J Nanopart Res (2014) 16:2627
DOI 10.1007/s11051-014-2627-4

RESEARCH PAPER

Solid-stabilized emulsion formation using stearoyl lactylate

coated iron oxide nanoparticles

Pranav S. Vengsarkar - Christopher B. Roberts

Received: 6 July 2014/ Accepted: 26 August 2014 /Published online: 7 September 2014

© Springer Science+Business Media Dordrecht 2014

Abstract Iron oxide nanoparticles can exhibit
highly tunable physicochemical properties that are
extremely important in applications such as catalysis,
biomedicine and environmental remediation. The
small size of iron oxide nanoparticles can be used to
stabilize oil-in-water Pickering emulsions due to their
high energy of adsorption at the interface of oil
droplets in water. The objective of this work is to
investigate the effect of the primary particle charac-
teristics and stabilizing agent chemistry on the stabil-
ity of oil-in-water Pickering emulsions. Iron oxide
nanoparticles were synthesized by the co-precipitation
method using stoichiometric amounts of Fe®" and
Fe* salts. Sodium stearoyl lactylate (SSL), a Food
and Drug Administration approved food additive, was
used to functionalize the iron oxide nanoparticles. SSL
is useful in the generation of fat-in-water emulsions
due to its high hydrophilic-lipophilic balance and its
bilayer-forming capacity. Generation of a monolayer
or a bilayer coating on the nanoparticles was con-
trolled through systematic changes in reagent concen-
trations. The coated particles were then characterized
using various analytical techniques to determine their
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size, their crystal structure and surface functionaliza-
tion. The capacity of these bilayer coated nanoparti-
cles to stabilize oil-in-water emulsions under various
salt concentrations and pH values was also systemat-
ically determined using various characterization tech-
niques. This study successfully demonstrated the
ability to synthesize iron oxide nanoparticles
(2040 nm) coated with SSL in order to generate
stable Pickering emulsions that were pH-responsive
and resistant to significant destabilization in a saline
environment, thereby lending themselves to applica-
tions in advanced oil spill recovery and remediation.

Keywords Iron oxide nanoparticles - Sodium
stearoyl lactylate - Co-precipitation - Pickering
emulsions

Introduction

Iron oxide nanoparticles are an integral part of
contemporary nanoparticle research due to their
unique physicochemical properties and wide applica-
bility. These applications include their use as magnetic
resonance imaging (MRI) contrast agents (Andreas
et al. 2012; Babes et al. 1999; Hong et al. 2008; Hu
et al. 2011; Kwak 2005; Qiao et al. 2009), drug
delivery agents (Avdeev et al. 2010; Jain et al. 2005;
Morales et al. 2005, 2008), catalysts (Hosseinian et al.
2011; Khedr et al. 2009; Park et al. 2010; Torres
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Galvis et al. 2012), and for the formation of Pickering
emulsions (Binks and Whitby 2005; Zhou et al. 2012).
The ability to produce monodisperse nanoparticles
that are dispersible in various solvents (aqueous and
organic) is necessary for their use in the applications
listed above. In addition to this, the interfacial
properties of the iron oxide nanoparticles can be
tuned, using different stabilizing ligands, to ensure the
applicability of the nanoparticles in their respective
applications. The interfacial properties of the iron
oxide nanoparticles are especially critical in applica-
tions which involve surface based phenomena like
catalysis, micro-electro-mechanical devices and emul-
sion stabilization.

