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rties and on-demand magnetic
response of lignin@Fe3O4 nanoparticles at castor
oil–water interfaces†

Mohammad Jahid Hasan, ‡a Emily Westphal,‡b Peng Chen,b Abhishek Saini,c

I-Wei Chu,d Sarah J. Watzman, c Esteban Ureña-Benavides a

and Erick S. Vasquez *be

Lignin@Fe3O4 nanoparticles adsorb at oil–water interfaces, form Pickering emulsions, induce on-demand

magnetic responses to break emulsions, and can sequester oil from water. Lignin@Fe3O4 nanoparticles

were prepared using a pH-induced precipitation method and were fully characterized. These were used

to prepare Pickering emulsions with castor oil/Sudan red G dye and water at various oil/water volume

ratios and nanoparticle concentrations. The stability and demulsification of the emulsions under different

magnetic fields generated with permanent magnets (0–540 mT) were investigated using microscopy

images and by visual inspection over time. The results showed that the Pickering emulsions were more

stable at the castor oil/water ratio of 50/50 and above. Increasing the concentration of lignin@Fe3O4

improved the emulsion stability and demulsification rates with 540 mT applied magnetic field strength.

The adsorption of lignin@Fe3O4 nanoparticles at the oil/water interface using 1-pentanol evaporation

through Marangoni effects was demonstrated, and magnetic manipulation of a lignin@Fe3O4 stabilized

castor oil spill in water was shown. Nanoparticle concentration and applied magnetic field strengths

were analyzed for the recovery of spilled oil from water; it was observed that increasing the magnetic

strength increased oil spill motion for a lignin@Fe3O4 concentration of up to 0.8 mg mL−1 at 540 mT.

Overall, this study demonstrates the potential of lignin-magnetite nanocomposites for rapid on-demand

magnetic responses to externally induced stimuli.
1. Introduction

Nanoparticle adsorption at liquid–liquid interfaces plays
a pivotal role in stabilizing Pickering emulsions and foams,
with applications in targeted drug delivery, oil recovery, dye
degradation, magnetic nanouids, Pickering emulsions, and
liquid–liquid extraction processes.1–10 Recent advancements in
synthetic chemistry for the development of multi-responsive
nanoparticles allow on-demand responses including interfa-
cial adsorption–desorption capabilities, making magnetic
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nanoparticles very useful in separation technologies.11–13 For
example, functionalized magnetic carbonyl iron particles allow
the preparation of Pickering emulsions with controllable
stability and on-off demulsication properties.14 In another
study, functionalized cellulose capped Fe3O4 nanouids were
utilized for the removal of methylene blue.15 Furthermore,
nanoparticles enable the management of large-scale oil spills by
dispersing spilled oil in water, gelling the oil, adsorbing the oil
into porous sponges, or restricting the oil into thick slicks that
allow on-demand separation.16,17 Hence, functionalized
magnetic nanoparticles can be used in Pickering emulsions and
oil recovery to achieve on-demand magnetically-driven
separations.5,7,14,18

Over the past few decades, magnetite (Fe3O4) nanoparticles
have become the most common magnetic iron oxide nano-
particles (IONPs) studied due to their unique properties and
increasing demand for magnetic uids for biological, biomed-
ical, environmental applications, and separation
technologies.6,7,15,19–22 Fe3O4 nanoparticles are simple to
synthesize at a reasonable cost and are signicantly less
hazardous than other magnetic nanoparticles.23 However, for
many applications, these must satisfy critical physical criteria,
including colloidal and chemical stability, i.e., resistance to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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agglomeration and oxidation,6,24 as well as maintaining a high
magnetization response. Therefore, in most applications, to
increase colloidal and chemical stability and allow for further
functionalization, Fe3O4 act as core materials coated and
passivated with stabilizers, producing core–shell struc-
tures.7,25,26 Specic shell materials can include other metals,
inorganic compounds, biomolecules, organic polymers, or
monomers. Several studies have shown that coating with
stabilizers can change the size, shape, and magnetism of
Fe3O4.27,28 The functionalized superparamagnetic Fe3O4 nano-
particles (NPs) have potential applications in biomedical, bio-
logical, environmental, and separation technologies, especially
in magnetically-controlled Pickering emulsions and oil spill
separation.5,19,21,29

Lignin can be used as an organic polymer to coat Fe3O4 NPs
to increase the resistance to oxidation and improve colloidal
stability and potential applications. Because of its biocompati-
bility, lignin is a good precursor for synthesizing environmen-
tally friendly functional nanomaterials.30 Lignin is the second
most abundant biopolymer from plant-based sources; it is also
cheap and non-toxic.31,32 Lignin has been used as antioxidant
materials,33 resins,34 composites reinforcement,35 biomaterials
and tissue engineering,36 carbon bers precursors,37 energy
storage,38 and antimicrobial agents.30

