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of different chain lengths followed by nanoprecipi-
tation, and their application as inverse emulsifiers. 
Modification with acyl groups of longer chain length 
(C16, C18) afforded lower degrees of substitution, 
but resulted in greater thermal stability than groups 
with shorter acyl chains (C12, C14). Formation of 
nanospheres with low aspect ratios and narrow size 
distributions required low initial cellulose concen-
trations (< 1% w/v), high volumetric ratios of anti-
solvent to solvent (> 10:1), and slow addition rates 
(< 20  mL/h). The modified cellulose nanospheres 
were able to reduce the interfacial tension between 
water and hexane from 45.8 mN/m to 31.1 mN/m, 
with an effect that increased with the number of car-
bons in the added acyl chains. The stearate-modified 
nanospheres exhibited superhydrophobic behavior, 
showing a contact angle of 156° ± 4° with water, and 
demonstrated emulsification performance comparable 
to the commonly used molecular surfactant sorbitan 
stearate. Our findings suggest that hydrophobically 
modified cellulose nanospheres have the potential to 
be a bio-derived alternative to traditional molecular 
W/O emulsifiers.

Abstract  In recent years, there has been growing 
interest in replacing petroleum-based water-in-oil 
(W/O) emulsifiers with sustainable and less toxic 
natural materials. Pickering emulsifiers are consid-
ered well-suited candidates due to their high interfa-
cial activity and the ability to form emulsions with 
long-term stability. However, only sporadic exam-
ples of natural materials have been considered as 
inverse Pickering emulsifiers. This study describes 
the synthesis of a series of hydrophobic cellulose 
nanospheres by bulk modification with acyl groups 
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Introduction

With a shift towards greener industrial processes, 
there is growing interest in replacing petroleum-based 
emulsifiers with sustainable and less harmful natural 
materials. Pickering emulsifiers are considered prom-
ising alternatives due to their high interfacial activity 
and the capacity to create emulsions with long-term 
stability. While much work has been performed on 
the use of natural particles as oil-in-water (O/W) 
emulsions, there are only sporadic examples of natu-
ral particles being used as inverse (water-in-oil; W/O) 
Pickering emulsifiers. This study explores the use of 
hydrophobically derivatized cellulose nanospheres for 
the stabilization of W/O Pickering emulsions.

Pickering emulsions were first described in the 
early 20th century as particle-stabilized emulsions 
(Pickering 1907), and their study has considerably 
increased in the past two decades due to their poten-
tial for higher stability compared to surfactant-stabi-
lized emulsions (Aveyard 2012). This characteristic 
is driven by the adsorption of solid particles to the 
liquid-liquid interface, creating a physical barrier that 

prevents droplet coalescence (Gonzalez Ortiz et  al. 
2020). By accumulating at the interface, the particles 
lower the interfacial tension between the dispersed 
and the dispersing phases, allowing the formation 
of long-stable Pickering emulsions (Levine et  al. 
1989). One of the key factors that affect the stabil-
ity of particles at the interface is their wettability (He 
et al. 2013). Previous research has shown that hydro-
philic particles (with contact angles from 15° to 90°) 
prefer the interfacial curvature of O/W emulsions 
since they are predominantly immersed in the aque-
ous phase. On the other hand, particles with greater 
contact angles (90° to 165°) are more likely to sta-
bilize W/O emulsions (de Carvalho-Guimarães et al. 
2022). However, if the system is forced into a state 
of high total interfacial energy due to high dispersed 
volume ratios, the emulsion may experience cata-
strophic phase inversion resulting in the desorption 
of the particles from the interface and coalescence 
(Binks and Lumsdon 2000). The morphology of the 
particles can also alter the nature of interactions at the 
interface which directly impacts the formation and 
stability of Pickering emulsions (Yang et al. 2017b). 
For instance, particles with different aspect ratios 
such as spheres (Zhang et  al. 2023), rods (Daware 
and Basavaraj 2015; Kalashnikova et al. 2013), discs 
(Ashby and Binks 2000), fibrils (Silva et  al. 2020), 
and cubes (de Folter et al. 2013) have all been stud-
ied and show different mechanisms of self-assembly 
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at the interface. The effect of differently shaped par-
ticles on emulsion stability is still at a nascent stage 
(Anjali and Basavaraj 2018), and to date, W/O Pick-
ering emulsions have not yet been investigated using 
hydrophobic spherical cellulose particles. Another 
important parameter is particle size, which greatly 
impacts the desorption energy and the number of 
particles required to form stable emulsions. In gen-
eral, particles with smaller sizes (< 500 nm) result in 
higher stabilities due to fast adsorption kinetics from 
the bulk to the interface, and more effective coverage 
of the dispersed medium by the particles (Wu and Ma 
2016; Lin et al. 2003).