In an emulsion, droplets of one liquid are dispersed
in another immiscible liquid, and these droplets are
usually stabilized by an emulsifier. An emulsifier is a
molecule (usually a surface active amphiphile) which
adsorbs at the oil-water interface and forms a protec-
tive film to resist droplet coalescence and phase
separation (Qiao et al. 2012). In 1907, Pickering
observed that colloidal particles which were located at
the oil-water interface can also be used to stabilize
emulsions of oil and water (Melle et al. 2005). These
Pickering emulsions have remarkable stability due, in
part, to the extremely high energies of attachment for
particles held at liquid-liquid interfaces (Binks and
Lumsdon 2001). Previous studies have shown that
extremely effective Pickering emulsions can be
formed using nanoparticles of various materials like
latex, (Binks and Lumsdon 2001) carbonyl iron,
(Melle et al. 2005) fatty acid-coated iron oxide,
(Ingram et al. 2010; Lan et al. 2007) silica, (Binks
and Whitby 2005; He and Yu 2007) titanium dioxide,
(Chen et al. 2007) and zinc oxide (Chen et al. 2010).
Pickering emulsions have various applications espe-
cially in the biomedical field where they have been
investigated in the controlled release of drugs like
ibuprofen.(Zhang et al. 2009) They also have various
applications in areas like heavy oil transportation, oil
recovery and emulsion polymerization. (Li and Stover
2008) Pickering emulsions generated through the use
of nanoparticles are also being investigated for use as
alternative or supplementary dispersants for oil-spill
remediation applications. (Katepalli et al. 2013; Saha
et al. 2013; Sullivan and Kilpatrick 2002) Magnetic
nanoparticles can also be used to form these Pickering
emulsions, which add magnetism as another control-
ling factor to tune the emulsion forming capacity of
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the particles and the stability of the generated emul-
sions (Brown et al. 2012; Melle et al. 2005; Orbell et al.
1997, 2007). Lan et al.(2007) and Ingram et al.(2010)
have shown through previous studies that surface-
modified iron oxide nanoparticles at low concentra-
tions (1 and 0.14 %, respectively) are capable of
stabilizing oil-in-water Pickering emulsions. The
particles used in both these studies were coated with
oleic acid, which is a popular stabilizing ligand for iron
oxide nanoparticles (Wang et al. 2010; Zhang et al.
2006). Zhou et al. (2012) and Qiao et al. (2012) have
also reported the stabilization of Pickering emulsions
using iron oxide nanoparticles coated with silane
coupling agents and a variety of carboxylic acids.
The aim of this particular study is to controllably
synthesize magnetic iron oxide nanoparticles coated
with a relatively benign stabilizing ligand (i.e., sodium
stearoyl lactylate) and to test the pH and salinity
responsiveness of Pickering emulsions generated
through the use of these particles. Sodium stearoyl
lactylate (SSL) is a biodegradable, FDA approved,
food-additive which is primarily used as a dough-
strengthener and processing aid in baked products
(European Food Safety Authority 2013; Flores et al.
2007; Lamb et al. 2010) and toxicity studies on SSL
using rats have shown no statistically significant
health effects (Lamb et al. 2010). Industrial grade
SSL is manufactured through the esterification of
commercial grade lactic and stearic acid, followed by
neutralization. It should be noted that since lactic acid
contains a hydroxyl as well as a carboxyl group, the
stearic acid can be esterified to a single lactic acid or
lactic acid polymer in commercially available SSL.
This results into the presence of multiple species of
lactylate esters (e.g., stearoyl-2-lactylate, stearoyl-3-
lactylate), along with unreacted lactic acid in com-
mercially available SSL. (Whitehurst 2008) The high
emulsifying efficiency of SSL is countered by the fact
that it is poorly soluble in aqueous and organic
solutions,(Grigoriev et al. 2007) which reduces its
applicability outside the food industry. SSL is an
anionic emulsifier and is useful in the generation of
oil-in-water (O/W) emulsions due to its high hydro-
philic—lipophilic balance and excellent bilayer-form-
ing capacity. (Kokelaar et al. 1995; Kurukji et al.
2013) The capacity of SSL to stabilize emulsions is
based on the amphiphilic nature of the SSL molecule,
consisting of a hydrophilic charged head and a long
hydrophobic hydrocarbon tail. (Sovilj et al. 2013) The
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presence of multiple carbonyl functionalities also
gives a chance for one or two of the carbonyl groups to
coordinate with the metal oxide surface. (Lodhia et al.
2010) Previous studies have shown that SSL, by itself,
can be used as an emulsifier for O/W emulsions,(Ku-
rukji et al. 2013) or it can be used with other surface
active agents like chitosan (Zinoviadou et al. 2011) or
carrageenan (Flores et al. 2007) to give emulsions with
increased stability to coalescence and creaming.

In this study, by carefully varying the amount of
SSL added to the reaction system, it was aimed to
controllably synthesize monolayer and bilayer coated
iron oxide nanoparticles. After analyzing these parti-
cles using various particle characterization methods to
determine the surface functionalization of the iron
oxide core, these surface-modified particles were then
investigated for their capacity to stabilize oil-in-water
Pickering emulsions. The generated Pickering emul-
sions were also tested for their pH and salinity
responsiveness so as to assess the stability and
practical applicability of the emulsions.