Lignin-based nanoparticles have been used in stabilizing
Pickering emulsions and oil herding in literature for various
applications.40–43 Dai et al. used lignin-based nanoparticles to
stabilize Pickering emulsions for the emulsion stability
improvement and thermal-control release of trans-resveratrol.39

Wang et al. developed lignin-based Pickering emulsion as
a polymerization reaction medium to prepare microencapsulate
1-tetradecanol.42 Pang et al. developed lignin/sodium dodecyl
sulfate composite NPs and applied them in Pickering emulsion
for template-based microencapsulation.41 In another study,
lignin based NPs were used as stabilizer for Pickering emulsions
to obtain antibacterial phase change microcapsule.40 Moreover,
magnetic NPs have been found to be useful in stabilizing Pick-
ering emulsions because of their adsorptive properties on oil–
water interface.43–45 Iron oxide nanoparticles are typically used to
stabilize the emulsions, while Wang et al. used carbon nanotube/
iron oxide hybrid nanoparticles.43 Dudchenko et al. created
magnetic oil/water Pickering emulsions stabilized by Fe nano-
particles in a variety of ionic strength environments where the
continuous aqueous phase was separated through a super-
oleophobic membrane, while high emulsion stability prevented
oil droplet coalescence and consequential membrane fouling.44

The magnetic Fe nanoparticles were then recovered by the action
of a magnet.44 Kim et al. studied polymerized polystyrene/Fe2O3

composite particles-stabilized Pickering emulsions and their
magnetoresponsive characteristics.45 Moreover, Lee et al. (2018)
studied the efficacy of lignin nanoparticles at oil–water interface
as an ecofriendly alternative to oil spill recovery.46 When
conventional molecular oil herding agents desorb from the
interface and herded oil lack stability, they found that the lignin
nanoparticles provided long term stability of the herded oil and
made sure complete removal of the herded oil when they were
used in a mixture of aqueous solution and alcohol.
© 2023 The Author(s). Published by the Royal Society of Chemistry
In previous studies, there are only a few examples of
magnetic nanoparticles and lignin-based hybrid materials
where lignin particles have been used in various applications,
particularly in chemical separation processes.47,48 Petrie et al.
synthesized kra lignin coated Fe3O4 nanocomposites by using
pH driven separation techniques and studied the effect of lignin
content on the properties of hybrid lignin@Fe3O4. A recent
study found that magnetic lignin spheres adsorb methylene
blue and rhodamine B, both of which are model organic dyes
that could be found in wastewater.48 Kolodynska et al. report
that nanoparticle concentration, solution pH, and interaction
time improve heavy metal adsorption using lignin/Fe3O4

hybrid.49 These studies highlight the superior properties of the
magnetic lignin nanocomposites for removal of pollutants as
compared to each individual nanomaterial. Hence, we hypoth-
esize that lignin-based nanocomposites have potential appli-
cations in magnetically-controlled Pickering emulsions.

In this work, we demonstrate the adsorptive and magnetic
properties of lignin@Fe3O4 in castor oil–water interface as an
environmentally friendly stabilizer for magnetically-
controllable Pickering emulsions and oil-herding. The effect
of nanoparticle concentrations and the effect of different
magnetic eld on emulsion stabilization and demulsication
was studied. Moreover, we studied lignin@Fe3O4 as a magneti-
cally-controllable herding agent for castor oil spill recovery by
dispersing them in water, followed by adding an oil spill on
water surface and then alcohol (1-pentanol) to the water. We
found that lignin@Fe3O4 nanocomposites adsorbed to oil–
water interface and herded the oil spill with the use of simple
external permanent magnets with different magnetic elds.
2. Materials and methods
2.1 Materials

Iron(II) chloride (98%), iron(III) chloride (97%), ammonium
hydroxide solution (28–30%), sodium hydroxide solution (50%),
Kra Lignin (alkali), Sudan Red G dye, and castor oil were
supplied by Sigma-Aldrich (USA). Ultrapure water (Type I) was
obtained from an EMD water purication system (Milli-
poreSigma). 1-Pentanol (71-41-0) was used and supplied by TCI
(USA), and absolute ethanol (64-17-5) and methanol (67-56-1)
were both supplied by Fisher Chemical. Two different
Neodymium N42 permanent magnets (Applied Magnets, TX)
were used, one with dimensions 0.5 × 0.5 × 2 inches and the
other 1 × 1 × 2 in, generating magnetic elds of 540, 370, 100,
and 5 mT, which were measured using a PCE-MFM 3000-ICA
magnetometer (PCE instruments, UK). Labnet BioPette Plus
Volume Pipette and tips were supplied from Steller Scientic.
All chemicals were used as received and without further
purication.
2.2 Synthesis and characterization of Fe3O4 and
lignin@Fe3O4 nanoparticles