Research on Pickering emulsifiers to date has 
tended to focus on the formation of O/W emul-
sions, rather than W/O emulsions due to the vast 
availability of hydrophilic particles such as silica 
(Zhang et  al. 2023; Binks and Whitby 2004), clay 
(Ashby and Binks 2000), and magnetite (Yang et al. 
2017a) as well as bio-based particles such as chi-
tosan (Meng et  al. 2023), starch (Tan et  al. 2012; 
Zhu 2019) and cellulose (Dong et  al. 2021; Liu 
et al. 2020; Kalashnikova et al. 2011; Cherhal et al. 
2016; Li et  al. 2018; Niu et  al. 2018; Costa et  al. 
2021; Deng et  al. 2022; Rehman et  al. 2024). The 
synthesis of particle-based W/O emulsifiers has 
been dominated by non-bioderived materials. For 
instance, the surface hydrophobization of silica par-
ticles with long chain alkyl groups improved their 
hydrophobicity by increasing their contact angle to 
135°, which allowed the particles to stabilize W/O 
emulsions with water volume concentrations of up 
to 40% (Fan et  al. 2021). Similarly, hydrophobic 
monodisperse latex particles have been found to 
enhance the formation of water-in-toluene emul-
sions (Binks and Lumsdon 2001); these emulsions 
readily sediment but are stable to coalescence. In 
recent years, a small number of studies have been 
carried out using natural materials or their deriva-
tives for application as W/O Pickering emulsifiers. 
For example, microcrystalline cellulose (MCC) 
with high aspect ratios have been grafted with 
stearoyl chloride to tune the particle wettability and 
stabilize water-in-toluene emulsions. Such particles 
induced the formation of medium internal phase 
and high internal phase emulsions with different 
degrees of emulsification (Pang et  al. 2018). How-
ever, the study does not provide information about 
the time-stability of the emulsions which is of high 

importance when considering the practical use of 
these particles as Pickering emulsifiers. Other stud-
ies have featured the hydrophobic modification 
of cellulose nanocrystals, but have explored only 
their effectiveness as O/W emulsifiers rather than 
W/O emulsification (Tang et  al. 2019; Kibbelaar 
et al. 2022). Guo and co-workers have reported that 
intercalative modification of cellulose nanocrys-
tals are able to stabilize W/O emulsions via steric 
effects rather than reduction of surface tension 
(Guo et  al. 2017). Another example is the fabrica-
tion of hydrophobic starch spherical nanoparticles, 
which have been investigated for the stabilization of 
water-in-ethyl acetate emulsions for the polymeriza-
tion of N-isopropyl acrylamide (Zhai et  al. 2019). 
Even though these particles showed good immedi-
ate emulsification properties for oil fractions down 
to 0.3–0.4, significant sedimentation was observed 
24  h after storage. In summary, much uncertainty 
still exists around the practical use of bioderived 
particles for the formation of stable W/O Pickering 
emulsions.

This study explores the use of hydrophobically 
derivatized cellulose nanospheres for the stabiliza-
tion of W/O Pickering emulsions. Rather than using 
nanocrystals, benefits are expected from the stabili-
zation of emulsions using nanospheres, such as the 
ability to control the size and morphology through 
facile cost-effective techniques such as nanoprecip-
itation (Zhang et  al. 2021), and their ability to be 
densely organized and well-packed at the interface 
(Xie et  al. 2022). Cellulose nanospheres have only 
been explored within the context of O/W Pickering 
emulsions due to their natural hydrophilicity (Liu 
et al. 2020; Dong et al. 2021). In this study, we syn-
thesized a range of esterified cellulose nanospheres 
(ECS) via nanoprecipitation, allowing for tuning of 
the oil-wettability and the formation of stable W/O 
emulsions. The parameters for nanoprecipitation 
are optimized for the initial esterified cellulose con-
centration, the addition rate, and the volume of the 
antisolvent. The ability of the hydrophobic cellu-
lose nanospheres to act as Pickering emulsifiers are 
investigated over a range of particle concentrations 
and water/oil ratios. It is hoped that this research 
will contribute to a deeper understanding of bio-
derived particle-based emulsifiers and their use as 
potential replacements for conventional molecular 
surfactants.
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Experimental section

Materials

MCC powder with an average particle size of 20 μm 
was purchased from Sigma Aldrich. For the bulk 
esterification of cellulose, lauroyl chloride, myris-
toyl chloride, palmitoyl chloride, and stearoyl chlo-
ride were purchased from AK Scientific and used 
as received. Anhydrous pyridine was obtained from 
Sigma-Aldrich. Dichloromethane, ethanol and hex-
anes were purchased from ECP chemicals and used as 
received. Deuterated chloroform was purchased from 
EURISO-TOP and used in the nuclear magnetic reso-
nance (NMR) experiments. Deionized (DI) water was 
used to form the W/O Pickering emulsions.