Experimental section
Materials

Iron (IIT) chloride hexahydrate (FeCl3-6H,0, 99.9 %),
iron (II) chloride tetrahydrate (FeCl,-4H,0, 99.9 %),
hydrochloric acid (HCI, 36 wt% aq. soln.), tetrameth-
ylammonium hydroxide (TMAOH, 1.0 M solution,
ACS grade), n-dodecane (994 %) and n-hexane
(HPLC grade, 95 %), were obtained from Alfa Aesar,
USA. Ammonium hydroxide (5 N, reagent grade) was
obtained from BDH Chemicals, USA and sodium
stearoyl lactylate (SSL) (acid value 60-80) was
obtained from Spectrum Chemicals, USA. Acid Blue
9 (C37H34N;Na,09S53) water soluble dye was obtained
from TCI America. All chemicals were used as
received without further purification.

Iron oxide nanoparticle synthesis

Iron oxide nanoparticles coated with sodium stearoyl
lactylate were synthesized using a technique based
upon the coprecipitation method described previously
by Jain et al. (2005). In this method Fe(III) and Fe(IT)
salts are mixed in stoichiometric amounts in a basic
solution to yield iron oxide nanoparticles. Initially

aqueous solutions of 0.1 M Fe(IIl) and 0.1 M Fe(II)
were prepared using DIUF water and the iron chloride
salts. 30 mL of Fe(III) solution was mixed with 15 mL
of Fe(Il) solution in a three-necked flask with vigorous
magnetic stirring. Under constant stirring and under a
nitrogen atmosphere, 3 mL of 5 M ammonium
hydroxide was added to this mixture to generate a
black precipitate of iron oxide nanoparticles. The
temperature of this system was then increased to 80 °C
and maintained for 30 min to evaporate the ammonia
out of the solution. While the temperature was being
increased, a predetermined amount of SSL (powder)
(25-800 mg) was added to the mixture. The SSL
powder was added slowly, under constant stirring to
ensure complete dissolution. The system temperature
was then lowered to 60 °C and held there for 1 h. The
system was then allowed to cool down to room
temperature. Depending upon the amount of SSL used
during synthesis, the nanoparticles either precipitated
out of the aqueous solution or remained dispersed in
the water post-synthesis. Since the sodium counter-ion
in SSL will be present in solution and not attached to
the particles, the particles will be henceforth referred
to as stearoyl lactylate (SL) coated iron oxide nano-
particles. For the particles which precipitated out of
the aqueous solution, separation using magnetic
decantation was carried out followed by washing with
DIUF water and dispersal in an organic solvent
(hexane/dodecane). For the particles which remained
dispersed in the aqueous solution, purification of the
particles was performed by first dialyzing 10 mL
batches of the solution using multiple disposable
dialyzers (Spectrum Labs Float-A-Lyzer® G2) for
12 h in DIUF water. The solution obtained post
dialysis was then centrifuged in 10 mL batches with a
Pall Macrosep® Advance Centrifugal device to
remove any salt impurities. During these purification
steps, DIUF water was added where necessary to
recover the particles from the membrane surfaces.

Characterization of SL coated iron oxide
nanoparticles

The core size and size distribution of the synthesized
nanoparticles was determined through the use of
transmission electron microscopy (TEM). Carbon-
coated TEM grids of the nanoparticles (obtained post-
purification) were then prepared via dropcasting and
micrographs were acquired on a Zeiss EM 10
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transmission electron microscope. The images
obtained from the TEM were sized using the ImageJ
software package. Hydrodynamic diameter of the
coated particles was also measured through the use of
dynamic light scattering (DLS) using a NICOMP™
380 Submicron Particle Sizer. The stability of the
particles in an organic solvent or water was deter-
mined through visual observation. The aqueous nano-
particle systems were studied for stability under
various pH values by adjusting the pH of the system
using tetramethylammonium hydroxide (TMAOH)
and HCI. Zeta-potential analysis (Smoluchowski
model) was also performed on all these samples using
a Malvern Zetasizer Nano ZS to quantify the stability
of the nanoparticle system under different pH
conditions.

To determine the surface functionalization of these
particles, powder samples of the nanoparticles were
obtained through lyophilization of the aqueous dis-
persions (Labconco FreeZone 4.5), and using nitro-
gen—drying for the organic nanoparticle dispersions.
Fourier Transform Infrared (FTIR) spectroscopy was
performed using a Nicolet Avatar 360 to investigate
the nature of chemical interaction between SSL and
the nanoparticle core. A pure KBr pellet was made
using a pellet press, and was used as a background for
all the readings. To obtain the FTIR transmission
spectra, pellets made by mixing the solid nanoparticles
with pure KBr were used in the FTIR apparatus.

