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 13 
Three-component castor oil/water/ethanol Pickering emulsions were prepared by mixing castor oil and ethanol-water solution 14 
stabilizing by CNC@Fe3O4 and Lignin@Fe3O4 magnetic nanoparticles and magnetically demulsified by using a permanent magnet. 15 

 16 
 17 
ABSTRACT 18 
 19 
A novel castor oil/water/ethanol Pickering emulsion, stabilized by magnetic nanoparticles 20 
(NPs), was developed to allow on-demand demulsification by an external magnetic field for 21 
the extraction of ethanol from aqueous solution using the castor oil. The emulsion was 22 
stabilized by Fe3O4-coated cellulose nanocrystals (CNC@Fe3O4) and lignin-coated Fe3O4 23 
NPs (lignin@Fe3O4). The stability of the emulsions was investigated at various castor oil to 24 
ethanol-water ratios (50/50 and 70/30), various NP concentrations, and ethanol 25 
concentrations in the aqueous phase. The magnetically controlled demulsification ability of 26 
the emulsions was investigated by using a permanent magnet. The results showed that the 27 
70/30 emulsions were more stable than the 50/50 emulsions for all the ethanol concentrations. 28 
Moreover, increasing the NP concentration increased the emulsion stability and hence, 1 29 
w/v% NPs concentration provided the more stable systems. However, all the emulsions were 30 
successfully broken by the permanent magnet. Yet, the presence of ethanol improves the 31 
ability of the external magnetic field to demulsify these dispersions. Furthermore, the used 32 
hybrid NPs were recovered and recycled for three cycles. The recycled NPs were 33 
characterized with X-ray diffraction (XRD) and vibrating sample magnetometry (VSM) 34 
indicating that they retained their saturation magnetization and crystalline structure, 35 
demonstrating their lack of degradation over multiple recycling cycles. This study facilitates 36 



the exploration of innovative two-phase Pickering emulsions comprising three distinct liquid 37 
components and their utilization in liquid-liquid extraction processes. 38 
 39 
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1. Introduction 43 
 44 

The biological synthesis of ethanol has been extensively studied as a sustainable route to biofuel 45 
production.  However, separating ethanol from the aqueous fermentation mixture is often achieved through 46 
an energy intensive distillation, followed by water adsorption with molecular sieves. Liquid/liquid 47 
extraction followed by flash separation is a promising alternative route to achieve this separation with a 48 
lower cost and energy consumption. In fact, Offeman et al. (2006) proposed the use of castor oil, as a 49 
renewable, low volatility and non-toxic solvent to achieve this separation, and compared it to other 50 
vegetable oils and extraction solvents [1].  However, these systems often form relatively stable emulsions 51 
that need to be broken to complete the separation, as such industrial liquid/liquid extraction equipment have 52 
large settler regions with coalescence plates needed to obtain decantable immiscible liquid phases; thus, 53 
there is a practical need to increase the rate of demulsification of these systems in a controllable manner. 54 
This paper focuses on the stability of Pickering emulsions stabilized with nanocomposite magnetic 55 
nanoparticles and the accelerated demulsification by an external magnetic field, as relevant to the extraction 56 
of ethanol from aqueous solutions.   57 

Pickering emulsions are stabilized by adsorbed solid particles rather than emulsifiers [2–8]. 58 
An additional advantage of Pickering emulsions over traditional emulsions stabilized by 59 
emulsifiers is their improved stability [9,10]. Solid particle covering of droplets creates a 60 
formidable barrier against coalescence, stabilizing concentrated emulsions efficiently. Adsorbed 61 
solid particles are stabilized in the oil-water interface by being partially wetted by both immiscible 62 
liquid phases. In addition, magnetic nanoparticles (NPs) have been utilized to stabilize Pickering 63 
emulsions for a wide range of applications, including magnetically controllable emulsification 64 
and demulsification, oil recovery, wastewater treatment, magnetic separation, and liquid-liquid 65 
extraction [11–18]. 66 

Iron and iron oxide-based NPs are among the most common types of magnetic NPs utilized 67 
to stabilize Pickering emulsions [19–22]. Pavia-Sanders et al. reported that polyvinylpyrrolidone-68 
coated Fe3O4 NPs had an exceptional capacity to remove oil in a short period of time (40 min) 69 
[23]. Similarly, Fe3O4/PS nanocomposites and superparamagnetic Fe3O4/β-cyclodextrin have been 70 
shown to remove oil from water [24]. Bare Fe3O4 NPs are hydrophilic and can be used to stabilize 71 
o/w emulsions [19]; however, the surface of the Fe3O4 NPs can be adjusted to become hydrophobic 72 
depending on the coating materials used for stabilizing the particles. 73 

Cellulose and lignin are two of the most abundant natural biopolymers on earth. Cellulose and 74 
lignin-based NPs have been investigated for many decades because they are low-cost, non-toxic, 75 
renewable, and biocompatible [25–27]. Both cellulose nanocrystals and lignin nanoparticles are 76 
amphiphilic [28,29] and they have been employed in Pickering emulsions by various authors 77 
[4,10,30–33]. Moreover, binding iron oxide nanoparticles to cellulose or lignin NPs make the 78 
hybrid nanoparticles suitable for magnetically controllable Pickering emulsions and magnetically 79 
induced oil-water separations [11,13,22,34–36]. Recently, our group developed castor oil/water 80 
Pickering emulsions by utilizing CNC@Fe3O4 NPs [13]. Mikhaylov et al. developed 81 
magnetite/cellulose nanocrystal-stabilized liquid paraffin oil-in-water Pickering emulsions and 82 
investigated the adsorption of chromium ions on the emulsions [22]. Low et al. synthesized Fe3O4-83 
cellulose nanocrystals (MCNC) via ultrasound assisted co-precipitation method to stabilize palm 84 
olein-in-water Pickering emulsion [35]. Later, Low et al. reported using Fe3O4@cellulose 85 
nanocrystals-stabilized Pickering emulsions containing curcumin to magnetically trigger drug 86 



release [34]. On the other hand, the synthesis and applications of multifunctional magnetic-lignin 87 
nanoparticles in Pickering emulsions are less studied. Recently, Hasan et al. utilized lignin@Fe3O4 88 
nanoparticles in magnetically controllable castor oil/water Pickering emulsion and oil herding [11].  89 
Although, there are few examples of magnetic nanoparticles and lignin-based hybrid materials 90 
being used in Pickering emulsions and separation processes [37–40]. 91 