Esterification of MCC

MCC (500 mg) was oven-dried at 90 °C for 1 h and 
flushed with nitrogen. Then, anhydrous pyridine 
(13.5 equiv., 10 mL) was slowly added under vigor-
ous stirring. The mixture was sonicated for 10 min to 
facilitate particle dispersion. The required acyl chlo-
ride (3.5 equiv.) was added dropwise into the mixture 
under vigorous stirring. The heterogeneous reaction 
mixture was further stirred for 5 h at 110  °C. Etha-
nol (2 mL) was slowly added to quench the reaction. 
Then, the mixture was dissolved in dichloromethane 
(20 mL) at 35  °C under sonication. The obtained 
solution was mixed with 200 mL of ethanol to pre-
cipitate the esterified cellulose which was separated 
by filtration. The precipitate was re-solubilized in 
dichloromethane (20 mL) at 35  °C under vigorous 
stirring and washed with 5% aqueous copper sulfate 
solution and DI water. Finally, the organic phase was 
separated and evaporated under reduced pressure to 
obtain the pure esterified cellulose (EC).

Nanoprecipitation of EC

The corresponding esterified cellulose (1  g) [cellu-
lose laurate (EC_C12), cellulose myristate (EC_C14), 
cellulose palmitate (EC_C16), or cellulose stea-
rate (EC_C18)], was dissolved in dichloromethane 
(50 mL). Additional dichloromethane was added to 
obtain particle concentrations of 0.1, 0.5, 1, 2, and 
5% w/v. The cellulosic solution was added dropwise 
into ethanol (the antisolvent) under vigorous stirring 

and sonication at room temperature. The addition 
flow rates investigated were 10, 20, 50 and 100 mL/h. 
Regarding the volumetric proportions of solvent to 
antisolvent, ratios of 1:1, 1:5, 1:10, 1:20, and 1:50 
were investigated. After precipitation of the esterified, 
the particles were isolated by centrifugation at 7375 × 
g RCF for 10 min at 25 °C and air-dried.

Preparation of Pickering emulsions

An appropriate mass of the corresponding ECS was 
mixed with hexane to obtain particle concentra-
tions of 0.05, 0.1, 0.25, 0.5, 1, and 2% w/v (2 mL). 
The mixture was stirred and sonicated at room tem-
perature until all the material was homogenously dis-
persed. Then, DI water (0.9 mL) was slowly added 
and sonicated for 10 min. The emulsions formed with 
the esterified cellulose before nanoprecipitation (EC) 
were made using the same procedure. To compare 
the ability of the various particles to form Pickering 
emulsions, the emulsification index (EI%) was deter-
mined by considering the emulsion height (He) and 
the total height (Ht) of the mixture according to the 
following equation:

Infrared spectroscopy

The chemical characterization of MCC and EC was 
carried out by Fourier-transform infrared spec-
troscopy (FTIR) using a Nicolet iZ10 FTIR (Ther-
moFisher). The solid materials were analyzed without 
prior treatment by placing approximately 10  mg on 
the spectrometer lens. The wavelength was set from 
600 cm−1 to 4000 cm−1 with an average of 64 scans 
and a resolution of 4 cm−1. The esterification of cel-
lulose was followed by the appearance of characteris-
tic ester peaks at 1750 –1735 cm−1 (C = O stretch) and 
1210 –1163 cm−1 (C-O stretch).

Nuclear magnetic resonance

Further chemical characterization of the EC was 
obtained by liquid-state nuclear magnetic reso-
nance (NMR) using a Bruker Ascend 400 NMR 
(Bruker) spectrometer operating at 400  MHz. The 

EI(%) =
H

e

H
t

x100
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corresponding EC (10  mg) was dissolved in chloro-
form-d3 and the 1H spectra were recorded. This was 
used to confirm the esterification and to determine the 
degree of substitution of the EC based on the integra-
tion of the resonances associated with the protons of 
the anhydrous glucose unit (cellulose backbone) and 
the protons of the terminal -CH3 group in the alkyl 
chain according to the following formula (Wen et al. 
2017):

Thermogravimetric analysis

The thermal stability of the EC was determined by 
thermogravimetric analysis (TGA) using a Q-5000 
TA processor (TA Instruments). MCC and the corre-
sponding EC (4 mg) were analyzed on a 100 µL alu-
mina pan with nitrogen gas (30 mL/min) and a tem-
perature ramp of 10 °C /min up to 600 °C.

