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H I G H L I G H T S

• Cellulose microgel stabilizers provide
long-term stability to W/O emulsions.
• Confocal microscopy/cryo-SEM confir
med Pickering mechanism; no cellulose
network.
• Agitating during coagulation reduced
microgel size (e.g. homogenization).
• Adsorption of excess microgels from oil
phase increased surface coverage over
time.
• Thick interfacial layers developed
around water droplets, preventing
coalescence.
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Soluble polysaccharides have been used extensively as gelling/thickening agents in emulsions, but they generally
display weak surface activity. Insoluble polysaccharides such as cellulose can be converted to thickening agents
and even emulsifiers, but generally only after considerable chemical modification. Here we use the ionic liquid
(IL) 1-butyl-3-methyl imidazolium acetate (BmimAc) to dissolve and reprecipitate cellulose in the presence of oil,
i.e., a physical process, to tune the cellulose properties. ILs have previously been used in this way to form hy
drophobic (‘oily’) cellulose microgels (CMGs), potentially capable of stabilizing water-in-oil (W/O) emulsions.
However, these previous CMGs were made via a ‘top-down’ method and were relatively large and polydisperse,
giving limited stability to the W/O emulsions formed. Here we demonstrate how the CMG size can be drastically
reduced via a ‘bottom-up’ approach and employing high-pressure homogenization (HPH), thus achieving submicron CMG particle sizes. This has previously been impossible with other reported IL-cellulose coagulation
methods and the corresponding W/O emulsions were more stable. In addition, confocal and cryo-scanning
electron microscopy (SEM) revealed that the surface coverage of these CMGs on droplets increased over time,
which led to the formation of even thicker interfacial layers and further enhanced emulsion stability (at least 2
months). We also demonstrate unequivocally that the stability of the W/O emulsions is indeed due to the CMGs
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high-pressure homogenization; IL, ionic liquid; JH, jet homogenizer; MCT, medium-chain triglyceride; O/W, oil-in-water; PSD, particle size distribution; SLS, static
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adsorbing via the Pickering mechanism, rather than forming a stabilizing cellulosic network in the continuous
phase, thus providing a novel route to ‘green’ Pickering emulsions.

1. Introduction

allowing formation of smaller particles [38]. Agitation of the coagu
lating solution also leads to a significant difference in crystallinity of the
reprecipitated cellulose [39,40], which may make it easier to disperse
and may improve the cellulose surface properties.
In this work, we have fabricated highly stable W/O emulsions with
CMG stabilizers of different size ranges, produced via cellulose coagu
lation from an IL. Different forces were employed during reprecipitation
to control the CMG size and are described as dropwise (‘low shear’, L)
and high-speed mixing (‘high shear,’ H). High-pressure homogenization
(HPH), (‘very high shear,’ VH) was also used as a ‘bottom-up’ approach
for producing microgels, producing a very fine dispersion of CMGs in
water with particles sizes of ca. 10 nm. Particle sizing and optical mi
croscopy were used to compare droplet sizes in the W/O emulsions
stabilized by CMGs produced via the 3 methods, whilst confocal mi
croscopy and cryo-scanning electron microscopy (SEM) provided in
formation about surface coverage and were used to compare the
morphologies of CMGs adsorbed at the interface. The mechanism of
CMG stabilization was also investigated using rheological analysis, by
measuring the change in bulk viscosities of emulsions over time. For
each type of CMG, only physical processing methods were employed and
therefore they are expected to behave in the same way as insoluble fiber
during human digestion, making them suitable for food applications (as
well as in other industries).

Emulsions are colloidal dispersions of two immiscible liquids with
different compositions, which are mixed in the presence of a stabilizer/
emulsifier. Most commonly, in their simplest form, an emulsion is either
made up of a water-continuous phase and an oil-discontinuous phase
(oil-in-water, O/W) or vice versa (water-in-oil, W/O). Both types are
used widely across many fields [1–3] and can be fabricated for different
purposes, for example in the delivery of water-insoluble drugs [4], in
personal care for non-greasy formulations [5] and in food for fat
reduction [6,7].
Biopolymers such as polysaccharides and plant-proteins can act as
emulsion stabilizers, by lowering the interfacial tension and/or chang
ing the bulk viscosity of the system [8–11]. Depending on the
biopolymer type, they can also provide electrostatic and steric stability
to droplets, preventing destabilizing processes such as flocculation and
coalescence. On the other hand, there are no natural biopolymers that
are soluble in oil and therefore suitable as W/O emulsion stabilizers.
Demand for suitable biopolymers to replace conventional synthetic
surfactants has been rapidly increasing in the food, pharmaceutical and
cosmetic industries, due to environmental factors [12] and toxicity is
sues [13], as well as a shift towards more sustainable, plant-based diets
[14]. Pickering stabilizers based on materials from natural resources
also offer enhanced emulsion stability [15].
Cellulose, frequently described as the most abundant natural poly
mer [16], is a highly attractive candidate for replacing synthetic sur
factants since it is biocompatible, chemically inactive and
physiologically inert [17]. Typically, cellulose displays a low contact
angle with water [18,19] and is considered to preferentially stabilize
water-continuous emulsions [20–24]. As a result, there are many reports
of coagulated cellulose being investigated as an O/W stabilizer [20–24]
and comparatively few on W/O systems. Rein et al. were able to produce
W/O emulsions which displayed stability for 2 weeks, but had greater
success with stabilizing O/W emulsions [25]. Pang et al. were able to
produce high internal phase Pickering Emulsions (HIPEs) with up to
89% water as the internal phase [15], whilst Andresen et al. produced
W/O emulsions with cellulose which were remarkably stable to coa
lescence [19]. However in both cases, the cellulose was chemically
modified, which may raise biocompatibility issues.
The discovery that ionic liquids (ILs) could be used to dissolve cel
lulose under mild conditions has provided a facile route for cellulose
functionalization [26], with the non-toxicity and potential biodegrad
ability of ILs making them attractive ‘green’ solvents [27,28]. As a
result, an extensive number of reports have been published on dissolu
tion and reprecipitation of cellulose under different conditions, to form
novel cellulose stabilizers [29–32]. However, it is indeed a challenge to
achieve monodisperse, regularly shaped cellulose particles using a
coagulation method and sizes below 10 µm are rarely achieved.
Millimeter-sized cellulose beads have been produced by employing
vigorous stirring to the coagulation medium [33,34] whilst up to 1
µm-sized particles may be achieved via a sol-gel transition and repre
cipitating the cellulose from an IL-in-oil emulsion [35]. In the latter case,
increasing the stirring speed by just 500 rpm resulted in a decrease in the
diameter of cellulose microspheres by at least half. Whilst we ourselves
were able to produce cellulose microgels (CMGs) of down to 5 µm using
a ‘top-down’ method [36], the CMG-dispersions were still relatively
polydisperse and the presence of larger particles meant that conse
quently average droplet sizes in the W/O emulsions generally exceeded
50 µm [37]. A possible strategy for reducing the size of CMGs (and thus
improving the stability of the emulsions) is to disrupt or delay the
reformation of inter- and intramolecular H-bonds during coagulation,