Demulsification is the process of separating an emulsion into its component phases, often by separating 92 
the dispersed droplets from the continuous phase. Magnetic NPs have been used in stabilizing Pickering 93 
emulsions and demulsified on-demand with various types of magnetic fields in literature [11,13–15]. In our 94 
previous studies, we successfully demulsified castor oil-water Pickering emulsions, stabilized by 95 
CNC@Fe3O4 NPs and lignin@ Fe3O4 NPs, using a permanent magnet, although in the case of CNC@Fe3O4, 96 
only the water/oil emulsions could be broken, while the oil/water emulsions remained emulsified after 24 97 
h on a permanent magnet [11,13]. Previously, Yang et al. (2020) successfully studied demulsification of 98 
carbonyl iron particle (CIP) stabilized Pickering emulsions by using alternating magnetic field [15]. In 99 
another study, water-in-oil (W/O) type commercially-available crude oil emulsion was successfully 100 
demulsified by using a permanent magnet and an electromagnetic field [16]. 101 

A number of parameters influence emulsion stability, including emulsifier type and 102 
concentration, droplet size and dispersion, processing conditions, electrolyte concentration, etc. 103 
[9,10]. Hydrophilic particles are known to promote the formation of oil-in-water (o/w) emulsions, 104 
whereas hydrophobic particles typically tend to enable water-in-oil (w/o) emulsions [41]. 105 
However, amphiphilic particles with both hydrophilic and hydrophobic groups on their surface 106 
are known to produce either o/w or w/o emulsions depending on the interaction between the 107 
particles and the oil-water interface [42,43].  108 

In this paper, various castor oil/ethanol/water emulsions were stabilized by CNC@Fe3O4 NPs and 109 
lignin@ Fe3O4 NPs and were then broken on-demand by using a permanent magnet. Although, there are 110 
other examples of research articles that reported Pickering emulsions’ stability and magnetically controlled 111 
demulsification, most of the research was conducted for conventional two-component Pickering emulsions 112 
[2-8]. Here, we concentrated our efforts on conducting a comprehensive investigation into the stability of 113 
two-phase Pickering emulsions involving three components relevant to the liquid/liquid extraction of 114 
ethanol from water. It investigates a variety of factors affecting the stability of the castor oil/water/ethanol 115 
emulsions such as NP concentrations, oil to water ratios, ethanol concentrations, NP film wettability, and 116 
interfacial tension of the ternary system at equilibrium conditions. Additionally, we explored the application 117 
of magnetically controlled demulsification in the presence of ethanol, and the recyclability of the 118 
nanoparticles.  Notably, this paper investigated the change in magnetic properties of the nanoparticles after 119 
three cycles of emulsification/demulsification/decantation steps to demonstrate their limited degradation 120 
after recycling. 121 
 122 
2. Experimental section 123 
 124 
2.1.  Materials 125 

 126 
Iron (III) chloride hexahydrate (>97% purity), iron (II) chloride tetrahydrate (>96% purity), 127 

Sulfuric acid (>96% purity), ammonium hydroxide (28.0 to 30.0 w/w %), Sudan Red (> 90% 128 
purity), and amaranth (>85% purity) were all bought from Thermo Fisher Scientific (Waltham, 129 
MA) and were used as received. Castor oil (>99.5% purity) and Kraft lignin (95% Purity) were 130 
purchased from Sigma Aldrich (St. Louis, MO) and used as received. Southern bleached softwood 131 
Kraft pulp cellulose was kindly gifted by Weyerhaeuser pulp mill (Columbus, MS). 132 
 133 
2.2. Synthesis of CNC, bare Fe3O4, CNC@Fe3O4 and lignin@Fe3O4 134 

 135 
Cellulose nanocrystals (CNCs) were isolated first from the SBSK wood pulp using the procedure 136 

described in our previous publication [25]. In short, the cellulosic wood pulp was hydrolyzed using sulfuric 137 



acid at 45 °C for 50 minutes with stirring. After completion, the reaction mixture was diluted with cold 138 
deionized water and purified by removing the excess acid. CNC@Fe3O4 NPs were synthesized by the 139 
deposition of Fe3O4 NPs onto CNCs at a mass ratio of 1:4 (CNC: Fe3O4) through a one-step coprecipitation 140 
using iron chloride salts and NH4OH in a N2 atmosphere at 90 °C.  Upon completion the reaction was 141 
cooled and the NPs separated using a Neodymium permanent magnet and washed with DI water. A detailed 142 
description of the synthesis of all the NPs is provided in the Supplementary Material (SM), section 1.1. 143 

Bare Fe3O4 were synthesized according to our previous publications as described in the SM, section 144 
1.2 [11,31]. The liginin@Fe3O4, was then prepared by coating the bare Fe3O4 NPs with lignin according to 145 
our previous publication [11]. The Kraft lignin (KL) was first dissolved in a 1 wt% sodium hydroxide 146 
solution. Then, this alkaline KL solution was sonicated and pumped into 1-L vessel containing the bare 147 
Fe3O4 NPs at a rate of 15 mL/min.  The final ratio of KL to Fe3O4 was 3 to 1. The vessel contents were 148 
mixed for 25 minutes at 600 RPM to synthesize lignin@Fe3O4 NPs. Upon completion of the reaction, the 149 
NP were purified by a magnetic separation and subsequent washes with DI water.  Then they were dried 150 
in a lyophilizer and ground into a fine powder using a mortar and pestle.  A more detailed description is 151 
provided in SM, section 1.3. 152 

