions prepared using
diblock copolymer nanoparticles.57 In principle, the addition of
salt to the glycerol droplet phase should also reduce the rate of
Ostwald ripening for the glycerol-in-mineral oil Pickering
nanoemulsions examined in the current study. This is because
diffusion of glycerol molecules into the continuous phase leads
to an increase in the salt concentration within the remaining
droplets, which is energetically unfavorable. Unfortunately,
NaCl has relatively low solubility in glycerol. However, NaI is
highly soluble in glycerol, so this alternative salt was selected as
a non-volatile solute to suppress Ostwald ripening.

Since the iodide anion has a relatively high electron density,
employing a relatively high concentration of NaI should enable
TEM visualization of the dried droplets without using a heavy
metal stain. To examine this hypothesis, the NaI concentration
within the glycerol droplets of the nanoemulsions was
systematically increased from 0.25 to 4.00 M. Visual inspection
suggested the formation of a Pickering nanoemulsion in each
case (see Figure S6). DLS studies indicated that such salt

addition increased the mean droplet diameter by less than 10%
(see Figure S7). Using a core−shell model reported by Balmer
et al.,72 the mean number of nanoparticles adsorbed per
glycerol droplet, N, is calculated to lie between 267 and 376 for
a series of six freshly prepared Pickering nanoemulsions with
comparable DLS droplet diameters (Table S1). Hence the
mean packing efficiency, P, for the adsorbed nanoparticles
surrounding each glycerol droplet is approximately 29−33%.

TEM studies confirmed that the dried droplets became more
discernible when employing higher NaI concentrations (see
Figure S8). Figure 5 shows a representative TEM image

obtained after drying a glycerol-in-mineral oil Pickering
nanoemulsion prepared using 4.00 M NaI. Under the ultra-
high-vacuum conditions required for TEM, all traces of the
glycerol droplets and the mineral oil continuous phase are
removed, but the NaI salt remains on the TEM grid. Thus the
salt residues provide useful information regarding the original
droplet size distribution. Moreover, close inspection indicates
that the spherical nanoparticles remain intact during the high-

Figure 3. (a) DLS traces recorded for a glycerol-in-mineral oil
Pickering nanoemulsion: freshly made (black curve), aged for 100
min (red curve), and aged for 210 min (blue curve). (b) Variation in
the cube of the mean droplet radius (r3) at 20 °C, as determined by
DLS studies of aging glycerol-in-mineral oil Pickering nanoemulsions
prepared using 5.0% w/w PLMA49-PBzMA50 nanoparticles. Con-
ditions: applied pressure = 20,000 psi; 1 pass; glycerol volume fraction
= 0.20.

Figure 4. Analytical centrifugation (LUMiSizer instrument) traces
recorded for freshly made and one-day-old glycerol-in-mineral oil
Pickering nanoemulsions. Conditions: applied pressure = 20,000 psi;
1 pass; glycerol volume fraction = 0.20.

Figure 5. Representative TEM image recorded for a dried glycerol-in-
mineral oil nanoemulsion prepared using 5% w/w PLMA49-PBzMA50
spherical nanoparticles. Conditions: applied pressure = 20,000 psi; 1
pass; NaI concentration = 4.00 M; volume fraction of glycerol + NaI
= 0.20.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.3c00464
Langmuir 2023, 39, 7361−7370

7366

https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c00464/suppl_file/la3c00464_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00464?fig=fig5&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c00464?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


pressure microfluidization conditions, which confirms the
Pickering nature of these nanoemulsions (see inset). Analytical
centrifugation was used to determine the volume-average size
distribution for both fresh and aged Pickering nanoemulsions
prepared using various NaI concentrations. We have shown
that analytical centrifugation is well-suited for determining the
long-term stability of both oil-in-water and water-in-oil
Pickering nanoemulsions.54−57 Unlike DLS, analytical cen-
trifugation subjects the nanoemulsions to droplet fractionation
prior to detection and therefore offers higher resolution.

Figure 6 shows the cumulative volume-average distributions
recorded for five freshly prepared Pickering nanoemulsions
prepared using 0.25, 0.50, 1.00, 2.00, or 4.00 M NaI.