X-ray diffractometry (XRD) was used to investi-
gate the crystallinity of the synthesize nanoparticles
and to check for the presence of impurities. XRD data
were obtained through the use of a Bruker D8
diffractometer operated at 40 kV and 40 mA. The
sample was prepared by placing a small portion of the
iron oxide nanoparticle powder on a glass slide. The
diffraction patterns were collected using a step size of
0.01° and 0.1 s/step count time from 10° < 260 < 80°.
The obtained peaks were compared to available
spectra for known compounds using the International
Center for Diffraction Data (ICDD) database to
determine the species present.

Thermogravimetric analysis (TGA) of the pure
ligand (SSL) and the iron oxide nanoparticles was
carried out using a TA Instruments (New Castle, DE)
Q500 thermal gravimetric analyzer. The entire exper-
iment was run under a constant flow of argon at a flow
rate of 10 mL per min. The furnace was first purged
with argon for 30 min followed by taring and by then
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adding a fixed quantity of sample to the platinum pan.
The temperature of the system was then raised from
room temperature to 110 °C and held at that temper-
ature for 30 min to ensure that all water from the
system was removed. The temperature of the system
was then increased slowly at a ramp rate of 5 °C/min
to 600 °C, and held at this temperature for 30 min.

Emulsion formation and stability experiments

For the emulsion stability studies, dodecane was used
as the oil phase while water, with its pH adjusted using
TMAOH and HCI, was used as the aqueous phase. The
emulsions were generated by mixing the two phase
systems using a Tissue Master homogenizer at
8,000 rpm for 15 s. A 1:1 volume ratio (i.e., volume
fraction of oil phase ‘@’ was 0.5) of organic phase to
aqueous phase was also maintained for all the
experiments. To determine the type of Pickering
emulsions (O/W or W/O) generated using the water-
soluble and oil-soluble nanoparticles, a preliminary
emulsion test was initially performed. For this exper-
iment the pH of the aqueous phase was adjusted to 10
using TMAOH and the concentration of the nanopar-
ticle solutions was adjusted to 0.1 wt% using TGA
analysis. Nanoparticle solutions of a known volume
and weight were first added to a platinum TGA pan
which was then loaded into the TGA device. The
system was then heated to 600 °C under a steady flow
of argon. The residual weight on the pan determined
the amount of iron oxide present in solution (since the
solvent and ligands would be completely removed at
600 °C). These emulsions were then colored using
Acid Blue 9 dye, which preferentially colors the
aqueous phase, and optical microscopy images of the
emulsions formed using the oil-soluble and water-
soluble particles were obtained using a National 163
optical microscope fitted with a custom digital imag-
ing apparatus. The two phase mixtures were mixed
using the homogenizer for 15 s after which 100 pL
samples were immediately drawn using a micropi-
pette. These samples were added on top of a sterile
glass slide and covered with a glass cover slip to obtain
optical microscopy images.

Studies for pH and salinity responsiveness of the
dodecane-in-water emulsions were also carried out at
the same conditions (@ = 0.5). TMAOH/HCI was
used to adjust the pH and pure NaCl was used to adjust
the salinity of the samples. The pH of the system was
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varied from 6 to 12 and the salinity was varied from
0.1 to 3.5 wt% NaCl. Optical microscopy was carried
out on the samples immediately after mixing, as well
as 10 days after mixing, to determine the reduction in
emulsion stability over time. To understand the
influence of surfactant and iron oxide nanoparticles
independently on emulsion stability, a simple exper-
iment using the emulsions and a permanent magnet
was carried out. The emulsion systems at the different
pH values were generated using the SL coated
particles and were kept undisturbed for 10 days after
mixing using the homogenizer in the same way as
performed for the pH-responsiveness study. These
emulsion systems were then exposed to a strong
permanent magnet and were kept in contact with the
magnet for 24 h. This drove the magnetic iron oxide
nanoparticles to the bottom of the vial and removed
some of the nanoparticles which were influencing
emulsion stability. The emulsion stability at this
reduced concentration of iron oxide nanoparticles
was then noted visually and photographic evidence
was obtained for the same.