 153 
Figure 1. Pendant drop method used to measure the interfacial tension between aqueous and organic phases in 154 
equilibrium with each other for the ternary mixture of castor oil, water, and ethanol in the presence of nanoparticles. 155 

 156 
2.3. Characterizations of CNC, bare Fe3O4, CNC@Fe3O4 and lignin@Fe3O4 and recycled NPs 157 

 158 
A JEOL (Peabody, MA) JEM-2010 F TEM was utilized to collect Transmission Electron Microscopy 159 

(TEM) pictures. To prepare the samples, approximately 5 microliters of a dilute solution were deposited 160 
onto a copper carbon mesh grid (CF300-Cu grids, Electron Microscopy Science) and permitted to dry 161 
within a well-ventilated hood for a minimum of 24 hours before collecting the pictures. 162 

TGA data was gathered using a TGA Q500 (TA Instruments, New Castle, DE) to investigate the 163 
thermal stability of the NPs, as well as the amount of Fe3O4 in the hybrid NPs. A balancing nitrogen flow 164 
of 10 mL/min and a sample nitrogen flow rate of 90 mL/min was employed for all samples, coupled with a 165 
temperature range from 25 – 800 ºC with a constant ramp rate of 10 ºC/min. At least 5 mg of material was 166 
put on a platinum pan to achieve reliable findings.  The amount of lignin and CNC content in the 167 
lignin@Fe3O4 and CNC@Fe3O4 NPs was calculated based on methods described in our previous 168 
publications [11,13], and shown in the supporting information. 169 

Magnetization measurements of the NPs were collected using a vibrating sample magnetometer 170 
(Quantum Design Versalab, San Diego, CA) at room temperature (300 K).  The normalized moment 171 
(emu/g) for each sample as a function of magnetic field was reported based on the weight of each NP 172 
sample. 173 



Powder X-ray diffractograms (XRD) were collected using Malvern Panalytical Empyrean Nano Edition 174 
(Westborough, MA). The NPs dispersions were freeze-dried and scanned from 2θ = 10° to 80° at a step 175 
time of 0.6 s/step (0.003°/step) and sample revolution of 4 rev/min at 25 °C with Cu Kα radiation (λ = 176 
0.1540nm). 177 

The zeta potential and Z-average hydrodynamic diameter of the nanoparticles (NPs) were measured 178 
using a Malvern Zetasizer Nano ZS (Malvern Instruments, United Kingdom). To conduct the 179 
measurements, a diluted solution with a low concentration (0.1 wt%) of each sample was prepared, and the 180 
assessments were carried out under pH 7 conditions. 181 

 182 
2.4. Determination of wettability of the nanoparticles 183 

 184 
The wettability of the nanoparticles was determined by measuring the water contact angle of the various 185 

thin films prepared by the nanoparticles. Contact angle measurements were performed following the sessile 186 
drop method with a Kruss drop shape analyzer (model: DSA 100 S, Kruss Scientific, Hamburg, Germany). 187 
In short, a liquid suspension containing 1 wt % NPs was prepared first, then, 100 µl of the suspension was 188 
put on a clean substrate (micadisc, diameter 10 mm, Tedpella Inc., Redding, CA) followed by drying of the 189 
liquid overnight in a vacuum oven. Hence, a thin film was prepared and then the static water contact angle 190 
was measured by placing a 29 µl droplet of water (using a 1 ml-size syringe and 1.825 mm outer diameter 191 
size needle) on the thin film and measuring the angle formed between the droplet and the surface.  192 
 193 
2.5. Determination of interfacial tension of the nanoparticles at the castor oil-water-ethanol interface 194 

 195 
The interfacial tension of castor oil, water and ethanol was measured at equilibrium conditions in the 196 

presence of NPs.  Briefly, 7 ml castor oil, 2.7 ml water and 0.3 ml ethanol were mixed with a high shear 197 
mixer (IKA Ultra-Turrax T-25 Basic, Atkinson, NH) at 10000 rpm for 10 minutes. Then the mixture was 198 
allowed to rest for 48 h to reach thermodynamic equilibrium [12]. After 48 hours, the mixture was 199 
centrifuged using a benchtop centrifuge (model 5804 R, Eppendorf, Hamburg, Germany) at 11000 rpm 200 
(RCF  16639 × g, Eppendorf Rotor FA-45-6-30) to complete the phase separation. Once the organic phase 201 
and the aqueous phases were separated, they were taken out. Then dry CNC@Fe3O4 and lignin@Fe3O4 202 
were dispersed in the aqueous phase at various concentrations (0, 0.25, 0.5, 0.75, and 1 w/v%). The organic 203 
phase was taken into a transparent cuvette and a droplet of aqueous NPs suspension was created by using a 204 
1 ml size syringe and 1.825 mm outer diameter size needle and placed inside the organic phase (Fig.1). 205 
Each droplet (~ 90 µL) was equilibrated in the organic phase for 1 hour. The interfacial tension was 206 
determined using a Kruss drop shape analyzer (model: DSA 100 S, Kruss Scientific, Hamburg, Germany) 207 
by droplet shape analysis and the Young Laplace equation. The dynamic interfacial tension was collected 208 
for 1 hour, and the value of interfacial tension after 1 hour was reported as the equilibrium interfacial 209 
tension. 210 
 211 
2.6. Preparation of castor-oil/water/ethanol Pickering emulsions 212 