The volume-average diameters for the fresh nanoemulsions
are significantly smaller than those reported by DLS. This is
mainly because DLS reports the z-average diameter, which is
more biased toward the larger droplets. There is also some
uncertainty regarding the effective density of the glycerol

droplets, as well as the likelihood of a density distribution
being superimposed on the droplet size distribution.54,73

Nevertheless, such analytical centrifugation studies enable the
relative change in droplet distribution to be monitored over
time. After aging for 21 weeks at 20 °C, the nanoemulsion
prepared using 0.25 M NaI exhibited a significant increase in
its droplet diameter. In contrast, the other four nanoemulsions
remained relatively unchanged (only relatively modest
increases in droplet diameter are observed). Clearly,
dissolution of at least 0.50 M NaI within the glycerol phase
prior to high-shear homogenization is required to suppress
Ostwald ripening for such non-aqueous Pickering nano-
emulsions.

Finally, we note that the refractive index of pure glycerol
(1.474) at 20 °C74 is only slightly higher than that of the
mineral oil used in this work (1.462). Thus, addition of a
relatively small amount of water (refractive index = 1.333)75 to
glycerol prior to emulsification should be sufficient to lower
the refractive index of the droplet phase to match that of the
continuous phase. If light scattering from the adsorbed
nanoparticles surrounding the droplets can be neglected, this
should result in a relatively transparent Pickering nano-
emulsion. This hypothesis is explored in Figure 7, which
confirms that the addition of just 5% water to glycerol enables
the preparation of a relatively transparent nanoemulsion that
exhibits 81% (λ = 400 nm) to 96% (λ = 800 nm) transmittance
across the visible spectrum even at a droplet volume fraction of
0.20. On the other hand, further addition of water (6%) lowers
the refractive index of the droplets below that of the mineral oil,

Figure 6. Volume-weighted cumulative size distributions determined
by analytical centrifugation (LUMiSizer instrument) for glycerol-in-
mineral oil Pickering nanoemulsions prepared using various amounts
of NaI dissolved within the glycerol droplet phase: (a) fresh
nanoemulsion and (b) after aging for 21 weeks at 20 °C.
Microfluidization conditions: applied pressure = 20,000 psi; 1 pass;
volume fraction of glycerol/NaI droplet phase = 0.20.

Figure 7. (a) Digital photographs and (b) transmittance vs
wavelength plots recorded for 20% v/v glycerol-in-mineral oil
Pickering nanoemulsions with 3, 4, 5, or 6% v/v water added to the
glycerol droplet phase prior to emulsification. The relatively low
refractive index of the water (1.33) enables the refractive index of the
droplets to be matched to that of the mineral oil (1.462) to produce a
relatively transparent Pickering nanoemulsion. Microfluidization
conditions: applied pressure = 20,000 psi; 1 pass.
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which leads to additional light scattering and hence a reduction
in transmittance. In principle, even higher transmittance
(particularly at shorter wavelengths) should be achievable if
the PBzMA-based nanoparticle cores (refractive index
∼1.57)76 were replaced by poly(methyl methacrylate) cores
(refractive index ∼1.49).76 Moreover, such PLMA-PMMA
nanoparticles are readily accessible via PISA.77 On the other
hand, a larger volume of water would be required to produce a
relatively stable transparent nanoemulsion. This is because the
addition of NaI to glycerol raises the refractive index of the
droplet phase (see Figure S4).

■ CONCLUSIONS
We report the first example of a non-aqueous Pickering
nanoemulsion using glycerol as the droplet phase and mineral
oil as the continuous phase. The glycerol droplets are stabilized
using sterically stabilized diblock copolymer nanoparticles of
30 nm diameter that are prepared directly in the mineral oil via
PISA. Nanoemulsions are produced from precursor Pickering
macroemulsions via high-pressure microfluidization. Notably,
only a single pass through the microfluidizer is required to
produce glycerol droplets of around 200−250 nm diameter.
Such mild processing conditions compare favorably with those
required for the analogous water-in-oil Pickering nano-
emulsions, for which 7−10 passes through the microfluidizer
are typically required. Unfortunately, such Pickering nano-
emulsions are susceptible to Ostwald ripening within relatively
short time scales (hours) owing to the background solubility of
glycerol in mineral oil. However, analytical centrifugation
studies confirm that this problem can be substantially
suppressed by dissolution of NaI within the glycerol phase
prior to initial homogenization. Finally, addition of a small
amount of water to the glycerol phase lowers the refractive
index of the droplets to that of the mineral oil, which enables
the preparation of relatively transparent Pickering nano-
emulsions.
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