A co-precipitation method was used to synthesize a large batch
of Fe3O4 nanoparticles based on a slightly modied Massart
method50 and Petrie's method.47,51 Lignin@Fe3O4 nanoparticles
RSC Adv., 2023, 13, 2768–2779 | 2769
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were prepared using a 3 : 1 mass ratio of kra lignin (KL) to
magnetite. Specic details about the synthesis and multiple
characterization techniques employed in this work are
described in Sections ESI 1–3.†

2.3 Emulsions without nanoparticles

Sudan red G dye was added to castor oil (CO) at a concentration
of 0.60 mg mL−1 and used for all emulsions. The emulsions
without nanoparticles were made by adding pure water and the
dyed CO using an Eppendorf pipette in the following volumetric
ratios: 10/90, 30/70, 50/50, 70/30, and 90/10 (oil/water).29 All
emulsions were 10 mL total, made in glass vials, and repeated 3
times total. A Turrax T-25 high shear mixer was used to emulsify
the oil/water mixtures for 5 minutes at 13 000 RPM. To avoid the
temperature of the emulsion from rising, all vials were placed in
a water bath during high shear mixing. Aer high shear mixing,
small amounts of sample from the middle/top and bottom
layers were added to a Petri dish full of CO and a Petri dish full
of water to determine if the emulsions were oil-in-water (O/W)
or water-in-oil (W/O), called the drop test method.52 Pictures
of the emulsions were taken 0 min, 15 min, 30 min, 1 hour, 24
hours, and 1 month aer being high sheared.29 Both layers of
the emulsions were looked at 10×, 20×, and 50× using an Axio
Vert. A1 Inverted Reected Light Microscope aer 0 min,
30 min, and 24 hours of high shearing and droplet sizes were
measured using the ImageJ soware at 50×.51 300 total droplet
sizes were measured per emulsion.

2.4 Pickering emulsions stabilized by lignin@Fe3O4

nanocomposites

Pickering emulsions (with NPs) were made using a similar
procedure as the emulsions without nanoparticles, except an
aqueous NP solution was added to the water phase before high
shear mixing. 10/90 control emulsion was very unstable without
nanoparticles, so it was not repeated for the Pickering emul-
sions. Three different nanoparticle concentrations were used:
0.1 w/v%, 0.5 w/v%, and 1.0 w/v%.29 The 30/70 ratio was rst
made using the 1.0 w/v% NP concentration and did not stay
emulsied long, so it was also not repeated. Therefore, the three
main ratios made in this section were 50/50, 70/30, and 90/10,
all tested at the three NP concentrations.

To start, 1 wt%, 5 wt%, and 10 wt% NP suspensions were
made to be used for the 0.1 w/v%, 0.5 w/v%, and 1.0 w/v% NP
concentration emulsions, respectively. Each of the suspensions
were placed in an ultrasonicator bath (Branson, M5800) for 20
minutes. Then, 1 mL from each wt% suspension was added to
the corresponding w/v% emulsion and combined with the
remaining water needed for the specic oil/water ratio. The CO/
Sudan Red G dye was then added on top of the aqueous NP
phase in the glass vial and was high sheared at 13 000 RPM for 5
minutes. The drop test method was performed on samples
taken from the middle and bottom of the emulsion, and
pictures were taken at 0 min, 2 min, 15 min, 30 min, 1 hour, 24
hours, and 48 hours. Microscopy images were also taken at
0 min, 30 min, and 24 hours at 10×, 20×, and 50×, and droplet
sizes were measured using the ImageJ soware.
2770 | RSC Adv., 2023, 13, 2768–2779
The magnetic demulsication process was tested on the
lignin@Fe3O4 Pickering emulsions at different magnetic elds:
540 mT, 370 mT, 100 mT, and 5 mT. Aer the drop test method
was performed, each emulsion was placed a certain distance
away from one of the two neodymium N42 permanent magnets.
The 540 mT magnetic eld was achieved by placing the emul-
sion directly on the N42 medium magnet (0.5 × 0.5 × 2 in). The
370 mT, 100 mT, and 5 mT were achieved by placing the
emulsion on 0.5 cm, 2.5 cm, and 8.5 cm, respectively, from the
N42 large magnet (1 × 1 × 2 in). The distances were measured
using a ruler and the magnetic eld was measured with a PCE-
MFM 3000-ICA magnetometer. Along with the four emulsions
exposed to a magnetic eld, an additional emulsion was not
exposed to a magnetic eld (0 mT), where the stability of the
Pickering emulsion was observed over time. All emulsions were
taken off the magnet aer 48 hours, and photographs were
taken aer 1 week for each emulsion.