2. Materials and methods
2.1. Materials
1-Butyl-3-methyl imidazolium acetate (BmimAc) (≥95% purity),
ethanol (absolute, 99.8%) and Calcofluor White (1 g/L) were obtained
from Sigma Aldrich. 1-Butanol (Acros Organics, 99.5%) was obtained
from Fisher Scientific. Cellulose powder (Vitacel L 00, full details and a
wide angle x-ray scattering (WAXS) spectrum are provided in the sup
porting information, table S1 and figure S1 respectively) and high oleic
sunflower oil (HOSO, d = 0.92 g mL− 1) were supplied by Mondelēz
International. Medium-chain triglyceride oil (MCT-oil) Miglyol® 812
with a density of 0.945 g mL− 1 at 20 ◦ C was obtained from Cremer Oleo
GmbH & Co, (Germany).
2.2. CMG fabrication with low shear (L)
The first set of CMGs was fabricated by a method reported previously
[36]. Briefly, cellulose powder (3 wt%) was dissolved completely in
BmimAc so that a clear solution was obtained (75 ◦ C, 3–5 h). We pre
viously determined that a concentration of 3 wt% cellulose is within the
semi-dilute entangled regime and therefore sufficient for a cellulose
macrogel to form[41]. HOSO or MCT-oil was then added directly to the
heated solution (0.25–200 wt% oil with respect to total BmimAc vol
ume) and mixed at high-speed with an UltraTurrax (24,000 rpm, ca. 2
min), in order to ‘coat’ the molecularly dissolved cellulose. Both types of
oil were selected since they display similar properties to food-grade oils,
for example sunflower oil, but have had most impurities removed. Less
‘polar’ oils were also investigated, for example tetradecane, but failed to
produce CMGs with the desired stabilizing properties. For mixtures with
< 1 wt% oil, a clear solution was obtained whilst mixtures with oil
contents > 1 wt% became turbid and separated fairly rapidly (but not
before they were added to the coagulation medium). Therefore, a range
of oil concentrations were investigated to understand the effect of oil
amount on the size and stabilizing ability of CMGs. The
cellulose-BmimAc-oil mixture was then added dropwise via a syringe to
anti-solvent (1-butanol, 4:1 v/v 1-butanol/oil-cellulose-BmimAc) and
2
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stored overnight at room temperature, to produce an ‘oily,’ hydrophobic
cellulose macrogel. Solvent exchange was then conducted as follows
using the same volume of anti-solvent for each solvent change:
1-butanol; 2 x ethanol; 2 x water, with immersion in each solvent for
4–10 h. A cellulose macrogel was obtained via filtration under gravity at
each stage of the solvent exchange (nylon membrane filter, 0.25 µm, 45
mm) and washed with water during the final filtration stage, to ensure
complete removal of BmimAc. Oil was visible in the filtrate when a
higher concentration was added (>1 wt%), indicating that the majority
of the oil was not retained within the cellulose gel when an excess
amount was used.

in a beaker. Pressures of 300–500 bar were used to force the two solu
tions through the JH. The collected CMG-in-water dispersion was then
passed through the JH a further two times (at the same pressures) in
order to break down any CMG aggregates and produce a finer CMG
suspension (< 1 µm).
CMG-in-water dispersions (containing IL, CMGs, water and oil) were
then dialyzed against pure distilled water for ca. 48 h (at room tem
perature), until the conductivity of the water was < 10 µS (that is to say,
complete removal of the IL) [23,44]. The CMG-in-water dispersion was
concentrated on a rotary evaporator (120 rpm, 55 ◦ C) until the volume
was less than half the initial volume and subsequently was dried in an
oven (80 ◦ C, 6 h), to measure the dry weight of the cellulose. The cel
lulose content of emulsions is given as their dry weight with respect to
the oil phase: for example, for a 10:90 W/O emulsion prepared with a 1
wt% cellulose dispersion (dry weight), the cellulose content is given as
0.9 wt%.
Table 2 gives abbreviations for the samples using the following
format: type of agitation-amount of oil. For example, CMGs produced
via high-speed mixing with 0.25 wt% oil are denoted as “H-0.25′′ . A
schematic outlining how each type of CMG stabilizer was fabricated (L-,
H- and VH-CMGs) is given in Fig. 1, for clarity.

2.3. CMG fabrication via high-speed mixing (H)
The second set of CMGs was fabricated under high-speed mixing (H)
during coagulation, using a high-speed blender (Ultra Turrax T 25, IKA,
Germany). Cellulose was dissolved in BmimAc and mixed with oil, (as
described in 2.2). The cellulose-BmimAc-oil mixtures were then added
dropwise via a syringe to the anti-solvent (1-butanol, 4:1 v/v 1-butanol/
oil-cellulose-BmimAc) whilst shearing (24,000 rpm, 5 min). This was so
as to disrupt the structure of the cellulose as it is precipitated when
coming into contact with the anti-solvent. The solution was then filtered
under gravity (as described in 2.2) to collect cellulose gel particles,
which were redispersed in ethanol two times (24,000 rpm, 5 min), with
filtering in between, and finally redispersed in water two times (24,000
rpm, 5 min) and filtered, to complete the solvent exchange process.
During the final filtration stage, the cellulose gel particles were washed
with portions of water (ca. 10 mL) to ensure complete removal of
BmimAc. In some cases where a very fine dispersion of microgel parti
cles was obtained (oil content < 1 wt%), the sample was centrifuged
(4,000 rpm, 15 min) to collect the CMG particles and the resulting gel
pellet was washed a further 2 times with water (4,000 rpm, 15 min).
The oily cellulose hydrogels obtained in 2.2 and 2.3 (L and H) were
broken down via homogenization in oil (Ultra Turrax, 24,000 rpm, 2
min) to give CMG-in-oil dispersions of varying cellulose concentrations
(1–5 wv.%), where the content of cellulose is given as the weight of CMG
with respect to the total oil volume. Whilst the CMGs themselves are
made up of predominantly cellulose and water (and hence we refer to
them as ‘microgels’), they were dispersible in oil due to their hydro
phobic character, imparted by the presence of oil during coagulation.