Scanning electron microscopy

The morphology of the MCC, EC and ECS was 
imaged by scanning electron microscopy (SEM) 
using a SU-70 Schottky field emission scanning elec-
tron microscope (Hitachi). 0.1% w/v suspensions of 
the cellulose particles were dispersed in the appro-
priate volume of ethanol by sonication. Then, 10 µL 
of the cellulosic suspensions were transferred onto a 
glass stub and air-dried for at least 12  h. The dried 
samples were then Pt-coated for 40 s using an E-1045 
ion sputter (Hitachi) and imaged at 10 kV.

Dynamic light scattering

The average particle size and size distribution of 
the ECS were obtained by dynamic light scattering 
(DLS) using a Zetasizer Nano ZSP (Malvern Instru-
ments). The ECS were dispersed in an appropriate 
volume of ethanol to obtain a concentration of 0.1% 
w/v under sonication. The nanosuspensions were ana-
lyzed in triplicate at 20 °C with at least 13 measure-
ments in each experiment.

DS =
7xI

Cn,H

3xI
AGU,H

Contact angle

The static water contact angle of the ECS was deter-
mined using an Ossila Contact Angle Goniom-
eter (Ossila). Samples of the ECS were prepared by 
dispersing the corresponding esterified cellulose 
(100 mg) into 2 mL of hexane. The suspension was 
placed on a round surface and the hexane was evap-
orated overnight at room temperature. The obtained 
pellet was compressed and positioned onto the goni-
ometer holder. A drop of DI water (2 µL) was placed 
onto the ECS sample and the contact angle was meas-
ured after 1  s at room temperature and 80% relative 
humidity.

Interfacial tension

The interactions between the ECS and the two immis-
cible liquids in the emulsion were estimated by the 
water-hexane interfacial tension with an Attension® 
Sigma 703D tensiometer (Biolin Scientific). The cor-
responding ester was homogenously dispersed in an 
appropriate volume of hexane to obtain a concentra-
tion of 1% w/v. This suspension was slowly added on 
top of a similar volume of DI water and the interfacial 
tension was measured with a platinum Du Nouy ring. 
Ten replicates were carried out for each sample.

Optical microscopy

A Leica ICC50 W (Leica Microsystems) optical 
microscope was used to record the dispersed emul-
sion droplets. The corresponding Pickering emul-
sion (10 µL) was transferred onto a glass microscope 
slide and imaged without any further treatment. The 
droplet size distribution was analyzed by the software 
Image J.

Results and discussion

Synthesis and characterization of the esterified 
cellulose (EC)

The bulk esterification of MCC was carried out with 
a series of acyl chlorides and pyridine in a hetero-
geneous reaction which turned into a homogenous 
solution as the cellulose was modified and solubi-
lized (Maim et  al. 1951). Successful esterification 
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was confirmed by characterization using FTIR 
and NMR, as seen in Fig.  1a and b. The IR spectra 
showed the incorporation of acyl chains onto the 
glucose backbone of cellulose, as evidenced by the 
appearance of strong absorption peaks around 2950 
and 2850 cm−1, which are indicative of C-H stretch-
ing vibrations from the long alkyl chains and a char-
acteristic peak at 1750  cm−1, attributed to the C = O 
stretching vibration of the ester group. Both signals 
are only observed on the modified cellulose. In addi-
tion, the absence of the broad absorption from 3050 
to 3600  cm−1, ascribed to the O-H stretch, suggests 
that most of the hydroxyl groups were esterified, 
indicating a high degree of substitution (Nunes et al. 
2020). As the esterified cellulose was fully soluble in 
CDCl3, the degree of substitution could be confirmed 
using 1H NMR analysis (Fig.  1b). The proton spec-
trum of cellulose laurate (EC_C12) showed signals 
from 3.0 to 5.2 ppm belonging to protons H1 to H6 
in the cellulose backbone, while the protons from the 
added lauroyl chains were observed at 2.25 (H8), 1.46 