 213 
Pickering emulsions of the three-component system were prepared by mixing the castor oil 214 

and ethanol with the CNC@Fe3O4 or lignin@Fe3O4 NPs’ colloidal aqueous suspensions. Stock 215 
dispersions of 4 wt% CNC@Fe3O4 and 4 wt% lignin@Fe3O4 were prepared first. To prepare the 216 
emulsion of 10 ml each, the required amount of CNC@Fe3O4 or lignin@Fe3O4 stock suspension 217 
was added to a vial first, followed by the addition of water (if needed), ethanol, and castor oil, in 218 
that order. The relative amounts of each component were adjusted to give final NP concentrations 219 
of 0, 0.25, 0.5, 0.75, or 1.0 w/v%, ethanol concentrations in the initial aqueous phase of 0%, 5%, 220 
10%, 15%, and 20 vol% and castor oil aqueous phase volume ratio of 50/50 or 70/30.  The samples 221 
were then mixed thoroughly with a high shear mixer (IKA Ultra-Turrax T-25 Basic, Atkinson, 222 
NH) at 10000 rpm for 2 minutes. Once the emulsions were prepared, pictures of the vials were 223 
taken at 0 h, 1 h, and 24 h, and 48 h with a digital camera to monitor emulsion creaming. 224 



Microscopic pictures of the emulsions were also taken using an optical microscope (AmScope 225 
500MD) and a 13 mm ID x 0.12 mm deep spacer. The droplet size distributions were determined 226 
by measuring at least 300 droplets with Image J. Similar to Qiao et al., the drop test technique 227 
was utilized to identify the kind of emulsions [44] and determining the dispersion phase and 228 
continuous phase using the dye amaranth. 229 
 230 
2.7. Magnetically controllable demulsification 231 

 232 
Demulsification of the Pickering emulsions prepared with castor oil, water, ethanol and stabilized by 233 

CNC@Fe3O4 or lignin@Fe3O4 was investigated with an external magnetic field. In brief, the emulsion vials 234 
were placed beside a neodymium N42 grade magnet (size 2×2×1 inch, Applied Magnets, AOM05648221). 235 
The effect of the magnetic field on demulsifying the emulsions was examined by photographing the vials 236 
at 0 h, 1 h, and 24 h using a digital camera.  An optical microscope (AmScope 500MD) was also used to 237 
capture microscopic images of the emulsion droplets, and droplet size distributions were estimated by 238 
analyzing at least 300 droplets with image J. 239 
 240 
2.8. Recycling of CNC@Fe3O4 and lignin@Fe3O4 241 

 242 
The CNC@Fe3O4 and lignin@Fe3O4 nanoparticles were recovered after demulsification. After 243 

demulsification, the separated organic and aqueous phases were taken out from the vial. A permanent 244 
magnet was kept beside the vial to avoid the loss of magnetic nanoparticles while decanting both liquid 245 
phases. Then the magnetic nanoparticles were washed with ethanol first, followed by a wash with water 246 
twice. The recovered NPs were dried in a freeze drier (Labconco, Freezone, 6 L Benchtop 115) and then 247 
redispersed in DI water by probe sonication for 1 minute (Amplitude: 30; 1 s on and 1 s off). The aqueous 248 
magnetic NP suspension was then reused in the following magnetically controllable 249 
emulsification/demulsification cycle. This process was repeated twice more to complete three cycles. 250 
 251 
2.9.      Statistical Analysis          252 
 253 
       Statistical Analysis was performed to verify changes in means of droplet sizes at 95% confidence 254 
[4,45]. The emulsion droplets were log-normally distributed, and z statistics test was carried out to compare 255 
the droplet sizes at varying nanoparticles concentrations as well as changes of droplet sizes over time. A 256 
detail of the statistical method used in this study is provided in the Supplementary Material Section 4. The 257 
test results of the various hypothesis tests are also provided in the Supplementary Material (Table S1). 258 
 259 
3. Results and discussion 260 
 261 
3.1. Characterizations of CNC@Fe3O4 and lignin@Fe3O nanoparticles 262 

 263 
CNC@Fe3O4 and lignin@Fe3O4 NPs were characterized through a variety of experimental 264 

methods. Fig 2A shows the TEM image of CNC@Fe3O4 NPs and it demonstrates that the CNCs 265 
were completely coated with Fe3O4 NPs, however, with some aggregation. These aggregates are 266 
expected to be useful in stabilizing Pickering emulsions [13]. On the other hand, the TEM image 267 
of lignin@Fe3O4 NPs (Fig 2B) shows that the Fe3O4 NPs clusters were coated with lignin. Hence, 268 
CNC@Fe3O4 nanocomposites have the Fe3O4 NPs on their surface whereas lignin@Fe3O4 NPs 269 
contain the Fe3O4 in the core with a lignin shell. Thus, the surface properties of the CNC@Fe3O4 270 
and lignin@Fe3O4 NPs varied and they were further characterized with various instrumental 271 
techniques. A summary of the results is presented in Table 1.  272 

 273 



Table 1. Characterization of CNC@Fe3O4 and lignin@Fe3O4 NPs 274 

Characterization Method used CNC@Fe3O4 lignin@Fe3O4 Bare Fe3O4 
Zeta potential 
at pH 7 

Zetasizer -33 ± 1 mV -40 ± 1 mV -20 ± 2 mV 

Hydrodynamic diameter 
in water (at pH 7) at 0 h 

DLS 221 ± 5 nm 161 ± 4 nm 33 ± 7 nm 

Hydrodynamic diameter 
in water after 2 h 

DLS 321 ± 10 nm 274 ± 9 nm 1645 ± 45 
nm 

Fe3O4 content in the 
sample 

TGA 74.1 ± 5.1 wt% 78.6 ± 2.1 wt%  ~ 100 wt% 

Saturation magnetization VSM 62 ± 1 emu/g 58 ± 1 emu/g 77 ± 1 
emu/g 

Water contact angle Sessile drop 44° ± 3°  50° ± 2° 25° ± 5° 
 275 

The magnetite content in the nanocomposites was determined by thermogravimetric analysis. 276 
A detailed procedure for the calculation of magnetite content is provided in the supporting 277 
information Section 2. The magnetite content in the CNC@Fe3O4 NPs and lignin@Fe3O4 NPs was 278 
found to be 74.1 ± 5.1 wt% and 78.6 ± 2.1 wt%, respectively. TGA thermograms (Fig 2C) showed 279 
that lignin@Fe3O4 NPs possessed better thermal performance than CNC@Fe3O4 NPs. For 280 
example, CNC@Fe3O4 NPs lost about 4% of its mass below 200°C due to moisture evaporation, 281 
and at 450 ºC these lost an additional 20% mostly due to the thermal decomposition of CNC. On 282 
the other hand, lignin@Fe3O4 NPs only lost about 5% at 450 ºC, but went through a significant 283 
mass loss of approximately 15% between 700 and 800 °C.  The high thermal stability of the lignin 284 
nanocomposite was presumably caused by the interaction with the magnetite core [11]. 285 