2.5. W/O emulsions stabilized by CMGs
10 and 20 vol% water-in-oil (W/O) emulsions were formed by add
ing the required amount of pure water/CMG-in-water dispersion drop
wise to pure oil/CMG-in-oil dispersion, under shearing (Ultra Turrax,
24,000 rpm, 2 min). For the L-/H-CMGs (produced via a ‘top-down’
method), pure water was added to the CMG-in-oil dispersions, whilst for
the VH-CMGs (produced via a ‘bottom-up’ method), CMG-in-water
dispersions were added to pure oil. A combination of CMG-types was
also explored, where a water dispersion of VH-CMGs was added drop
wise to an oil dispersion of H-CMGs. 2 mL of the emulsion was then
taken and stored in a glass vial to analyze stability and sedimentation
over time.
3. Characterization
3.1. Optical microscopy
CMG-in-water, CMG-in-oil dispersions and W/O emulsions were
analyzed using a light microscope (Nikon, SMZ-2T, Japan), equipped
with a digital camera (Leica MC120 HD) and 10x/20x lenses. A drop of
each dispersion was placed on a welled slide and covered with a
coverslip (0.17 mm thickness). Images were processed using the image
analysis software ImageJ.

2.4. CMG fabrication using very high shear (VH)
The third method used was to coagulate cellulose from BmimAc
under high pressure homogenization (HPH or ‘very high’ shear, VH),
using a jet homogenizer (JH) as a ‘microreactor’ [42]. A similar
approach has been reported previously for the preparation of alginate
microgels, where the features of the JH are described in detail [43].
Briefly, one chamber was filled with cellulose dissolved in BmimAc (3 wt
%) mixed with oil (0.25–200 wt%, total volume of mixture = 7.5 mL,
prepared in the same way as in 2.2), whilst a second chamber was filled
with anti-solvent (water, total volume = 15 mL). The ratios of cellulose,
BmimAc, oil and water for the VH-CMGs are given in Table 1. Two
pistons force the solutions out of the chambers and through a narrow
hole, inducing mixing of the two solutions under highly turbulent con
ditions. A suspension of very fine particles (CMGs) can then be collected

3.2. Confocal laser scanning microscopy (CLSM)
The microstructure of W/O emulsions was analyzed via confocal
laser scanning microscopy (CLSM) using a Zeiss LSM880 inverted mi
croscope (Germany) with a 20x and 40x objective lens. Approximately
290 µL of sample was added to a welled slide and a coverslip was placed
Table 2
Sample names for CMGs produced via various coagulation routes.

Table 1
Total amounts (g) of cellulose, BmimAc, oil and water added to the JH, for
fabrication of VH-CMGs. Respective densities of BmimAc, oil and water were
taken as 1.05, 0.95 and 1.00 g mL− 1.
Sample Name

Cellulose/g

BmimAc/g

Oil/g

Water/g

VH-200
VH-1
VH-0.25

0.075
0.22
0.22

2.63
7.80
7.86

4.75
0.07
0.02

15.0
15.0
15.0

3

Sample Name

Method of CMG-production

Amount of Oil/wt%

L-0.25
L-1
L-200
H-0.25
H-1
H-200
VH-0.25
VH-1
VH-200

Dropwise addition with low shear (syringe)
Dropwise addition with low shear (syringe)
Dropwise addition with low shear (syringe)
High-speed mixing (Ultra Turrax)
High-speed mixing (Ultra Turrax)
High-speed mixing (Ultra Turrax)
Jet Homogenizer (300–500 bar)
Jet Homogenizer (300–500 bar)
Jet Homogenizer (300–500 bar)

0.25
1
200
0.25
1
200
0.25
1
200
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Fig. 1. Schematic to show methods for producing different CMG stabilizers: 1. ‘L-CMGs,’ produced by adding cellulose-IL-oil solution dropwise to 1-butanol; 2. ‘HCMGs,’ produced by adding cellulose-IL-oil solution dropwise under shear to 1-butanol and 3. ‘VH-CMGs,’ produced by passing cellulose-IL-oil solution and water
through a high-pressure jet homogenizer.

on top (0.17 mm thickness), ensuring that no air bubbles were trapped
between the sample and coverslip. Calcofluor White was used to stain
cellulose, which was added to the sample before confocal analysis
(0.1 w/v %, 10% v/v stain:dispersion/emulsion). Nile Red
(0.4 mg mL− 1 in DMSO) was added to W/O emulsions in order to stain
the oil phase and analyze the shape of the water droplets (1% v/v stain:
emulsion). For Calcofluor White, an excitation wavelength of 405 nm
was used and emission between 415 and 470 nm measured (unless
otherwise stated). For Nile Red, an excitation wavelength of 488 nm was
used and emission between 420 and 520 nm measured. Images were
processed using the image analysis software Zen or ImageJ.

(d3, 2) =

Σi ni di 3
Σi ni di 2

(1)

and the volume-weighted mean diameter (d4,3), as described:
(d4, 3) =

Σi ni di 4
Σi ni di 3

(2)

where ni gives the number of droplets and di gives the diameter of the
particle.
3.4. Rheological analysis

3.3. Particle size measurements

Rheological measurements were conducted using an Anton Paar
MCR 302 (Anton Paar GmbH, Graz, Austria) rheometer and a 50 mmdiameter cone-plate geometry (CP50), with a fixed gap of 0.208 mm and
an angle of 2 ◦ C. Viscosity measurements were performed on freshly
prepared W/O emulsions and also after 2-, 7- and 14-days storage at a
fixed temperature (25 ◦ C), within a frequency range 0.001/
0.01–1000 s− 1. Each sample was heated to the required temperature and
allowed to equilibrate for 3 min before the measurements were per
formed. A Peltier hood system was used for additional temperature
control. All raw data was analyzed using the RheoCompass software.