(H9), 1.19 (H10 to H17), and 0.81 ppm (H18). Simi-
lar spectra were obtained for the other esterified cel-
luloses (see Supporting Information, section 1b), with 
the main variation being the peak intensity at 1.19 
ppm due to the different carbon chain lengths. These 
spectra allowed us to calculate the degree of substi-
tution (DS) of the cellulose esters by comparing the 
integration of the proton resonances in the AGU and 
the terminal -CH3 group of the added acyl chains (SI, 
section 1c) (Wen et al. 2017). As seen in Fig. 1c, the 
DS was observed to decrease as the length of the acyl 
chain increases, from DS of 2.6 for lauroyl chloride 
to a DS of 2.3 for stearoyl chloride, which reflects the 
increase in steric effects as the length of the acyl chain 
increases. To further compare the properties of the 
EC after incorporation of the alkyl chains, the ther-
mal stability was determined by thermogravimetric 
analysis (TGA), shown in Fig.  1d. Interestingly, the 
lauroyl cellulose (EC_C12) and myristoyl cellulose 
(EC_C14) showed lower thermal stability than MCC 
(268  °C) with initial decomposition temperatures at 

Fig. 1   (a) The IR spectra of EC esterified with lauroyl chlo-
ride, myristoyl chloride, palmitoyl chloride, and stearoyl chlo-
ride. (b) The 1H NMR spectra of EC esterified with lauroyl 

chloride in chloroform-d3. (c) Degree of substitution of the EC 
(C12-C18). (d) TGA of the EC (C12-C18) and MCC
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170  °C and 210  °C respectively. On the other hand, 
the esterified cellulose with longer chains (palmi-
toyl and stearoyl) exhibited higher thermal stability 
with initial decomposition temperatures of 276  °C 
and 279 °C respectively. This is in line with previous 
reports that showed longer chain lengths afford higher 
degrees of order, resulting in an increase in the onset 
temperature of decomposition (Heinze et  al. 2016; 
Huang 2012). Additionally, our esterified particles 
do not show mass reduction below 100 °C, which is 
commonly observed with cellulosic structures due 
to their tendency to absorb water. The absence of 
this behavior with the EC samples further supports a 
change in the wettability of the cellulose.

Formation of esterified cellulose nanospheres

Due to the introduction of long acyl chains onto 
the cellulose structure, the esterified cellulose 
is soluble in slightly polar organic solvents such 
as dichloromethane, but insoluble in more polar 
solvents such as ethanol. This property allowed 
us to synthesize nanospheres via the antisolvent 

nanoprecipitation technique (Hornig and Heinze 
2008; Horn and Rieger 2001; Aschenbrenner et al. 
2013). The addition of a dichloromethane solution 
containing the esterified cellulose into a large vol-
ume of ethanol facilitated the formation of micro 
and nanostructures with distinct shapes due to the 
supersaturation of the solution in the dichlorometh-
ane/ethanol mixture. The most fascinating obser-
vation is how manipulation of the addition rate of 
the cellulosic solution, the particle concentration, 
and the volume ratio of the dichloromethane to the 
antisolvent can be used to control the formation of 
nanospheres (Fig.  2a). For example, low volumes 
of ethanol to dichloromethane resulted in the for-
mation of extended network structures (Fig.  2c). 
A minimum ratio of 10:1 ethanol/dichlorometh-
ane was needed to ensure the formation of spheri-
cal nanoparticles. In addition, it was determined 
that initial cellulosic concentrations of 1% w/v or 
lower, and addition rates slower than 20 mL/h were 
essential. Outside these parameters, the morphol-
ogy of the particles was less uniform and a mix-
ture containing structures that resemble cellulose 

Fig. 2   (a) Optimization of parameters for the synthesis of 
ECS. (b) Determination of the particle size distribution of ECS 
using dynamic light scattering. (c) SEM images of the products 

formed from the nanoprecipitation of ECS_C18 using different 
antisolvent (ethanol) to solvent ratios (DCM)
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nanocrystals and nanofibrils were formed (see SI, 
Sect. 2). In line with these results, previous studies 
have demonstrated that high antisolvent-to-solvent 
ratios and low initial solute concentrations enhance 
homogeneous nucleation during the formation of 
nanoparticles (Kakran et  al. 2010; Thioune et  al. 
1997; Beck-Broichsitter et  al. 2010; Aubry et  al. 
2009). These conditions reduce the interaction of 
seeding nuclei as they are more distant, thereby 
limiting aggregation and facilitating the growth of 
nanoparticles with controlled morphology.