Results and discussion

Preparation and characterization of SL coated iron
oxide nanoparticles

The coprecipitation method is a popular choice for
researchers to easily synthesize iron oxide nanoparti-
cles due to the low cost of precursors and relatively
low reaction temperatures required. It is easy to
achieve gram scale quantities of nanoparticles by
using the coprecipitation method even though the
synthesized samples are usually polydisperse in
nature. Iron oxide nanoparticles synthesized using
the coprecipitation method have been surface func-
tionalized with agents like oleic acid, dextrin, etc. for
use in various specialized applications.(Babes et al.
1999; Kim et al. 2001; Predoi 2007) Upon synthesis of
SL coated iron oxide nanoparticles with varying
amounts of SSL, it was observed that at lower SSL
concentrations (ligand: iron oxide ratio by weight
<0.5) the synthesized particles are readily dispersible
in an organic solvent like hexane, while at higher
concentrations (ligand: iron oxide ratio by weight
>1.0) the particles are dispersible in water. At
intermediate concentrations (0.5-1.0), while some of

Hydrophobic tail

/

Hydrophilic head

Monolayer coated

Bilayer coated

SSL/iron oxide wt.%
ratio 2 2.00

SSL/iron oxide wt.%
ratio< 0.25

Fig. 1 a Chemical structure of sodium stearoyl lactylate (SSL),
b Generation of monolayer and bilayer coated SSL particles
depending upon the amount of SSL added to the reaction system

the particles are dispersible in hexane or water, there
are also a significant number of particles which are
unstable and precipitate from solution. This leads us to
conclude that at lower concentrations of SSL there is
just enough of the ligand to coat the iron oxide core
with a monolayer, leaving the hydrophobic alky] tails/
chains extended into the solvent, making the particles
dispersible in organic solvents. At higher concentra-
tions, there is enough SSL in solution for the
hydrophobic tails of the free ligand in solution to
interact with the hydrophobic tails of the attached
ligand to form a bilayer structure, as shown in Fig. 1.
This would leave the polar head group of SSL (Fig. 1)
to be extended in solution, leading to the solubility of
these nanoparticles in water. At the intermediate
concentrations, there is enough SSL to create a
monolayer but not enough SSL to form bilayers which
could cause the particles to aggregate into large
unstable structures which precipitate from solution.
Only the particles synthesized using 400 mg SSL were
used for the emulsion studies in this paper. These
particles were selected because it is not desirable to
have excess SSL in solution since we want the
emulsions to be particle stabilized and not SSL
stabilized. The presence of excess SSL in solution
could also lead to the formation of micelles within the
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solution (CMC of SSL ~0.1 wt%) (Kurukji et al.
2013; Meshram and Jadhav 2012) which would be
undesirable.

Through TEM imaging of the monolayer and
bilayer particles it was shown that the iron oxide
nanoparticle core size was approximately 10 nm for

both the monolayer and bilayer coated particles. TEM
images of the monolayer and bilayer particles are
shown in Online Resource Fig. S1. The core diameters
determined via TEM are listed in the Table 1. Table 1
illustrates that the particles are relatively polydisperse
in nature. Dynamic light scattering studies show that

Table 1 Stability, solubility, and particle size results for iron oxide nanoparticles synthesized in the presence of varying amounts of

SSL

SSL Wt. of ligand/wt. of  Solubility Stability Nanoparticle core size Hydrodynamic diameter (nm) DLS
Amount iron oxide (hexane/water) (nm) TEM (volume weighted)
(mg)

25 0.125 Hexane Stable 8.8 £42 23.74+9.3

50 0.250 Hexane Stable 10.8 £ 4.2 272 £ 74

100 0.500 N/A* Unstable N/A N/A

200 1.00 N/A* Unstable N/A N/A

400 2.00 Water Stable 9.9 +49 39.1 £ 235

600 3.00 Water Stable 7.8 +£44 35.1 £24.8

800 4.00 Water Stable 9.8 +£54 38.0 £ 27.7

% At these SSL concentrations some particles were stable in hexane but a majority of the particles formed aggregates and precipitated

out of solution

O-H

(from moisture)

c=0, C'.O Fe-o
(and —CH3,-CH, minor peaks)
| A
1

pure SSL

1
1 1 1
1 1 1
1 1 1
1 1 1
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Fig. 2 FTIR spectra for pure SSL, SL monolayer iron oxide particles, and SL bilayer iron oxide particles. Black arrows analyzed

peaks, red arrows impurity peaks. (Color figure online)
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the hydrodynamic diameter of the monolayer particles
is approximately 25 nm while that of the bilayer
particles is around 37 nm. Due to the high polydis-
persity of the samples being studied, and the differ-
ence in the associated hydration shell inherent to a
DLS measurement (Prakash et al. 2009), the differ-
ence in the hydrodynamic diameters cannot be con-
clusively attributed to factors such as the larger
thickness of the bilayer (due to interpenetration of
the SL molecules) (Yang et al. 2010).