Particle size distributions (PSDs) and ζ-potentials of CMG-in-water
dispersions were measured using dynamic light scattering (DLS) via a
Zetasizer Nano ZS. The dispersions were diluted before measuring:
briefly, approximately two drops of sample added to a 3 mL cuvette of
deionized water. Static light scattering (SLS) was performed on a Mal
vern Mastersizer 3000 to measure the PSD of CMG-in-oil dispersions and
W/O emulsions. In all cases, the dispersions and emulsions were added
dropwise to a small volume dispersion unit filled with sunflower oil and
equipped with a mixer (until the laser obscuration was around 2–4%),
and were therefore diluted at least 10-fold before the measurement. The
refractive indices of water, MCT-oil, HOSO and cellulose were taken as
1.33, 1.45, 1.46 and 1.47 respectively and PSDs were calculated based
on the Mie theory. Five measurements were taken for each sample and
the average of these reported. The mean distribution of particle sizes is
displayed in terms of the surface-weighted mean diameter (d3,2), as
described:

3.5. Cryogenic scanning electron microscopy (cryo-SEM)
CMG-in-oil dispersions and W/O emulsions were filled in two
freezing rivets and rapidly frozen in slushed nitrogen. Frozen samples
were then transferred under vacuum via a cryo shuttle into a Quorum
PP3010 cryo preparation chamber, which was kept under high vacuum
4
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and at − 140 ◦ C. Each sample was fractured with a cooled knife and then
sublimed for approximately 3 min at − 90 ◦ C, and sputter-coated with a
thin layer of Iridium. Finally, they were transferred to a Thermo scien
tific Helios G4 CX DualBeam (focused ion beam scanning electron mi
croscope; FIB-SEM), operating at 2 kV and 0.1 nA. The FIB-SEM was
fitted with a cold stage (− 140 ◦ C) and cold finger (− 175 ◦ C) to reduce
ice contamination and a Through the Lens (TLD) detector was used.

quite different in the confocal and optical micrographs (Fig. 2b and 2).
Whilst flocculation is less visible in the former case, it is likely that the
Calcofluor White signal from the larger CMGs dominates and therefore
smaller CMGs are less visible in the confocal image, compared to the
optical image. This will be expanded on later in Section 4.7.
High-speed mixing (H) during coagulation was also adopted to try to
reduce the CMG particle size and therefore the W/O droplet size that
they stabilize. Fig. 2a shows the PSDs of L- and H-in-oil CMG dispersions,
to provide a comparison between the two coagulation routes. Clearly the
introduction of agitation during coagulation had an effect on the CMG
particle sizes, with the average size being approximately 10 times
smaller for the H-CMGs compared to the L-CMGs at the equivalent
concentrations. This was confirmed by CLSM (Fig. 2b), where it
appeared that smaller and more homogeneous particles could be pro
duced by introducing high shear. It should be noted that the staining
agent appear to be inhomogeneously distributed in the micrograph
(Fig. 2b), which we attribute to the inhomogeneous structure of the
cellulose macrogels (figure S2d) and therefore the CMGs. In both cases,
the amount of oil added during coagulation appeared to have no effect
on the particle sizes of the L- and H-CMGs (data not shown) and there
fore we directly compare CMGs with various quantities of oil.

4. Results and discussion
4.1. L- and H-in-oil dispersions
Firstly, CMGs fabricated with low shear (L) were analyzed, which
involved breaking the cellulose macrogels down into CMG-in-oil dis
persions (‘top-down’ method). Optical micrographs and PSDs of L-in-oil
dispersions at various concentrations are given in supporting informa
tion (Fig. S2). As the concentration of CMG ([CMG]) in the dispersion
increases, the average size generally increased: d3,2 values of 9.73
± 0.99, 10.2 ± 1.1 and 52.4 ± 1.9 µm were obtained for 2, 4 and 6 wv.
% L-in-oil dispersions, respectively. Furthermore, CMG-flocculation was
visible using optical microscopy when [CMG] exceeded 5 wv.%
(Fig. S2c), which was reflected by a sharp increase in d4,3 (29.7 ± 4.4
and 71.7 ± 3.0 µm for 4 and 6 wv.% [CMG] respectively). However, the
particles were weakly aggregated since they could be broken up by
dilution and therefore could be redispersed upon emulsification via
homogenization. It was also observed that the sizes of L-CMGs appeared

4.2. Particle size of W/O emulsions stabilized by L- and H-CMGs
Various concentrations of L- and H-in-oil CMG dispersions ([CMG] =
1–5 wv.% of oil volume) were used to fabricate W/O emulsions, to assess

Fig. 2. a) PSDs of CMG-in-oil dispersions (3 wv.% = red and 5 wv.% = purple; L = solid lines and H = dashed lines) from L-200 and H-1; b) confocal micrographs of
CMG-in-oil dispersions (3 wv.%). Scale bar = 50 µm, shown at the bottom right in white.
5
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the effect of [CMG] on emulsion stability. An oil-continuous emulsion
was produced for all concentrations of CMG, as determined by the drop
test method.
Fig. 3a and b give the optical micrographs and PSDs respectively of
W/O emulsions with various L-200 concentrations. From the micro
graphs, it appears that the droplet size of the emulsions decreases
slightly and becomes more uniform as the concentration of L-200 in
creases, with the 4 and 5 wv.% CMG-stabilized emulsions giving the
most homogeneous appearance. However, the droplet size does not
appear to change significantly between [CMG] = 2–5 wv.% according to
the PSDs, suggesting that a ‘threshold’ concentration is reached at 2 wv.
% CMG and additional CMGs at higher concentrations do not affect
droplet size but may increase surface coverage. In addition, some very
small particles are visible in the optical micrographs and a corre
sponding peak appears in the PSD at ca. 1 µm, indicating the presence of

small CMGs which do not initially adsorb to the water-oil interface. This
will be discussed further in Section 4.7. The average size from the PSDs
does not appear to correlate with the size of droplets visible under the
microscope, probably due to the presence of flocculated structures that
were not be broken down in the Mastersizer measurements due to
insufficient stirring speeds (<2000 rpm). The size distribution for the 1
wv.% emulsion was significantly broader, in agreement with the larger,
non-spherical droplets visible in the micrograph (Fig. 3a, shown by red
arrows). This indicates some droplet coalescence is occurring and a
minimum [CMG] of 2 wv.% is required for stability.
The degree of interfacial coverage of water droplets by CMGs was
demonstrated via CLSM (Fig. 4). At low [CMG] (1 wv.%), there appeared
insufficient CMG covering the droplet interface, hence explaining why
destabilization processes such as coalescence and flocculation would be
expected to occur [45]. This was confirmed by a rapid increase in