2.5 Oil herding using lignin@Fe3O4 nanocomposites and 1-
pentanol

The procedure for this section was a modied version of the Lee
et al. methodology.46 Three nanoparticle-loaded suspensions
were made: 0.75, 0.80, and 0.85 mg mL−1. Five mL of pure water
were placed in a glass vial using an Eppendorf pipette, and the
corresponding concentration of lignin@Fe3O4 nanoparticles
were added to the vial. The suspensions were placed in an
ultrasonicator bath for 15 minutes to ensure full dispersion.
Using the pipette, a 9 : 1 ratio was made using 0.9 mL of the
aqueous NP solution previously prepared and 0.1 mL of 1-
pentanol. The mixture was swirled by hand for ∼10 seconds to
mix the two liquids. First, 10 mL of pure water was added to
a small, plastic Petri dish (diameter: 5.5 cm), followed by the 9 :
1 mixture. Then, 0.05 mL of Castor Oil/Sudan Red G dye was
added at the center of the dish. Pictures of the dish were taken
inmediately aer the oil was added (0 minutes), 2 min, 5 min,
10 min, 20 min, and 1 hour aer. Using the medium sized N42
rare earth magnet (0.5× 0.5× 2 inches) with a magnetic eld of
∼540 mT (at 0 cm) and the large N42 rare earth magnet (1 × 1×
2 in) with a magnetic eld of 425 mT (at 0 cm), the oil droplet
was manipulated at 0 min. Video was used to record this
phenomenon to compare the velocity of the herded oil at the
different magnetic elds. (Note: the medium magnet had
a magnetic eld of 13 mT at the center of the Petri dish (radius:
2.75 cm) and the large magnet had a magnetic eld of 60 mT at
the center). This process was repeated 3 times total for each NP
concentration. A control run was also done using just water and
CO/dye to see how long the oil stays herded over time without
nanoparticles or alcohol. The diameters of the herded oil were
measured using the ImageJ soware at each of the times when
the pictures were taken.

2.6 Statistical analysis

Quantitative data are expressed as mean ± standard deviation/
error of the mean. Emulsion droplet size comparisons were
done using an ANOVA t-test on Excel to determine statistical
differences.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Characterization of kra lignin and lignin@Fe3O4

nanocomposites

Lignin@Fe3O4 NPs were characterized using a variety of exper-
imental techniques. Fig. 1a shows the TEM images of
Lignin@Fe3O4, conrming a multicore-shell nanostructure,
where multiple IONPs are encapsulated with a lignin shell.47

The average size of IONPs was found to be 13.4 ± 5.5 nm.
TGA was used to determine the thermal stability of

lignin@Fe3O4, KL, and neat Fe3O4 nanoparticles, as well as the
amount of KL graed onto the magnetite nanoparticles. Fig. 1b
depicts the percent weight loss of each sample as temperature
increased. It was determined that lignin@Fe3O4 lost ∼13% of
Fig. 1 Characterizations of neat Fe3O4, kraft lignin, and lignin@ Fe3O4. (a)
(D), and neat Fe3O4 nanoparticles (E); (c) FT-IR spectra of neat Fe3O4, kra
lignin (black), lignin@Fe3O4 (red), and neat Fe3O4 (blue) powder samples.
the Bragg reflections (peaks).

© 2023 The Author(s). Published by the Royal Society of Chemistry
its total weight as temperature approached 800 °C, whereas KL
lost ∼62%, and neat Fe3O4 lost less than 1%. This result
demonstrates that magnetite has high thermal stability, as
compared to KL. Most of the weight loss of KL occurred between
200–400 °C. For the lignin@Fe3O4 nanoparticles, some weight
loss occurred between 25–200 °C, which could be attributed to
excess adsorbed moisture. Furthermore, lignin@Fe3O4 lost
some weight between 200 °C to 750 °C due to the lignin
decomposition before reaching a plateau at 750 °C. The amount
of KL coating on the IONPs was determined using ESI eqn S1†
(nal weight at 781 °C) and was calculated to be 21.43%.

FT-IR spectroscopy of lignin@Fe3O4 was obtained and
compared with the FT-IR spectra of neat IONPs and KL. The FT-
IR spectrum for the neat IONPs has very few peaks compared to
TEM images of lignin@Fe3O4; (b) TGA results for lignin@Fe3O4 (A–C), KL
ft lignin (KL), and lignin@Fe3O4 nanoparticles; (d) XRD spectra for kraft
The numbers in the parenthesis represent the Miller indices at each of

RSC Adv., 2023, 13, 2768–2779 | 2771
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KL and coated magnetic nanoparticles (Fig. 1c). Neat IONPs
showed characteristics Fe3O4 peaks at 3380 and 1650 cm−1

corresponding to hydroxyl groups (–OH) and O–H scissoring,
respectively.47 On the contrary, the KL spectrum had many
peaks in the ngerprint region (400–1500 cm−1), demonstrating
the structural intricacy of this biobased polymer.53 The charac-
teristics peaks of KL at 1030 cm−1 and 1120 cm−1 were assigned
to C–O deformation and aromatic C–H formation, respectively.
The characteristic peak at 1220 cm−1 was due to C–C, C–O, and
C]O stretching. Furthermore, additional peaks of KL at 1380,
1450, 1510, 1590, 1650 and 2950 cm−1 corresponded to C–C
stretching, C]C stretching in aromatic rings, C–C stretching of
aromatic bonds, aromatic vibrations, conjugated carboxyl
group, and stretching vibrations of C–H bonds, respec-
tively.47,51,53 The spectrum for lignin@Fe3O4 shared many of the
same peaks as the KL spectrum, however, there was a slight
blue-shi at 1650 cm−1 compared to neat KL, possibly due to
the bound hydroxyl groups between the lignin and iron oxide.54