The FTIR spectra obtained for the pure SSL, the SL
monolayer coated particles and the SL bilayer parti-
cles are shown in Fig. 2. A detailed analysis of the
FTIR spectra is also shown in Table 2. The FTIR
spectrum of pure SSL shows characteristic CH, bands
(from the alkyl group in SSL) (Nakamoto 1997a) at
2,918 and 2,850 cm ™. Similar bands are also seen in
the spectra for the S monolayer and bilayer coated
iron oxide nanoparticles. The spectra for pure SSL and
the SL monolayer particles also have a CH; umbrella
mode peak (Wu et al. 2004) at 1,411 cm™"'. The FTIR
spectrum of the SL monolayer coated particles was
compared to the FTIR spectrum of pure SSL so as to
analyze how the SSL attaches to the iron oxide core.
By analyzing the C = O ester peak (Larkin 2011)
(1,739 cm™") present in the pure SSL spectrum and
comparing it to the conjugated C=0 peak in the SL
monolayer coated particle spectrum it is possible to
determine how the C=0O groups conjugate with the
iron oxide surface. (Nakamoto 1997b) The splitting of
the 1,739 cm™' C=O stretch in pure SSL into two
peaks at 1,718 cm'and 1,614 cm™! (A or difference
in the wavelengths after splitting = 104 cm™') in the
SL monolayer spectrum hints at a bidentate type of
bridging being present in the system (Liu et al. 2008;
Nakamoto 1997b). Such type of attachment of
surfactants to nanoparticles has been shown before
in other studies (Shukla et al. 2003).

However, due to the sheer number of C=0 and C-O
interactions present in the SSL molecule it is not
possible to definitively determine which of the
carbonyl carbons interacts with the iron oxide surface.
It is interesting to note that the FTIR spectrum for the
SL bilayer coated nanoparticles shows the presence of
NH, " impurities present in the bilayer coated nano-
particle system (Fig. 2, red arrows). The ammonium
jon peaks (3,140, 3,046 and 1,404 cm™') (Larkin
2011) are possibly a result of NH4CI being generated
in the system during synthesis. Usually during the

coprecipitation method, the ammonium hydroxide
will be converted to ammonia due to the relatively
high temperature and high pH of the system. The
ammonia vapors are then removed by the nitrogen
flowing over the system. However, commercial grade
SSL contains free lactic acid which can cause
localized reductions in pH in the reaction vessel. This
will shift the ammonia formation reaction equilibrium
toward the reactants, thereby releasing ammonium
ions in solution. (Yeh et al. 2005) These ammonium
ions can then combine with the free chloride ions from
the iron salts and generate water-soluble ammonium
chloride. XRD analysis of the lyophilized water-
soluble particles (Fig. 3) shows that the particles are
primarily Fe;O, and also confirms the presence of
these ammonium chloride impurities. The purification

Table 2 Details for FTIR peaks of pure SSL, SL monolayer
iron oxide particles and SL bilayer iron oxide particles

Species Peak position Interaction®
(em™)

Pure SSL 2,918 (—CH; stretch) symmetric
2,850 (—CH, stretch) asymmetric
1,739 (C=0 stretch) from R-CO-O-R
1,605 (C=0 stretch) from R-CO,™~
1,465 (—CH, bend)
1,411 (—CHj3 umbrella mode)
1,095 (C-0 stretch) from R-CO-O-R
1,037 (C-0 stretch) from R—-CO-O-R

721 (—CH, rocking)

SL monolayer 2,919
nanoparticles 2.850

(—CH; stretch) symmetric

(—CH, stretch) asymmetric

1,718 (C=0 stretch) conjugated

1,614 (C-O stretch) conjugated

1,461 (-CH, bend)

1,411 (—CH3 umbrella mode)

1,096 (C-0 stretch) from R-CO-O-R
575 (Fe—O stretch)