Fig. 3. a) Optical micrographs (scale bar = 100 µm, shown at the bottom right in black). The red arrows indicate coalescence; b) PSDs of 20:80 W/O emulsions
stabilized by L-200 (1 wv.% = blue; 2 wv.% = green; 3 wv.% = orange; 4 wv.%= red and 5 wv.% = grey).
6
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Fig. 4. Confocal micrographs of 20:80 emulsions stabilized by L-200 (1, 3 and 5 wv.%, from left to right). Scale bar = 50 µm, shown at the bottom right in white.

sediment height upon formation of the emulsion, plus after 2 weeks
storage, the emulsion layer was almost completely clear (Fig. S3). At
[CMG] > 1 wv.%, a stable emulsion could be formed with sufficient
CMG droplet coverage to delay coalescence, again indicating a
‘threshold’ concentration of 2 wv.%. Furthermore, the emulsion layer
was still turbid after 3 weeks, however it is unclear from the confocal
micrographs in Fig. 4 whether interfacial coverage increased in the
‘fresh’ emulsions from 3 to 5 wv.% CMG. Thus it cannot be confirmed if
‘excess’ CMGs are initially located in the continuous phase or adsorbing
at the interface to form multilayers.

W/O emulsions stabilized by H-CMGs were fabricated in the same
way as the L-CMGs, to compare the effect of CMG particle size on
emulsion stabilizing ability. Confocal images for emulsions stabilized by
H-1 and L-200 are given in Fig. 5a and b, comparing the appearance of
the emulsions. Although once again the PSDs were not significantly
different between the H-1 and L-200-stabilized emulsions (data not
shown), the droplet sizes appeared much smaller in the confocal mi
crographs for the former. Furthermore, the d3,2 value of the H-CMG
emulsions remained stable over time and smaller droplets were visible
after 1 week storage, whilst the average droplet size for L-CMG

Fig. 5. Confocal images of 20:80 emulsions stabilized by a) L-200 and b) H-1. Scale bar = 50 µm, shown at the bottom right in white; c) average droplet sizes (d3,2)
over time of 20:80 emulsions stabilized by L-200 (blue) and H-1 (orange). Error bars give the uncertainties in the measurements.
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emulsions appeared to steadily increase and reached almost double the
initial d3,2 value after 2 weeks (Fig. 5c). Therefore, introducing highspeed mixing during cellulose coagulation not only reduced the CMG
size but also improved the emulsion system in terms of smaller and more
stable water droplets. The ability to form smaller droplets minimized
gravity creaming/sedimentation effects and therefore improved emul
sion stability [46].
Droplet sizes and surface coverage of W/O emulsions stabilized by HCMGs above the ‘threshold’ concentration (3 and 5 wv.%) were also
compared (Fig. S4). Again, the PSDs were almost identical and little
difference in coverage could be observed using CLSM.

growth of nascent microgel particles and thus producing much more fine
and monodisperse dispersions [43]. However, when the dispersions
were concentrated the CMGs began to aggregate, and in those contain
ing the highest [CMG] 2 peaks were observed in the PSD (Fig. 6b, [CMG]
= 1.217 wt%). Furthermore, aggregation of particles was confirmed via
optical microscopy at much lower concentrations for CMG-in-water
compared to the CMG-in-oil dispersions (L- and H-CMGs described in
4.1), plus large length-scale cellulose networks became visible. Despite
this, aggregates appeared to be made up of homogeneous CMG particles
with regular morphologies and were loosely bound, and therefore easily
broken up by re-dilution of the CMG-in-water dispersions.

4.3. VH-in-water dispersions

4.4. Particle size of W/O emulsions stabilized by VH-CMGs

Finally, a third route for cellulose coagulation was investigated using
HPH, in an attempt to reduce the particle size even further by ensuring
mixing of the cellulose-BmimAc-oil mixture and the anti-solvent under
highly turbulent shear conditions. In contrast to the previous methods,
water alone was used as anti-solvent for this coagulation route (rather
than 1-butanol followed by a solvent exchange, as described for L-CMGs
and H-CMGs in 2.2 and 2.3). This was because particles produced under
HPH were too fine to be collected via filtration and therefore the use of
HPH describes a ‘bottom-up’ approach to microgelation, as opposed to
fabrication of a larger macrogel and subsequent break-down (‘topdown’). To form W/O emulsions from the VH-CMGs, CMG-in-water
dispersions were added dropwise to pure oil, therefore limiting the
maximum CMG concentration according to the amount of water in the
emulsion (20 vol%).
Fig. 6a and b give the appearance and PSDs respectively of various
VH-in-water dispersions. (Some samples of VH-in-water dispersions
were dried to determine the amount (wt%) of cellulose + oil, as outlined
in 2.4). Generally, VH-CMGs were at least an order of magnitude smaller
in size than the L- and H-CMGs, and the PSDs were much narrower. This
was expected because the JH results in very high fluid velocities and
highly turbulent conditions, inducing cavitation and restricting the

Various concentrations of VH-in-water dispersions were used to
explore whether cellulose aggregation influences the W/O stabilizing
ability of the CMGs. Fig. S5a and b give the optical micrographs and
PSDs of ‘fresh’ W/O emulsions with 0.278 and 0.836 wt% VH-1
respectively. A slightly narrower PSD was measured for the emulsion
with the higher [CMG] (0.836 wt%), but no significant difference in the
appearance of the emulsions was observed. Droplet sizes were initially
reduced compared to W/O emulsions stabilized by L- and H-CMGs,
which is probably due to the higher emulsion efficiency of the smaller,
more homogeneous VH-CMGs and their faster diffusion to the interface
[47–49]. However, since smaller particles generally require greater
number surface coverage for stabilization of droplets compared to
larger, more irregularly-shaped particles [50], the concentrations of
VH-CMGs in the W/O emulsions were insufficient to prevent destabili
zation processes over time. PSDs of the emulsions were measured 3 h
later (data not shown) and in both cases, bimodal PSDs were obtained
for both 0.278 and 0.836 wt%-stabilized emulsions with a compara
tively large second peak. The d4,3 values increased dramatically over
3 h (75.1 ± 9.2–251 ± 19.5 µm and 25.2 ± 1.2–336 ± 36.5 µm for
0.278 and 0.836 wt%-emulsions, respectively), indicating the presence
of larger structures in the emulsions. Upon storage for 1 week, large