The morphology of the nanospheres did not dif-
fer significantly upon esterification with acyl chlo-
rides of different carbon chain lengths (See SI, 
Section 2c). The particle size distribution, as meas-
ured by dynamic light scattering, is uniform among 
the series of ECS with an average nanosphere 
diameter of around 160 nm (Fig. 2b). The broader 
size distribution of ECS_C18 observed under DLS 
is likely due to agglomeration of particles. This is 
corroborated by the SEM images (SI, Section  2c) 
which show that the ECS_C18 particles have simi-
lar aspect ratios and particle sizes compared to 
the other series of particles. It was observed that 
the nanospheres containing longer chains tend 
to aggregate to a greater extent. This behavior is 
likely due to the lower affinity of these particles 
with ethanol, which was used as the solvent for the 
imaging. Longer carbon chains can induce a higher 
degree of aggregation as has been seen in prior 
studies (Wen et al. 2017; Pang et al. 2018).

Surface characteristics of the esterified cellulose 
nanospheres

Previous studies have found that particle wettabil-
ity can greatly affect particle-interface interactions 
as particles of different wettabilities display differ-
ent affinities to the interface (Ballard et  al. 2019). 
The addition of long carbon chains to the surface 
of our particles is likely to change their wettability; 
therefore, measurements of the static contact angle 
of water on substrates coated with ECS were taken 
to analyse the hydrophobicity of the nanospheres 
(Fig. 3a). The obtained contact angles were all greater 
than 90°, indicating a hydrophobic particle surface. 
In addition, ECS_C18 exhibited superhydrophobic 
behaviour, with the highest contact angle of 156° ± 
4° (Parvate et al. 2020). It is well-established that the 
adsorption of hard particles to the interface of two 
immiscible liquids can reduce the interfacial area and 
energy of the system (Binks 1998). To understand the 
effect of hydrophobic cellulose nanospheres dispersed 
in a water-hexane mixture, the interfacial tension was 
measured (Fig.  3b). A reduction in interfacial ten-
sion was observed in the presence of the hydrophobic 
nanospheres, with an effect that was proportional to 
the length of the alkyl chain. For instance, the interfa-
cial tension decreased from 45.8 mN/m in the control 
without particles (red dashed line) to 35.7 mN/m and 
31.1 mN/m in the presence of cellulose laurate (short-
est chain) and stearate (longest chain), respectively. 
This finding suggests that esterified cellulose contain-
ing longer alkyl chains decreases to a greater extent 

Fig. 3   (a) Static contact angle of water on substrates coated 
with ECS. (b) Interfacial tension of water/hexane in the pres-
ence of ECS_C12, ECS_C14, ECS_C16, and ECS_C18. The 

red dotted line represents the interfacial tension of water/hex-
ane in the absence of any additives
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the energy of the water-particle-hexane interface, 
which is one of the key factors that affect the adsorp-
tion and stability of particle-laden interfaces (Ballard 
et al. 2019).

Pickering emulsions stabilized with cellulose ester 
nanospheres

Having established that the cellulose ester nano-
spheres are able to adsorb to the hexane-water inter-
face and reduce its interfacial energy, the formation 
of Pickering emulsions was investigated. Our nano-
spheres were compared for their ability to form 3:7 
water-in-hexane emulsions by determining the EI%, 
which compares the emulsion height to the total sys-
tem height (Willumsen and Karlson 1997). The con-
centration of particles is known to play an essential 
role in the stabilization of Pickering emulsions (de 

Carvalho-Guimarães et  al. 2022; Juárez and Whitby 
2012); therefore, emulsification was attempted with 
concentrations from 0.1% w/v to 2% w/v (Fig.  4a). 
The drop dilution test revealed that ECS_C12, ECS_
C14, ECS_C16, and ECS_C18 promoted the forma-
tion of W/O Pickering emulsions, exhibiting misci-
bility in hexane (SI, Section  3a). This finding is in 
line with other studies in this area, indicating that 
hydrophobic particles exhibiting water contact angles 
higher than 90° tend to form W/O emulsions rather 
than O/W emulsions due to their higher oil-wettabil-
ity (Choi et al. 2023). A comparison with hydrophilic 
cellulose spheres was carried out using the same con-
ditions, which resulted in the formation of O/W emul-
sions, and the particles were not able to efficiently 
emulsify the system (SI, Section  3b). Although all 
four esterified nanospheres formed W/O Picker-
ing emulsions, their EI% varies significantly. The 