 286 
Figure 2. Characterization of CNC@Fe3O4 and lignin@Fe3O4 NPs. (A) TEM image of CNC@Fe3O4; (B) TEM image 287 
of lignin@Fe3O4; (c) TGA graph; (d) magnetization vs magnetic field. 288 

The saturation magnetization of CNC@Fe3O4 and lignin@Fe3O4 NPs was measured in a 289 
vibrating sample magnetometer (Fig 2D). The saturation magnetization of CNC@Fe3O4 and 290 
lignin@Fe3O4 NPs was calculated to be 62 ± 1 emu/g and 58 ± 1 emu/g, respectively. When 291 



correcting for the non-magnetic content measured by TGA, the saturation magnetization of the 292 
magnetite present in the nanocomposites is 84 ± 1 emu/gFe3O4 and 74 ± 1 emu/gFe3O4 for the 293 
CNC@Fe3O4 and lignin@Fe3O4 NPs, respectively. No hysteresis was seen in either hybrid NPs 294 
providing evidence for superparamagnetic properties of the hybrid NPs.  295 

The size and zeta potential of the hybrid NPs was measured using a Malvern zetasizer. According to 296 
zeta potential measurements, both CNC@Fe3O4 and lignin@Fe3O4 NPs exhibited highly negative zeta 297 
potential at pH 7, i.e.  -33 ± 1 mV and -40 ± 1 mV, respectively, indicating that the NPs are stable in water 298 
due to electrostatic repulsion forces between the NPs when they are dispersed in water [13]. On the other 299 
hand, bare Fe3O4 NPs had low zeta potential value (-20 ± 2 mV), meaning they can aggregate and precipitate 300 
over time. The hydrodynamic diameters of CNC@Fe3O4 and lignin@Fe3O4 NPs in water at pH 7 were 301 
determined to be 221 ± 5 nm and 161 ± 4 nm, respectively, whereas for bare Fe3O4 NPs the value was 302 
33 ± 7 nm. The hydrodynamic diameter of bare Fe3O4 NPs was initially smaller than the hybrid NPs 303 
even though the zeta potential value of bare Fe3O4 was lower. This was when the measurements 304 
were carried out immediately following the preparation of the dispersions and probe sonication. 305 
However, the hydrodynamic diameter, measured after 2 hours, revealed that the bare Fe3O4 NPs 306 
aggregated significantly (1645 ± 45 nm), whereas CNC@ Fe3O4 and lignin@ Fe3O4 had 307 
hydrodynamic diameters of 321 ± 10 nm and 274 ± 9 nm, respectively, consistent to our previous 308 
publication [13]. Therefore, the presence of CNC or lignin is helpful to improve the colloidal 309 
stability of the NPs. 310 

The water contact angle on thin films prepared with the NPs was measured using the sessile 311 
drop method. Bare Fe3O4 NPs are hydrophilic in nature. The water contact angle of bare Fe3O4 312 
NPs film was found to be 25 ± 5 degree which is consistent to recent literature [46]. The water contact 313 
angle of CNC@Fe3O4 and lignin@Fe3O4 NPs’ film was determined to be 44 ± 3 degree and 50 ± 2 314 
degree, respectively. Therefore, combining CNC or lignin with the Fe3O4 NPs reduced their 315 
hydrophilicity, potentially increased their ability to stabilize the Pickering emulsions. Instability 316 
in the Pickering emulsion often results from particles that are either too hydrophilic or too 317 
hydrophobic. It has been observed that contact angles in the range of 50° to 130° occur when 318 
particle wetting by water or oil is sufficient to generate a stable Pickering emulsion [3,47–50]. 319 
 320 
3.2. Effect of NPs on the interfacial tensions of castor oil, water, ethanol at equilibrium 321 

 322 
The interfacial tensions (IFT) between aqueous phases containing various concentrations (0, 323 

0.25, 0.5, 0.75, and 1 wt%) of CNC@Fe3O4 and lignin@Fe3O4 and the corresponding organic 324 
phase in equilibrium were measured as shown in Figure 3. Our recent publication reported the 325 
liquid-liquid equilibrium of the ternary system in the presence of these NPs [12].  At the conditions 326 
tested the aqueous phase has 93.468 wt% water, 6.530 wt% ethanol and 0.002 wt% castor oil, 327 
while the organic phase has 0.470 wt% water, 1.829 wt% ethanol, and 97.701 wt% castor oil. The 328 
dynamic IFT measurements (Fig. 3B) of all samples demonstrated it decreased initially over time 329 
before reaching a plateau when the system equilibrated. The initial decrease in dynamic IFT 330 
occurs due to the migration of NPs to the interface over time. The value measured at equilibrium 331 
after 1 hour was reported as the IFT of the system in Figure 3A. Increasing the concentration of 332 
CNC@Fe3O4 decreased the IFT monotonically. With no added NP the IFT was 11.56 ± 0.41 333 
mN/m; while, it dropped to 5.12 ± 0.57 mN/m when the aqueous phase had 1 wt% CNC@Fe3O4. 334 
Similar results were seen with the lignin@Fe3O4 NPs. However, the effect was lower compared 335 
to the same concentrations of CNC@Fe3O4, thus when the aqueous phase had 1 wt% 336 
lignin@Fe3O4 NPs, the IFT was 8.12 ± 0.42 mN/m. Overall, the results suggest that both 337 
CNC@Fe3O4 and lignin@Fe3O4 have a tendency to lower the energy required to create an 338 
interphase indicating their potential ability of enhancing the stability of Pickering emulsions. 339 
Moreover, CNC@Fe3O4 showed a greater ability of lowering IFT compared to the lignin@Fe3O4 340 
NPs, suggesting the former may lead to more stable Pickering emulsions.  Although, it should be 341 
noted that many other factors influence Pickering emulsions stability, such as interfacial rheology, 342 



viscosity of the continuous phase, and nanoparticle adsorption energy. A detailed study of all 343 
parameters is outside the scope of this paper, yet a description of emulsion stability and the 344 
demulsification ability of an external magnetic field is provided in the following section. 345 