Fig. 6. a) Optical micrographs and b) PSDs of VH-0.25-in-water dispersions at various concentrations (0.314 wt% = blue; 0.759 wt% = orange and 1.217 wt% =
grey). Scale bar = 50 µm, shown at bottom right in black.
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droplets were visible under the microscope (figures S5c and d) and the
PSD shifted significantly to larger sizes, indicating further increase in
droplet sizes and/or possible further aggregation. The bottom water
layer of the emulsions was turbid after 1 week (not shown), indicating
that particularly large cellulose aggregates had sedimented out, there
fore probably leaving a very low concentration of CMG in the emulsion
layer.
Thus, although the smallest and narrowest PSDs were achieved for
the VH-CMGs using a ‘bottom-up’ approach, the use of the JH meant that
a very fine gel particle water dispersion was obtained and therefore the
stabilizer had to be introduced in the discontinuous phase (water), as
opposed to the continuous phase (oil). It did not seem possible or
desirable to increase this concentration further (via evaporation or
centrifugation), because this just led to increased viscosity of the
aqueous phase and CMG aggregates. Consequently, a lower [CMG] as
stabilizer was introduced in the system compared to the two previous,
‘top-down’ methods and although the VH-CMGs were smaller, appar
ently the interfacial coverage was not high enough to prevent some W/O
emulsion destabilization [1].

hydrogen bonds during coagulation, leading to more crystalline cellu
lose [54]. On the other hand, 1-butanol is expected to diffuse into the
coagulating solution at a slower rate and a more amorphous material is
obtained [52]. Secondly, cellulose was coagulated under highly turbu
lent conditions for the VH-CMGs via a ‘bottom-up’ approach. This is
expected to further facilitate rapid mixing of the anti-solvent and IL
solution (which is already assisted by the use of a faster diffusing
anti-solvent), and results in a ‘hard’ coagulation [52]. Therefore, less oil
may be entrapped within the gel structure, making the VH-CMGs less
suitable as W/O stabilizers and less ‘hydrophobic’ compared to the
L-/H-CMGs, which are obtained via a ‘softer’ coagulation route.
To understand more about the surface properties of VH-CMGs, at
tempts were made to fabricate O/W emulsions with VH-1. This was to
compare their suitability as oil-continuous versus water-continuous
stabilizers. Optical micrographs of the emulsions on day 1 along with
average droplet size (d4,3) values, over a period of 2 weeks, are given in
the supporting information (Fig. S6). The O/W droplets were much more
flocculated (than W/O emulsions) and this was reflected by significantly
larger d4,3 values. Furthermore, the O/W emulsions possessed high
viscosities (figure S7a), suggesting that a reinforcing cellulose network
was formed in the continuous aqueous phase, as described in the liter
ature [20,24,55,56]. The viscosity flow curves were almost identical for
emulsions after 2 weeks storage and the formation of a flocculated
network could be confirmed using confocal microscopy (Fig. S7b and c).
The CMGs aggregated significantly in the water-continuous phase and
formed thick layers between the oil droplets, contributing somewhat to
the stabilization against creaming and coalescence. Size distributions,
micrographs and images of W/O and O/W emulsions (20 vol% discon
tinuous phase) with equivalent VH-1 concentrations (0.243 wt% with
respect to the continuous phase) are given in Fig. 7. Comparing the two
emulsion types, it is evident that much smaller W/O droplets could be

4.5. O/W emulsions stabilized by VH-CMGs
It was considered that the properties of the VH-CMGs are expected to
be different to the L-/H-CMGs, due to both the type of coagulant and the
method of coagulation.
Firstly, only water was used for the VH-CMGs (2.4), whilst 1-butanol
(followed by ethanol and water) were used for the L- and H-CMGs (2.2
and 2.3). Changing the anti-solvent is known to affect the properties of
the reprecipitated cellulose material [51–53]: since water has a much
higher affinity for both cellulose and BmimAc (compared to 1-butanol),
it mixes evenly throughout the solution and supplies intermediate

Fig. 7. PSDs of W/O (blue) and O/W (orange) emulsions stabilized by 0.234 wt% VH-1, analyzed over time (day 1 = filled line, day 7 = dashed line); inset gives
optical micrographs of freshly prepared W/O (blue border) and O/W (orange border) emulsions. Scale bar = 50 µm, shown at bottom right in black.
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produced whilst the O/W oil droplets were much more flocculated.
Furthermore, some of the larger CMGs are visible within the large oil
droplets for the O/W emulsions, which could in fact be described as a
double emulsion (water-in-oil-in-water). Thus the VH-CMGs, as pre
pared via this alternative ‘bottom-up’ route, are still more suitable as
hydrophobic particulate stabilizers of W/O emulsions, but challenges
remain in creating a sufficiently high concentration of these CMGs in the
oil phase before emulsification of the water phase.

only a few, larger droplets were visible after 2 weeks (Fig. S8a) and a
large amount of water sedimented out (Fig. S8b). However when a
combination of CMGs was used, thicker layers of cellulose were visible
at the droplet interface and the average particle size remained stable for
at least 14 days (Fig. S8a). More water remained within the emulsion
layer (Fig. S8b) and a large number of small droplets were still visible
after 2 months (Fig. S8c), indicating enhanced stability.
Using two types of CMG therefore appears to be the best approach to
produce stable, W/O emulsions. Whilst the ‘medium’ sized particles (H1) allow sufficient concentration of cellulose to be added to the emul
sion, the ‘smaller’ particles (VH-1) diffuse more rapidly to the interface
and produce finer dispersions of droplets. Both confocal imaging and
cryo-SEM revealed the formation of a thick layer of cellulose (Fig. 9a and
b (blue arrow) respectively), with a relatively homogeneous droplet size
distribution, explaining the high stability. VH-CMGs displayed a highly
regular morphology (Fig. 9b, red arrows) which may allow them to pack
more densely at the interface and produce smaller water droplets upon
initial emulsification. On the other hand, the larger, heterogeneous HCMGs require a lower surface coverage and may protrude into the oil
phase, providing enhanced steric stability [48]. Therefore, this approach
takes advantage of cellulose-cellulose attractive interactions, with
effectively two types of uncharged CMGs being introduced.