XRD spectra was obtained for kra Lignin, lignin@Fe3O4,
and neat IONP powder samples. The 2-theta degrees at which
the peaks occurred for lignin@Fe3O4 and Fe3O4 (Fig. 1d)
demonstrated the primary Bragg reections, located at 30°, 35°,
43°, 53°, 57°, 63°, that corresponded to the face-center cubic
(FCC) Miller indices of (220), (311), (400), (422), (511), and (440)
of Fe3O4 nanoparticles, respectively.47,51,55 The neat IONPs and
lignin@Fe3O4 had the same six peaks, while the KL spectrum
only shared one peak at 35°. Using the Scherrer Equation (ESI
eqn (S2)†), the crystallite size of the lignin@Fe3O4 nanoparticles
at 35° was determined to be 18.4 nm (ESI eqn (S2)†) since the
FWHM was 0.009234 radians and the Bragg diffraction angle
was 0.61897 radians.

Lignin@Fe3O4 nanoparticles were also analyzed using zeta
potential and DLS (ESI, Fig. S1†). The zeta potential of
Fig. 2 Magnetization results for lignin@Fe3O4 and neat Fe3O4 nanopar
magnetization-temperature profile with a magnetic field strength of 100

2772 | RSC Adv., 2023, 13, 2768–2779
lignin@Fe3O4 was found to be −0.04 V (−40 mV) as shown in
Fig. S1a,† implying that the particles are colloidally stable with
the potential to interact with positively charged surfaces.56,57

The high zeta potential (−40 mV) of lignin@Fe3O4 resulted in
a high electrostatic particle–particle repulsion. The hydrody-
namic diameter, referred to as effective diameter (Deff) in
Fig. S1b,† and the number average diameter (D#) of the
lignin@Fe3O4 were determined by DLS. The Deff of
lignin@Fe3O4 was calculated with the Stokes–Einstein equation
(ESI eqn S(3)†),58 and was found to be 168 ± 1.7 nm, while the
number average diameter (D#) was calculated to be 98.75 ±

25 nm (Fig. S1b†). Additionally, a polydispersity of 0.236 was
obtained for the lignin@Fe3O4, indicating some aggregation
and the multimodal particle size distributions.

The magnetic properties of lignin@Fe3O4 showed a satura-
tion magnetization of∼50 emu g−1 at 300 K. The IONPs without
lignin coating had a value of ∼65 emu g−1 at 300 K (Fig. 2a). At
a relatively low applied magnetic eld (1000 Oe), the nano-
particles' magnetization increased linearly from 0 to 25 K for
both neat Fe3O4 and lignin@Fe3O4, and then curve to a broad
maximum, followed by a slight drop. Under this condition, the
maximum magnetization for lignin@Fe3O4 and neat Fe3O4 was
determined to be ∼35 emu g−1 and ∼47 emu g−1, respectively.
This result conrms the magnetic response of the nanoparticles
at low magnetic eld intensities (0.1 T), which is of interest for
a rapid on-demand magnetic response, especially for demulsi-
cation processes. Since, the measurements are done on a per
unit mass of sample basis, the saturation magnetization is ex-
pected to be lower for lignin@Fe3O4 compared to neat magne-
tite NPs due to the larger total mass of the NPs that include the
non-magnetic lignin coating.26
ticles. (a) Magnetic hysteresis loops for the two samples at 300 K; (b)
0 Oe.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.2 Pickering emulsions stability and demulsication
process over time

The stability of the castor oil–water emulsion prepared without
nanoparticles was investigated rst. As a control test, ve oil/
water ratios (10/90, 30/70, 50/50, 70/30, and 90/10) were emul-
sied without any lignin@Fe3O4 nanoparticles. Signicant
creaming occurred for the three lowest oil ratios (10/90, 30/70,
and 50/50) (Fig. S2†). The emulsions prepared with castor oil
to water volume ratios of 10/90 and 30/70 were seen to have
phase separation immediately aer high shearing, while the
other three ratios (50/50, 70/30 and 90/10) were observed to have
comparatively better emulsion stability providing less phase
separation; nevertheless, they started breaking within a minute
or two, indicating poor emulsion stability without nano-
particles. In all cases, two distinct layers formed, with the
middle/top layer initially containing more water than oil and
the bottom layer containing more oil. Fig. 1a and b shows the
picture of the control emulsions for 50/50 and 70/30 oil/water
ratios, respectively, at time 0 min, 30 min and 24 h.