Fig. 4   EI% of water-in-hexane (3:7) emulsions stabilized with 
ECS at different particle concentrations. b) Image of the water-
hexane mixtures with different concentrations of ECS_C18, 

taken 5 min after mixing. c) Average droplet size of the emul-
sions formed with ECS_C18. Bar size = 50 μm



6234	 Cellulose (2024) 31:6225–6239

1 3
Vol:. (1234567890)

emulsion stabilized with ECS_C12 showed the lowest 
EI% of 51% after reaching a plateau at a concentra-
tion of 1% w/v. On the other hand, the emulsions sta-
bilized with ECS_C14 and ECS_C16 showed slightly 
improved EI% of 64% and 68%, respectively, which 
was constant after the addition of 1% w/v of nano-
particles. The change in the EI% of ECS_C14 began 
with an index similar to the emulsions stabilized with 
ECS_C12 at lower concentrations and increased in 
efficiency at higher concentrations to almost match 
the performance of ECS_C16. The nanospheres dis-
playing the best emulsification performance were 
ECS_C18, as the EI% reaches 100% above a con-
centration of 1% w/v (Fig. 4b). A possible reason for 
the more efficient emulsification when longer chain 
lengths are used could be the presence of some aggre-
gation of particles dispersed in the hexane, causing 
an increase in the viscosity of the oil, which would 
inhibit droplet sedimentation. The greater the mis-
match between the chain length of the chains coating 
the cellulose particles and the hexane could enhance 
particle aggregation and hence the viscosity increase.

In addition, the EI% shows a rapid increase from 
a concentration of 0.1% w/v. Analysis of the droplet 
sizes in the Pickering emulsions formed using differ-
ent concentrations of EC_C18 shows a correlation 
between the particle concentration and the average 
droplet size (Fig. 4c). At the lowest particle concen-
tration of 0.05% w/v, droplet sizes with the largest 
average diameters of 27.3 ± 7 μm are formed, which 
decreases as the concentration is increased until 
reaching a plateau from a concentration of 1% w/v 
with an average droplet size of 7.7 ± 3 μm. Previous 
studies evaluating the particle concentration in Pick-
ering emulsions have observed similar trends (Melle 
et al. 2005). Since the stability of this type of emul-
sion depends on effective coverage of the dispersed 
droplets by solid particles, higher particle concentra-
tions allow an increase in the surface area, forming 
smaller droplets. However, once the minimum drop 
size is reached, excess particles can result in the for-
mation of multilayer barriers or network structures 
(Sun et al. 2022). Our observations suggest that a par-
ticle concentration of at least 1% w/v is necessary to 
achieve complete water-hexane (3:7) emulsification 
with our ECS.

To provide further insight into the ability of the 
different ECS to stabilize water-in-hexane Picker-
ing emulsions, optical micrographs of the emulsion 

were obtained using a particle concentration of 1% 
w/v (Fig.  5a). The emulsion formed with ECS_C12 
(Fig. 5b) showed the smallest average droplet sizes of 
3.9 ± 2.5 μm, with two main populations at 3.1 μm 
and 9.0 μm. The average droplet size increases to 4.2 
± 1.8 μm for the emulsion stabilized with ECS_C14, 
with a significant population at 5.9 μm (Fig. 5c). The 
emulsions formed with ECS_C16 exhibited a further 
increase in size to 5.4 ± 2.2 μm, with the size distri-
bution showing two major peaks at 3.5 μm and 6.0 μm 
(Fig.  5d). The largest average droplet size of 7.6 ± 
1.4  μm was observed for the emulsions stabilized 
with ECS_C18 (Fig. 5e), with an unimodal distribu-
tion evident from both the micrograph and the size 
distribution. Generally, smaller droplet sizes result 
in emulsions that are more stable against sedimenta-
tion (Frelichowska et al. 2010; Chen et al. 2018; Kim 
et  al. 2016). We speculate that the droplet size dis-
tribution for this emulsion was initially bimodal for 
our less stable emulsions formed with ECS_C12 and 
ECS_C14, but the population of larger drops rapidly 
coalesced after the emulsions were formed. There-
fore, the high concentration of smaller droplet sizes 
observed in the microscope images is likely due to the 
fact that the larger droplets have already coalesced to 
produce much larger drops of water outside the emul-
sion. This is evidenced by the grayish layer below 
the turbid emulsion layer for ECS_C12 (Fig. 5a). In 
contrast, the emulsion stabilized by ECS_C18 has a 
higher density of droplets, indicating that coalescence 
has not yet occurred.