4.6. Particle size of W/O emulsions stabilized by a combination of H- and
VH-CMGs
Out of the three coagulation routes, emulsions stabilized by H-CMGs
displayed the best droplet size stability over time. However, the mini
mum size of droplets that could be achieved was still limited by the size
of the CMG particles in the oil phase. Storage instability becomes a
greater problem in systems with larger droplets, since droplet coales
cence and therefore phase separation can be more likely [57]. Conse
quently, it was decided to test both H-CMGs and VH-CMGs together, in
order to combine the advantages of higher emulsion stability for the
former and the creation of smaller, submicron CMGs and droplets for the
latter. Confocal micrographs with PSDs overlaid for 20:80 W/O emul
sions with H-1 only, VH-1 only and a combination of the two are given
below (Fig. 8a, b and c respectively).
From Fig. 8, it appears that the use of H-1 (a) and VH-1 (b) alone
leads to a relatively thin coverage of water droplets, compared to when
both types of CMG are used together (c). In the absence of VH-CMGs,

4.7. Presence of excess CMGs in W/O emulsions stabilized with CMGs
In order to try and gain more information about CMG surface
coverage, attempts were made to try and distinguish the ‘free,’ non-

Fig. 8. Confocal micrographs with PSDs overlaid for 20:80 emulsions stabilised by a) H-1 (3 wv.%); b) VH-1 (0.557 wt%) and c) both H-1 and VH-1 (3 wv.% and
0.557 wt%, respectively). Scale bar = 20 µm, shown at bottom right in red, d3,2 and d4,3 values (µm) are given in the upper left corner.
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Fig. 9. a) Confocal image of 3D stack of 20:80 W/O emulsion stabilized by H-1 (3 wv.%) and VH-1 (0.557 wt%). Scale bar = 30 µm (X and Y axis), depth of 30 µm (Z
axis); b) cryo-SEM of 20:80 W/O emulsion stabilized by H-200 (5 wv.%) and VH-0.25 (0.267 wt%). Red arrows indicate regular morphology of VH-CMGs; blue arrow
indicates thick cellulose layer at the water/oil interface. Scale bar = 1 µm, shown at bottom right in white.

unlike in the optical images, which therefore appear quite different – it
being impossible in the latter to distinguish water droplets from larger
CMGs. Brightfield images were overlaid with confocal micrographs in
order to visualize the smaller CMGs, since the Calcofluor White signal
from the larger CMGs tended to dominate (Fig. S11a). This also allowed
visualization of excess CMGs in the oil phase. Furthermore, excitation
and emissions experiments of CMG-in-oil and CMG-in-water dispersions
both stained by Calcofluor White were conducted, to determine whether
different emission filters may be used to selectively detect the CMGs in
oil (supporting information, Fig. S11c and d). From these experiments,
higher emission wavelengths (i.e. 450–550 nm) were investigated dur
ing imaging, and Fig. S11b gives an H-0.25-in-oil dispersion with the
adjusted emission filters. This approach was somewhat successful and
allowed us to confirm the presence of smaller CMGs in the oil phase,
which were completely absent when the standard emission wavelengths
were used.
The number-weighted PSDs were also considered and compared to
the original volume-weighted PSDs generated by the Mastersizer, since
number-average tends to be more influenced by the smaller particles.
Fig. 10 gives the confocal micrograph of a 3 wv.% CMG-in-oil dispersion
(H-0.25) with the brightfield image overlaid, and the corresponding
number-weighted and volume-weighted PSDs. As predicted, particle
size diameters were much smaller when the number-weighted distri
butions were considered and a narrower distribution was seen, indi
cating that probably the majority of the CMG particles in the oil
dispersions are within the 1–10 µm range. However, some larger parti
cles and water droplets are present, which fluoresce more strongly and
are therefore more visible in the confocal micrographs, causing the

adsorbed CMGs from the CMGs which adsorb to the W/O interface, by
generating a PSD for the water droplets alone. Briefly, a set fraction of
the CMG-in-oil PSD, (determined from the volume of CMGs dispersed in
the oil phase), was subtracted from the W/O volume distribution data
(full details can be found in the supporting information, below Fig. S8).
In this case we are assuming that the refractive index of the CMGs is
roughly the same as water, which should be a valid assumption since the
major component of the CMGs is water. Fig. S9 gives an example of PSDs
for W/O emulsions stabilized by 2 wv.% (a) and 5 wv.% (b) L-200,
before and after subtraction of the excess CMGs. In general, this sub
traction had the effect of marginally reducing the volume distributions
at the lower size classes and therefore slightly shifting the average
droplet size to higher values. However, the difference between the two
was very minor across a range of concentrations and was unable to
explain the difference observed between the PSDs and the confocal
images.
Some success visualizing the surface coverage in detail was achieved
through cryo-SEM. Whilst although evidently not conclusive or quanti
tative, it confirmed the presence of particles at the droplet interface. In
Fig. S10a-c, the droplet surface is clearly rough due to the adsorption of
CMGs and a ‘coating’ of cellulose fibers is visible.
Non-adsorbed CMGs in the continuous oil phase were also difficult to
visualize both by CLSM and cryo-SEM, since they were not effectively
stained by the Calcofluor White solution and details in the oil phase were
difficult to see (respectively). The former may be due to the fact that the
dye was introduced in an aqueous medium and/or because the Calco
fluor fluorescence is completely quenched in the oil phase. As a result,
any excess CMGs in the oil phase are not visible via confocal microscopy,

Fig. 10. Confocal micrograph with brightfield image overlaid for a 3 wv.% H-0.25 CMG-in-oil dispersion, with the red arrows indicating the individual CMG
particles. The number-weighted and volume-weighted PSDs are given on the right in red and blue, respectively. Scale bar = 10 µm, shown at bottom right in white.
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volume-weighted PSD to be much higher. We conclude that the volumeweighted PSD is representing the stained, larger water droplets (>ca.
10 µm) and that the number-weighted PSD is representing the smaller,
individual CMG particles (<10 µm), visible in the brightfield image.
Droplet size analysis conducted using ImageJ agreed with these obser
vations and can be found in the supporting information, (above
Fig. S11).