 346 

 347 
Figure 3. Interfacial tension measurements between castor oil and aqueous phases with CNC@Fe3O4 and 348 
lignin@Fe3O4. In (A) equilibrium interfacial tension, and (B) dynamic interfacial tension. Equilibrium 349 
compositions: aqueous phase (93.468 wt% water, 6.530 wt% ethanol and 0.002 wt% castor oil), organic phase 350 
(0.470 wt% water, 1.829 wt% ethanol, and 97.701 wt% castor oil). 351 

3.3. Pickering emulsions stability and demulsification process 352 
 353 
The stability of the castor oil-water-ethanol emulsion prepared without nanoparticles was 354 

investigated first as a control test with oil/aqueous-ethanol ratios of 50/50, and 70/30. The aqueous 355 
phase initially contained 10 vol% ethanol. As shown in Figure 4, significant creaming occurred 356 
in the emulsion prepared with oil to ethanol-water volume ratio of 50/50, compared to 70/30. 357 
Therefore, the emulsions prepared with 70/30 ratio had comparatively better emulsion stability, 358 
yet they started to break within a few minutes, indicating an additional stabilizer is needed. The 359 



emulsion samples were imaged under a microscope at 0 h, and 24 hours. The average diameter of 360 
the droplets of 50/50, and 70/30 emulsions were 14.83 µm ± 10.03 µm, and 8.95 ± 6.78 µm, 361 
respectively, at time 0 h (the ± indicate one standard deviation).  After 2h h, the average droplet 362 
size of 50/50 and 70/30 emulsions increased to 38.23 µm ± 22.53 µm, 11.91 µm ± 13.35 µm. The 363 
changes in droplet size was also confirmed with a hypothesis test at 95% confidence and assuming 364 
a log-normal distribution for 50/50 emulsion; however, the statistical analysis did not show 365 
enough evidence of changes in mean droplet size for 70/30 emulsion.  The overall results show a 366 
statistically significant difference in the droplet size after 24 hours for the 50/50 emulsion, which 367 
is indicative of a low stability. 368 

 369 

 370 
Figure 4. Control emulsions prepared at castor oil to aqueous phase volume ratio of (a) 50/50; (b) 70/30; (c) Average 371 
droplet size of the emulsions prepared at various oil/water ratios at 0 h and after 24 h. The error bars represent one 372 
standard deviation. 373 

In this paper it is desired to prepare stable emulsions that can be readily broken by an external 374 
magnetic field.  The ability to generate stable emulsions is expected to increase the interfacial 375 
area for ethanol transfer from the aqueous phase to the oil phase during a liquid/liquid extraction 376 
process. However, the quick break-up of those emulsions is required to properly decant the oil 377 
and aqueous phase after mass transfer. 378 

The stability of the CNC@Fe3O4 and lignin@Fe3O4-stabilized Pickering emulsions was 379 
studied by visual inspection of the emulsion vials, analyzing the change in droplet size over time 380 
from the corresponding microscopy images and droplet size analysis. For the CNC@Fe3O4 and 381 
lignin@Fe3O4 -stabilized Pickering emulsions, the oil to aqueous phase ratios of 50/50, and 70/30 382 
were used at four different NP concentrations (0.25, 0.5, 0.75 and 1 w/v%) to determine the effect 383 
of the NPs on emulsion stability (Figure 5, Figure S2, S3). The aqueous phase was made of 384 
constant 10 vol% aqueous ethanol. The pictures of 50/50 and 70/30 emulsions prepared at various 385 
concentrations of CNC@Fe3O4 and lignin@Fe3O4 are shown in figure 5 and figure S2.  All 386 
emulsions were oil-in-water (O/W) type. In general, Pickering emulsions are O/W if the NPs are 387 
preferably wetted by the aqueous phase [51]. The longest-lasting emulsions were those with the 388 
highest concentrations of CNC@Fe3O4 and lignin@Fe3O4, consistent to what is observed in 389 
various nanocellulose [52] and lignin-based emulsions [11,53]. Increasing the CNC@Fe3O4 and 390 
lignin@Fe3O4 nanoparticle concentration increased the emulsion volume and decreased the 391 
creaming rate over time. The emulsions prepared with 0.75 w/v% and the 1.0 w/v% CNC@Fe3O4 392 
NP concentrations showed better stability over time compared to 0.25 and 0.5 w/v%, and also 393 
successfully demulsified the oil/ethanol-water layers. Almost identical results were seen with 394 



emulsions prepared with lignin@Fe3O4 NPs.  In terms of oil to aqueous phase ratio, emulsions 395 
prepared with a 50/50 ratio showed higher creaming compared to 70/30 at all NPs concentrations. 396 
Hence, the 70/30 emulsions exhibited the highest stability over 24 hours. Overall, the emulsions 397 
made with a 70/30 ratio and 1 w/v% lignin@Fe3O4 or CNC@Fe3O4 NPs had the best stability of 398 
all the conditions herein investigated. 399 