The average droplet sizes of the control emulsions were
determined frommicroscopy images of at least 300 droplets. The
Fig. 3 Control emulsions prepared at castor oil to water volume ratio of
various oil/water ratios for the samples taken from (c) bottom layer of th

© 2023 The Author(s). Published by the Royal Society of Chemistry
emulsion samples were taken from the bottom layer (Fig. 3c) and
top/middle layer (Fig. 3d) and were observed under an optical
microscope at 0 min, 30 min, and 24 hours. The samples were
taken from the two layers to investigate the variability of the
droplet sizes in the different layers. The results showed that the
middle layer was more watery at 0 minutes for most ratios;
therefore, droplet sizes were smaller on average to start. The
average droplet size and standard deviation increased as oil ratio
increased for all oil to water ratios. The average sizes of the
droplets for 10/90, 30/70, 50/50, 70/30, and 90/10 bottom layer
emulsions were found to be 7.49 mm ± 3.15 mm, 8.59 ± 2.88 mm,
10.84 ± mm, 12.32 ± 5.77 mm, and 14.12 ± 6.63 mm, respectively,
initially at 0 min. The average size of the emulsion droplets taken
from the middle layer for various oil/water ratios followed the
same trend, however, the average droplet size was smaller than
the bottom layer in most oil/water ratios, however, it was smaller
than for the bottom layer inmost oil/water ratios. Because the 10/
90 and 30/70 emulsion had the least stability without nano-
particles, these were not further investigated in this study.

In an effort to determine the effect of lignin@Fe3O4 nano-
particles on castor-oil/water Pickering emulsions stability, we
(a) 50/50; (b) 70/30; average droplet size of the emulsions prepared at
e emulsion vials; (d) samples taken from the middle layer.

RSC Adv., 2023, 13, 2768–2779 | 2773
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analyzed 50/50, 70/30, and 90/10 castor-oil/water ratios and used
three different NP concentrations (0.1, 0.5, and 1 w/v%). Images
of 50/50 and 70/30 emulsions prepared at various concentrations
of lignin@Fe3O4 are shown in Fig. 4. All of the emulsions were O/
W based on the drop test method, performed similarly to Qiao
et al.59Hence, if the NPs are dispersed in the water phase initially,
the Pickering emulsions were O/W.4 The results showed that the
emulsions with the highest nanoparticle concentrations stayed
Fig. 4 Castor-oil/water (CO/W) Pickering emulsions stabilized with 1 w
average droplet size of the emulsions stabilized at varied NPs concentratio
(d) 50/50; and (e) 90/10 emulsions; example optical microscopy images

2774 | RSC Adv., 2023, 13, 2768–2779
emulsied the longest providing more nanoparticles at the
interface, consistent with existing literature.60 The 0.5 w/v% and
the 1.0 w/v% NP concentrations showed better stability over time
compared to 0.1 w/v%, and were also successfully demulsied in
the presence of an external permanent magnet, especially at
higher oil/water ratios. These results are similar to experiments
done with cellulose nanocrystal (CNC)@Fe3O4 nanocomposites
water ratios.29
/v% lignin@Fe3O4 NPs at CO/W volume ratio of (a) 50/50; (b) 70/30;
n over 24 hours of both bottom layer andmiddle layer of the (c) 70/30;
show the 70/30 emulsion droplets at time 0 h and after 24 h.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In terms of the oil-to-water ratio, the results showed that the
50/50 emulsions where less stable with two distinct phases
forming aer 24 hours, which contained primarily oil at the top
and water in the bottom phase due to the water's higher density,
yet both phases were still emulsied (Fig. 4a). The 70/30
emulsions exhibited the longest stability and had a dark
brown color over 24 hours (Fig. 4b). Due to the low water
content, at 0.5 wt% lignin@Fe304 the 90/10 emulsions did not
remain emulsied for more than 24 hours (Fig. S3†).

The stability of the lignin@Fe3O4-stabilized Pickering
emulsions was further assessed by examining the change in
droplet size over a 24 hours period. It was discovered that for
emulsions prepared with 70/30 CO/W ratio and 1.0 w/v% NP
concentration, the droplet size remained almost unchanged
over 24 hours in both bottom and top/middle layers (Fig. 4c). A
t-test (a = 0.05) revealed there was no discernible difference in
the droplet size over time for either layer, indicating a high
stability of the emulsions. Two micrographs of the middle layer
of a 70/30, 1.0 w/v%, emulsion at 0 min and 24 hours are shown
in as an example (Fig. 4c). The 70/30 emulsions stabilized by 0.1
w/v% and 0.5 w/v% NPs were also found to be stable for 24
hours, with minor changes in droplet size over time. Likewise,
the 50/50 emulsions at 0.1, 0.5, and 1.0 w/v% (Fig. 4d) and 90/10
emulsions at 0.1 and 1.0 w/v% (Fig. 4e) showed similar droplet
size trends compared to 70/30, but they were not as stable over
time and had higher standard deviations.