The flow curves of 20:80 emulsions stabilized by 1–5 wv.% L-200 are
given in Fig. 11a. All emulsions initially displayed shear thinning
behavior, which may be attributed to some flocculation in the oil phase
[58], and a slight increase in viscosity was observed as [CMG] increased
(similar to trends in reports for O/W emulsions stabilized by regenerated
cellulose [2,59]). This may be due to excess CMGs present in the oil
phase at higher concentrations, which would be expected to increase the
overall viscosity of the emulsion [60]. Subsequently, a decrease in vis
cosity of at least 10-fold was observed after 1 day storage for most W/O
emulsions (Fig. 11b) and very little further change was observed over 1
week storage (Fig. 11c). At first sight, this observation might be taken as
an indication of insufficiently stabilized droplets in the fresh emulsions
[61], however confocal micrographs taken over a period of 1 month
revealed a relatively stable droplet size, with cellulose still visible at the
interface after 30 days and no evidence of bridging flocculation
(Fig. 11d). Furthermore, a relatively stable sediment height was recor
ded, eliminating the possibility of significant water separation

4.8. Rheological analysis of W/O emulsions stabilized by L-AND H-CMGs
To try and gain better understanding of the behavior of excess CMGs
in the bulk oil and their possible contribution to emulsion stability,
viscosity measurements of the 20:80 W/O emulsions were performed.
Since the PSDs of W/O emulsions with various [CMG] appeared to be
fairly consistent (Fig. 3b), it was inferred that differences in viscosities
should be mainly influenced by changes in the rheological properties of
the systems, rather than the droplet size distributions[49].

Fig. 11. Flow curves for 20:80 W/O emulsions stabilized by L-200 (1 wv.% = yellow closed circle; 2 wv.% = red open square; 3 wv.% = blue cross and 5 wv.% =
orange closed diamond), with pure sunflower oil (dashed black line). Error bars are smaller than the symbols and are therefore not displayed; a) day 1; b) day 2; c)
day 7; d) confocal micrographs of 20:80 emulsion stabilized by 5 wv.% CMG-L-200. Scale bars = 50, 50 and 100 µm from left to right, shown at bottom right in white.
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occurring.
A reduction in viscosity after 1 day may alternatively be due to
adsorption of excess CMGs from the continuous phase to the W/O
interface. It has previously been reported that when an excess of
microgel particles is present in the continuous phase, microgels at the
interface may compress and allow excess microgel to adsorb [62]. This
phenomenon occurs when microgels at the interface adopt more flat
tened structures and spontaneous compression and adsorption of
microgels occurs, as opposed to when a densely packed interfacial layer
forms initially [63]. Over time, this leads to a more complete droplet
coverage and consequently a highly stable emulsion. At [CMG] above
the ‘threshold’ value required for a stable emulsion (>2 wv.%), it is
possible that initially excess CMGs are a) dispersing in the continuous
phase, or b) forming multilayers at the interface. The former seems more
likely, due to the rise in bulk viscosity measured upon increase in
[CMG], whilst for the latter, little difference in surface coverage was
observed between the ‘fresh’ emulsions (Fig. 4). However, upon storage
an increase in cellulose coverage at the droplet interface was in fact
visible using confocal microscopy (Fig. S12). Thick interfacial layers
appeared around water droplets whilst little change in droplet size was
observed, indicating that excess CMGs may be absorbing from the
continuous phase and surface coverage may be increasing. Since the
interface initially appears ‘unsaturated,’ with a small concentration of
CMGs sufficient to provide stabilization (2 wv.%), there is sufficient
space for excess CMGs to adsorb without the need for significant
compression of readily adsorbed microgels (which may be less likely for

stiffer particles, which are expected to undergo smaller deformations)
[64] and/or the formation of multilayers. Furthermore, unlike other
charged particles more commonly used as Pickering stabilizers [1], the
CMGs do not electrostatically repel each other and therefore can pack
densely at the interface. Therefore, stability of W/O emulsions appears
to be a combination of initially Pickering absorption of smaller CMGs
particles, followed by the formation of a thicker interfacial layer with
larger CMG particles from the continuous phase, leading to enhanced
steric stabilization. This is strikingly different to reports for O/W
emulsions, where a cellulose network forms in the water phase over time
and leads to a dramatic rise in viscosity, providing an ‘indirect’ stabi
lizing effect and delay in droplet coalescence partly due to entrapment
[24,55].
4.9. Dilution of W/O emulsions to confirm ‘Pickering’ mechanism
Finally, W/O emulsions were diluted with oil and analyzed after 6
days storage, in order to confirm the absence of cellulose networks.
Fig. 12a gives the flow curves for the original and 10x diluted emulsions,
stabilized by H-200 CMGs (5 wv.%) and VH-0.25 (0.237 wt%). The
viscosity of the emulsion hardly appeared to change upon dilution, both
at this concentration (Fig. 12a) and at a lower concentration (Fig. S13),
providing further evidence for a Pickering-type mechanism of stabili
zation. In addition, the flow curves were almost identical to that of the
pure oil (above γ̇ = 0.1 s− 1) after 1 day storage, indicating the absence of
aggregated CMGs in the continuous phase and again supporting the

Fig. 12. a) Flow curves for 20:80 W/O emulsions (day 6), stabilized by 5 wv.% H-200 and 0.267 wt% VH-0.25 (closed red triangle = original emulsion; open red
triangle = 10x diluted emulsion), with pure sunflower oil (dashed black line). Error bars are all the same size/smaller than the symbols and are therefore not
displayed; confocal images of the emulsions on day 6: b) original; c) 10x diluted. Scale bar = 50 µm, shown at bottom right in white.
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phenomenon that larger CMGs may absorb over time. This was further
evidenced by CLSM (Fig. 12b and c), which clearly revealed CMGs at the
interface after 6 days and that coverage did not appear to change upon
dilution.
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