Emulsion stability was further assessed by examining the change in droplet size over a 24-400 
hour period. It was discovered that for emulsions prepared with the 70/30 oil/aqueous phase ratio 401 
and 1.0 w/v% NP concentration, the droplet size remained almost unchanged over 24 hours. The 402 
70/30 emulsions stabilized by 0.25 w/v%, 0.5 w/v%, and 0.75 w/v% NPs were also found to be 403 
stable for 24 hours, however, with some change in droplet size over time. Nevertheless, a 404 
statistical analysis verified that the changes in droplet size over 24 hours were not significant with 405 
a 95% confidence level across all concentrations of NPs that were examined. It should be noted, 406 
however, that a statistical analysis comparing the mean diameters of the emulsions stabilized by 407 
1% CNC@Fe3O4 with those prepared with 0.25% CNC@Fe3O4 confirmed a larger droplet size at 408 
the lower NP concentration. -The 50/50 emulsions were not as stable as the 70/30 over time with 409 
average diameters and standard deviations increasing within that time frame. Yet, the statistical 410 
analysis did not yield enough conclusive evidence regarding variations in droplet size over a 24-411 
hour timeframe.   412 

 413 



 414 
 415 

Figure 5. Droplet size distribution of the castor oil/ethanol-water Pickering emulsions stabilized with 0.25, 0.5, 0.75, 416 
and 1% NPs at oil/aqueous phase volume ratios of 50/50 and 70/30 over 24 hours. (A) emulsion stabilized with 417 
CNC@Fe3O4; (B) lignin@Fe3O4 NPs. MCNC and Mlignin indicated CNC@Fe3O4 and lignin@Fe3O4, respectively. 418 
Error bars represent one standard deviation. Insets show example microscopy picture of the 70/30 emulsions prepared 419 
with 1% NPs (Scale bar = 100 µm). 420 

The effect of ethanol on the stability of the CNC@Fe3O4 and lignin@Fe3O4-stabilized 421 
Pickering emulsions was also studied at aqueous phase ethanol concentrations ranging from 5 422 
vol% to 20 vol%. The corresponding pictures of 50/50 and 70/30 emulsions prepared stabilized 423 



with a fixed 1 w/v% CNC@Fe3O4 and 1 w/v% lignin@Fe3O4 are shown in Figure 6 and Figure 424 
S4, S5. The 70/30 emulsions were found to be stable over the 24 hours period.  Increasing the 425 
ethanol concentration appeared to lead to larger droplet sizes, suggesting a tendency toward 426 
coalescence and less stable emulsions. However, the changes in droplet size were not deemed 427 
statistically significant based on the analysis conducted with a 95% confidence level. Moreover, 428 
the 50/50 emulsions were also stable for all ethanol concentrations tested over time. 429 
 430 

 431 
Figure 6. Castor oil/ethanol-water Pickering emulsions stabilized with 5, 10, 15 and 20% ethanol in the aqueous phase 432 
and 1 w/v% CNC@Fe3O4 after 24 h (Scale bar = 100 µm). 433 

In our previous study, we successfully demulsified W/O Pickering emulsions stabilized by 434 
CNC@Fe3O4 NPs with a permanent magnet, however O/W emulsions remained stable after 435 
sitting for 24 h on top of the magnet [13]. In this paper, the ability of CNC@Fe3O4 and 436 
lignin@Fe3O4 NPs to demulsify the ternary {castor oil+water+ethanol} Pickering emulsions was 437 
observed by exposing them to a magnetic field of 500 mT (Figure 7, Figure S6) with all emulsions 438 
being successfully broken by the external magnetic field.  In both studies the vials containing the 439 
emulsions, were placed in contact with the magnet a few minutes after emulsification, and then 440 
allowed to demulsify in the presence of the external magnetic field. When ethanol is present, it 441 
diffuses from the aqueous phase into the oil phase at the same time as the demulsification is 442 
happening. It is hypothesized that the transport of ethanol disturbs the interface, enhancing the 443 
ability of the magnet to pull the nanoparticles (NPs) out of the interface, and improving the 444 
demulsification ability of the external magnetic field. It is also possible, that the presence of 445 
ethanol has an impact on the nanoparticle adsorption energy under equilibrium conditions. As 446 
shown in Figure 3, an equilibrium system with 6.5 wt% ethanol in the aqueous phase (1.8 wt % 447 
in the oil phase) has an IFT of 11.56 ± 0.41 mN/m, while the IFT of a castor oil/water interface, 448 
without ethanol, is 14.56 ± 0.41 mN/m. The lower interfacial tension of the interface without NPs 449 
in the presence of ethanol should lower the NP adsorption energy, as shown in Parajuli et al. [3] 450 
and consequently would facilitate the removal of the NPs from the interface.  Nevertheless, the 451 
effect of ethanol on the equilibrium IFT is only 3 mN/m at the conditions tested.  Thus, it is 452 



essential to note that a more extensive and comprehensive investigation is required to definitively 453 
elucidate the underlying mechanism involved in this process.  454 

Figure 7a and 7b shows the demulsification of 50/50 emulsions, stabilized by lignin@Fe3O4 455 
at varied NP and ethanol concentrations, respectively. While Figure 7c and 7d shows the 456 
demulsification of 70/30 emulsions, stabilized by lignin@Fe3O4 at the same NP and ethanol 457 
concentrations. Even though, all emulsions were successfully broken, increasing the NPs 458 
concentration appeared to increase the demulsification rate. During the demulsification process, 459 
the emulsion drops are pulled towards the magnet and concentrated in close proximity to it. In the 460 
high concentration region near the magnet, the drops start breaking and the magnetic NPs are 461 
removed from the interface. Very few drops remain near an interfacial region separating two bulk 462 
oil-rich and water-rich phases, but eventually most drops break up. In almost all cases, clean 463 
organic and aqueous phases remained with insignificant number of droplets left in the system.  464 
Similarly, the emulsions prepared with CNC@Fe3O4 at the same conditions were all successfully 465 
broken by the external magnet (Figure S6). 466 