In our previous study, we successfully demulsied castor oil–
water Pickering emulsions, stabilized by CNC@Fe3O4 NPs, by
using a permanent magnet.29 In this paper, the demulsication
capability of the lignin@Fe3O4-stabilized emulsions was
observed by applying different magnetic elds to the Pickering
emulsions (540, 370, 100, and 5 mT). Fig. 5a and b shows the
demulsication of 50/50 and 70/30 emulsions stabilized 1 w/v%
NPs, respectively, at 540 mT. Fig. 5c shows the average sizes of
the 70/30, 1 w/v%, emulsion droplets at 540 mT for a 24 hours
period. For the 70/30 Pickering emulsions exposed to the
strongest magnetic eld (540 mT), the 0.5 and 1.0 w/v% NP
concentrations emulsions separated into a clean middle layer,
while for the bottom layer, only the 0.5 w/v% fully separated.

We attributed this event to competing effects of magnetic
eld strength inside the emulsion and nanoparticle adsorption
at the oil/water interface. It is proposed that at very low NP
concentrations, the overall magnetic eld inside the emulsion
is smaller; thus, at 0.1 w/v% the NPs cannot be pulled out of the
interface by the lower internal eld. On the other hand, at the
higher, 1.0 w/v% NP concentration, the internal eld is stronger
allowing to pull more nanoparticles form the interface, yet the
concentration is so large that some nanoparticles cluster as
aggregates around the droplets and cannot be pulled away from
the oil–water interface.

For all three NP concentrations, the droplet size decreased
from 0 min to 24 hours, which was due to the breaking of large
droplets over time, indicating a successful magnetically-
induced demulsication process. At lower magnetic elds, the
overall change in droplet size over time decreased, meaning the
demulsication process was not as strong compared to 540 mT
(Fig. 5e). The magnetic eld of 5 mT provided very similar
© 2023 The Author(s). Published by the Royal Society of Chemistry
results as 0 mT (no magnetic eld), while 540 mT demulsied
the emulsions into two clean layers. The 370 and 100 mT had
results between that of 540 and 5 mT. Therefore, the results
demonstrated that increasing the magnetic eld improved the
magnet's demulsication ability. Furthermore, when evaluating
demulsication effectiveness on CO/W ratios, it was discovered
that the 50/50 and 70/30 ratios at 540 mT had a more obvious
separation than the 90/10 ratio for all NPs concentrations
(Fig. S4†), owing to the larger water content. Aer 24 hours, the
50/50 emulsions were successfully broken, and the two phases
were separated while the middle layer was completely clear
containing orange CO and the bottom layer was an aqueous
light brown phase. No droplets were seen aer 24 h in the
middle layer under the microscope for 50/50 emulsions; hence,
a 0 mm bar (no bar) average size of the droplets is shown in
Fig. 5d.

Although the 50/50 emulsions separated well, these showed
the least stability over a 24 hours period without a magnetic
eld, which is why the 70/30 ratio was chosen as the most
adequate oil/water ratio to obtain highly stable Pickering
emulsions that can be broken by using a simple external
permanent magnet. The lignin@Fe3O4 NP concentrations of 0.5
and 1.0 w/v% provided similar results in terms of demulsica-
tion at 540 mT, while 0.1 w/v% was unable to demulsify as
cleanly as the other two NP concentrations possibly due to the
low magnetic eld inside the emulsion. Overall, the
lignin@Fe3O4-stabilized Pickering emulsions, prepared at
particular conditions (e.g. 70/30 CO/W ratio and 1 w/v% NPs)
can provide good emulsion stability and on-demand demulsi-
cation capability given a sufficiently high magnetic eld (e.g.
540 mT).
3.3 Lignin@Fe3O4 NPs in oil herding