To gain further insight into the limits of the 
water-in-hexane Pickering emulsions formed with 
our hydrophobic particles, the volumetric water/oil 
ratio was increased to 1:1 and 7:3. The emulsions 
formed with ECS_C18 (Fig.  6) show that a high 
emulsification index is still obtainable when mixing 
similar volumes of water and hexane, though this is 
reaching the limit of its emulsification ability as a 
small layer of hexane is observable at the top of the 
1:1 emulsion. However, a system with a higher vol-
ume of water (7:3) is detrimental to the emulsifica-
tion with ECS_C18 since two layers were formed. 
A drop dilution test and the microscopic analysis of 
this two-layer system indicate that the upper layer 
consists of a W/O emulsion while the bottom layer 
is an O/W emulsion. This observation suggests that 
the maximum volume of the dispersed phase (water) 
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has been surpassed, resulting in catastrophic phase 
inversion due to the instability of the system (Binks 
and Lumsdon 2000). It is therefore likely that at this 
particle concentration, ECS_C18 can stabilize W/O 
systems of up to a volume ratio of 1:1 water in oil.

Comparison of emulsification action 
with a molecular surfactant

Having determined that the most effective W/O Pick-
ering emulsifier was ECS_C18, its emulsification per-
formance was compared to the molecular surfactant 

Fig. 5   Droplet size distribution and optical micrographs of the Pickering emulsions stabilized with (a) ECS_C12, (b) ECS_C14, 
ECS_C16, and d) ECS_C18. Bar size = 50 μm

Fig. 6   Optical microscope 
images of the emulsions 
formed with ECS_C18 
using water/hexane 
ratios of 1:1 and 3:7. Bar 
size = 50 μm
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Span® 60. This surfactant is a commonly used W/O 
emulsifier as it has a low HLB value of 4.7 due to 
its hydrophobic nature featuring an 18-carbon acyl 
chain attached to sorbitan. Emulsions were formed 
using ECS_C18 or Span® 60 with a concentration 
of 1% w/v, and changes in the EI% were monitored 
over 24 h (Fig. 7a). Under these conditions, Span® 60 
was not able to form an emulsion with an EI of 100%, 
while this was possible with ECS_C18 (t = 0  h). 
Upon standing for 24 h, significant sedimentation was 
observed for the emulsion stabilized with Span® 60, 
and the EI% dropped from 79 to 18%. A lower degree 
of sedimentation was observed for the emulsion with 
ECS_C18, which dropped from 100 to 59% over 24 h. 
Upon closer inspection of the emulsion stabilized 
by ECS_C18 (t = 24 h), a gray layer was observed at 
the bottom of the vial, indicating the release of water 
due to coalescence and partial phase separation. This 
issue could be improved by utilizing ECS_C18 at 
a concentration of 2% w/v, which was able to more 
efficiently emulsify the 3:7 water/hexane mixture and 
exhibited a similar degree of sedimentation after 24 h 
when compared to Span® 60.

Conclusions

Although recent research shows increasing 
advances in the study of Pickering emulsions, few 

examples exist for the use of bio-based particles 
in W/O systems due to the lack of naturally occur-
ring hydrophobic particles. In this study, we have 
demonstrated the generation of highly hydrophobic 
nanospheres by the esterification of microcrystal-
line cellulose and its controlled nanoprecipitation 
in an antisolvent. Formation of nanospheres with 
low aspect ratios and narrow size distributions 
required low initial cellulose concentrations (< 1% 
w/v), high volumetric ratios of antisolvent to sol-
vent (> 10:1), and slow addition rates (< 20 mL/h). 
The resulting lauroyl-, myristoyl-, palmitoyl- and 
stearoyl-modified nanospheres are capable of reduc-
ing the interfacial tension of hexane/water, with an 
effect that increases with the length of the carbon 
chain on the acyl modifier. The stearoyl-modified 
nanospheres were determined to be superhydropho-
bic (contact angle 156° ± 4°), and reduce the inter-
facial tension of hexane/water from 45.8 mN/m to 
31.1 mN/m. The enhanced oil-wettability allowed 
these particles to act as a water-in-hexane Pickering 
emulsifier with stability over time that compared 
favorably with the molecular surfactant Span® 60. 
The present study demonstrates the potential of bio-
derived particles to act as efficient W/O emulsifiers 
and aims to inspire their potential use in applica-
tions such as cosmetic preparations, agricultural 
formulations, and foam production.

Fig. 7   (a) Time evolution of the EI% of water-in-hexane (3:7) emulsions stabilized with EC_C18 and Span® 60. (b) Images of the 
mixtures after 0 h and 24 h
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