 467 

 468 
Figure 7. Demulsification experiments of emulsions stabilized by lignin@Fe3O4 NPs.  A 50/50 oil/aqueous phase ratio 469 
is used in (a) at NP concentrations from 0.25 to 1 w/v% and (b) at ethanol concentrations of 5% to 20%.  70/30 470 
emulsions are shown in (c) at NP concentrations from 0.25 to 1 w/v% and (d) at ethanol concentrations from 5% to 471 
20%. 472 

3.4. Recyclability of the magnetic NPs 473 
 474 
The recyclability of the CNC@Fe3O4 and lignin@Fe3O4 nanoparticles on castor oil-water-475 

ethanol Pickering emulsions was investigated over three cycles of successive emulsification and 476 



demulsification.  The nanoparticles were recovered after each demulsification and reused in the 477 
following cycle. After the third cycle the magnetic NPs were characterized with VSM and XRD 478 
and compared with the fresh NPs to investigate if they oxidized throughout the process. Figure 479 
8a, and 8b show the recyclability of the CNC@Fe3O4 and lignin@Fe3O4 NPs, respectively, in 480 
70/30 O/W emulsions with 10% ethanol in the aqueous phase. Results showed that the 481 
CNC@Fe3O4 and lignin@Fe3O4 NPs successfully emulsified and magnetically demulsified the 482 
emulsions at least three times. VSM results demonstrated that there is no significant decrease in 483 
saturation magnetization of the recycled nanoparticles compared to fresh NPs suggesting that the 484 
NPs retained their magnetic properties (Figure 8c). The saturation magnetization of recycled 485 
CNC@Fe3O4 was found to be 60 emu/g where the fresh CNC@Fe3O4 had 62 emu/g. Similarly, 486 
the saturation magnetization of recycled lignin@Fe3O4 was determined to be 56 emu/g where the 487 
fresh NPs had 58 emu/g.  The saturation magnetization was calculated based on the total mass of 488 
NP used during the VSM measurements. Moreover, the XRD of the recycled NPs showed exactly 489 
the same peaks as the fresh NPs that are attributed to Fe3O4 nanoparticles, indicating no change 490 
in the NP crystalline morphology after their use in Pickering emulsions (Figure 8d). The XRD 491 
peaks of the fresh and recycled CNC@Fe3O4 and lignin@Fe3O4 were located at 30º, 35º, 43º, 53º, 492 
57º, 63º, and correspond to Miller indices of (220), (311), (400), (422), (511), and (440) of a face-493 
centered cubic lattice observed in Fe3O4 [31,54–56]. Thus CNC@Fe3O4 and lignin@Fe3O4 NPs 494 
can be used in the emulsification of ternary castor oil-water-ethanol emulsions and magnetically 495 
controllable demulsification for several cycles [57]. 496 



 497 
Figure 8. Recyclability of (a) CNC@Fe3O4; and (b) lignin@Fe3O4 NPs in magnetically controllable emulsification 498 
and demulsification cycles for 70/30 castor oil/aqueous phase emulsions with 10% ethanol in water. (C) VSM of fresh 499 
NPs and recycled NPs at 300 K; and (d) XRD of fresh and recycled NPs. 500 



4. Conclusion 501 
 502 

Castor oil/water/ethanol Pickering emulsions were prepared using CNC@Fe3O4 and 503 
lignin@Fe3O4 as a magnetically responsive emulsifying agent. These emulsions form naturally in 504 
liquid/liquid extraction systems; they accelerate mass transfer due to a larger interfacial area, yet 505 
they also slow down the separation of components after mass transfer often resulting in 506 
impractically large settling regions in industrial equipment.  In the present study, all emulsions 507 
were stable in the absence of a magnetic field but were effectively broken by an external magnet. 508 
The stability of the emulsions was investigated at various castor oil to aqueous phase ratios (50/50, 509 
and 70/30), nanoparticles (NP) concentrations (0.25, 0.5, 0.75, and 1 w/v%), and ethanol 510 
concentrations in the aqueous phase (5, 10, 15, and 20%). The results showed that the emulsions 511 
prepared with a castor oil to aqueous phase volume ratios of 70/30 had higher stability with less 512 
creaming and more stable drop size distributions over 24 h, compared to the 50/50 emulsions. 513 
Increasing the NP concentration increased the emulsion stability, with 1 w/v% NPs providing the 514 
most stable emulsions, compared to 0.25, 0.5 and 0.75 w/v% NPs. The demulsification study 515 
showed that all the emulsions stabilized with CNC@Fe3O4 and lignin@Fe3O4 were successfully 516 
broken on demand by using a permanent magnet with a maximum field of 500 mT.  It is interesting 517 
to note that in a previous publication, O/W emulsion stabilized by CNC@Fe3O4 without added 518 
ethanol could not be broken by a magnetic field [13].  Such result indicates that the presence of 519 
ethanol in this ternary system improves the ability to demulsify the system. Two plausible reasons 520 
have been proposed, which include the mass transfer of ethanol disturbing the interface, and/or a 521 
reduction in interfacial tension of the neat interface (without nanoparticles) which would lower 522 
the adsorption energy of the nanoparticles.  Both reasons would facilitate the removal of a 523 
nanoparticle from the interface by a magnetic field.  However, it should be noted that the effect 524 
of ethanol on interfacial tension is only 3 mN/m, which may limit the extent of its effect. 525 

The recyclability of the NPs was demonstrated over 3 cycles.  After each demulsification, the 526 
NPs were recovered and reused to prepare a new Pickering emulsion. The recycled NPs were 527 
characterized after the third cycle using XRD and VSM. The results showed that the recycled NPs 528 
retained their saturation magnetization and crystalline morphology, pointing that they can be 529 
utilized multiple times without significant degradation. Overall, this study will help develop and 530 
gain insights into three-component emulsions with magnetically controllable demulsification, 531 
with direct applications in liquid-liquid extraction, and possibly in other types of applications 532 
including magnetic separations, wastewater treatment, drug delivery, food and beverage, 533 
cosmetics and personal care, and environmental applications. 534 
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