Lignin@Fe3O4 NPs were further tested on oil herding experi-
ment. Three different alcohols, i.e., methanol, ethanol, and
propanol, were tested to initiate Marangoni ow to herd the oil.
The Marangoni effect occurs as a result of a surface tension
gradient-driven ow,61 and requires a sufficiently heavy alcohol
to initiate that ow.62 Ethanol and methanol were found to be
unable to herd the oil at all, whereas 1-pentanol was able to herd
the oil tightly for 60 minutes. The hydrophobic chains of
ethanol and methanol are small compared to 1-pentanol's,
meaning they most likely are not hydrophobic enough to carry
the aqueous NP solution to the interface. Therefore, 1-pentanol
was chosen as the alcohol used in the oil herding experiment.
Fig. 6 shows the oil herding experiment and size of the herded
oil over time for the control (no NPs), 0.75, 0.80, and 0.85 mg
mL−1 NP concentration. The results demonstrated that the
control had the largest overage oil diameter and standard error,
while the 0.80 mg mL−1 had the smallest. The control had the
largest diameter since Marangoni ow is not possible without
alcohol and nanoparticles, therefore the oil spread out widely
over time. The 0.80 mg mL−1 had the smallest diameter over
time compared to 0.85 mg mL−1 most likely due to the higher
NP concentration being too heavy for the alcohol to carry it to
the oil–water interface during the initial Marangoni ow (ESI
RSC Adv., 2023, 13, 2768–2779 | 2775
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Fig. 5 Demulsification of 1 w/v% lignin@Fe3O4-stabilized Pickering emulsion with 540 mTmagnet for the emulsions of (a) 50/50; and (b) 70/30.
Average droplet size of the emulsions over 24 h at 540 mT magnetic field for the samples taken from both bottom layer and middle layer and
prepared at 0.1, 0.5, and 1 w/v% and CO/W ratio of (c) 70/30 (two microscopy pictures of the emulsions at time 0 h (top) and 24 h on magnet
(bottom) were also included); and (d) 50/50. (e) Average droplet size of the emulsions over 24 hours at variedmagnetic fields. In the figure (top to
bottom) #1 stands for 540 mT, #2 for 370 mT, #3 for 100 mT, #4 for 5 mT and #5 for 0 mT.
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Videos S1 and S2†). Moreover, the effect of magnetic eld on oil
herding was tested by using two magnets with different inten-
sities. The larger magnet (1 × 1 × 2 in) had a magnetic eld
2776 | RSC Adv., 2023, 13, 2768–2779
intensity of 60 mT at the center of the Petri dish (Fig. 6c, right),
while the medium magnet (0.5 × 0.5 × 2 in) had a magnetic
eld of 13mT at the center (Fig. 6c, le). It was observed that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Herding of castor oil using lignin@Fe3O4 NPs at various concentration as herding agent and 1-pentanol; (b) change in size of the herded
oil over time; (c) magnetic manipulation of oil herding using 0.80 mg mL−1 of lignin@Fe3O4 loading in 1-pental and using two permanent
magnets at different intensities.
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herded oil at the center of the dish moved quicker to the larger
magnet. All three NP concentrations were able to be manipu-
lated by both magnets, but the large magnet had a larger effect.
Therefore, it was concluded that the stronger themagnetic eld,
the faster the velocity of the herded oil.
4. Conclusions

This study demonstrated the applications of lignin@Fe3O4

nanoparticles in stabilizing castor oil/water emulsions, on-
demand magnetic demulsication, and oil spill recovery. The
lignin-coated magnetic nanoparticles were synthesized through
a simple co-precipitation and pH-induced process using a 3 : 1
© 2023 The Author(s). Published by the Royal Society of Chemistry
lignin to Fe3O4 mass ratio. FT-IR, XRD, TGA, TEM, and VSM
showed the successful assembly of lignin and Fe3O4 NPs as well
as their superparamagnetic properties. DLS provided an average
effective nanoparticle diameter of lignin@Fe3O4 to be 168 ±

1.7 nm, where TEM imaging found the average diameter of the
Fe3O4 core to be 13.4± 5.5 nm. The saturation magnetization of
the lignin@Fe3O4 NPs at room temperature was measured to be
∼50 emu g−1, which was proven to be sufficient for their use in
magnetic demulsication. Various castor oil/water ratios (10/90,
30/70, 50/50, 70/30, and 90/10) with different lignin@Fe3O4 NPs
concentration (0.1, 0.5, and 1 w/v%) were analyzed. We found
that Pickering emulsions with a higher castor oil-to-water ratio
and a higher NP concentration, such as the 70/30, 1.0 w/v% NP
RSC Adv., 2023, 13, 2768–2779 | 2777
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concentration, had the longest stability and most consistent
droplet size aer 24 hours. On-demand demulsication of the
as-prepared Pickering emulsions were analyzed under various
magnetic eld strengths (540, 370, 100, 5, and 0 mT). The
magnetic demulsication was stronger and faster with an
increasing magnetic eld strength (e.g., at 540 mT). Lastly, the
lignin@Fe3O4 nanoparticles were used as an oil herding agent
where they were dispersed in aqueous suspension at varying
concentrations (0, 0.75, 0.8, and 0.85 mg L−1) to castor oil spill
recovery in the presence of 1-pentanol. At a concentration of
0.80 mg mL−1 and using 1-pentanol, lignin@Fe3O4 could herd
spilled oil over water via a Marangoni ow, allowing for
magnetic manipulation of the oil and nanoparticle encapsula-
tion up to 1 h aer applying themagnetic eld. The applicability
of the lignin@Fe3O4 in Pickering emulsions and oil herding
could be instrumental in large-scale magnetically controlled
liquid–liquid extractions and large-scale oil spill clean-up and
recovery, assisting the environment in a safe and low-cost
manner.
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