SL bilayer 3,140 (NH, stretch) asymmetric
nanoparticles 3,046 (NHy stretch) symmetric

2,917 (—CH, stretch) symmetric

2,849 (—CH, stretch) asymmetric

1,727 (C=0 stretch) conjugated

1,594 (C-0 stretch) from R-CO,™

1,404 (NH4 bend)

1,177 (C-0 stretch) from R-CO-O-R

1,095 (C-0 stretch) from R-CO-O-R
582 (Fe-O stretch)

* Sources used for analysis: (Larkin 2011; Nakamoto 1997a, b; Smith
1998; Wu et al. 2004)
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Fig. 3 XRD spectrum for 1200
SL bilayer coated iron oxide
nanoparticles 1100 -
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Fig. 4 TGA curves of SL 100
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iron oxide nanoparticles 90
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processes of dialysis and centrifugal ultrafiltration are
successful in removing most of the ammonium
chloride, but a small amount of ammonium chloride
impurities do remain in the system and are visible in
the FTIR and XRD results due to the high sensitivity of
these techniques.

Even though the solubility results and FTIR results
suggest the presence of a bilayer on the particles
synthesized with higher amounts of SSL, thermo-
gravimetric analysis (TGA) was also performed on the
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40 50 60 70 80

iron oxide NP 25mg SSL
—iron oxide NP 400mg SSL

monolayer coated particles
soluble in hexane

Section 2
bilayer coated particles
soluble in water
275 325 375 425 475 525
Temperature (°C)

particles to confirm the presence of a bilayer. The
TGA curves shown in Fig. 4 shows that the release of
molecules upon increase in temperature is split into
two bands or sections, namely Section 1: where any
free lactic acid (boiling point: 122 °C) and SSL (flash
point: 221 °C) are removed from the particles and
Section 2: where the layer of surfactant molecules
attached to the iron oxide core is released. It is also
important to note that the position of Section 2 is
around 376 °C which is the boiling point of stearic
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(a) SL monolayer coated particles

‘mmmm
iR

organic
phase
aqueous
phase
Initial Immediately
after mixing

(b) SL bilayer coated particles

Continuous
water droplet dodecane phase
(blue) P
\ ‘
[ ]
- 2 .
30 minutes W/O Emulsion
after mixing
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droplet water phase
(blue)

organic
phase
aqueous
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Initial Immediately
after mixing

3 days after
mixing

O/W Emulsion

Fig. 5 Preliminary Pickering emulsion experiments using a SL. monolayer and b SL bilayer coated iron oxide nanoparticles. (pH of
aqueous phase = 10 and iron oxide nanoparticle concentration = 0.1 wt%)

acid and most of the weight loss in this section can be
attributed to the removal of attached surfactant (which
should be similar to stearic acid due to the conjugated
C=0 groups) from the iron oxide core. Also, since the
decomposition sublimation of ammonium chloride
starts at around 338 °C and an increased reduction in
weight is not observed after that point, one can safely
say that a significant quantity of ammonium chloride is
not present in the system.

From the TGA results in Fig. 4, it is evident that the
water-soluble particles synthesized at higher concen-
trations of SSL (400 mg) have a much higher %
weight loss in Section 1 (x50 %) compared to the
hexane-soluble particles synthesized at lower concen-
trations of SSL (25 mg) (=10 %). The TGA results
for the other concentrations of SSL follow the trends
listed above and are shown in Online Resource
Fig. S2. Hence, we can deduce that the particles
synthesized at higher concentrations of SSL have
relatively more SSL molecules loosely associated to
the nanoparticle (i.e., held via ligand-ligand/ligand—
solvent interactions) compared to the particles

synthesized at lower concentrations of SSL, which
have a higher fraction of ligand molecules attached to
the iron oxide core. This adds more evidence to our
analysis that at higher SSL concentrations, bilayers are
present in the system. It should be noted that even
though most of the SSL should be associated with the
nanoparticle in the aqueous dispersions, the presence
of a small amount of SSL micelles in solution is
inevitable. The presence of these SSL micelles in
solution could slightly improve the emulsion forming
capacity of the iron oxide system under investigation
since a very small fraction of the overall emulsion
could be stabilized by these micelles themselves.

Application of SL coated iron oxide nanoparticles
in Pickering emulsions

The results from the preliminary emulsion formation
experiments carried out (at pH value 10) using the SL
monolayer and bilayer coated particles are shown in
Fig. 5. For the SL monolayer coated nanoparticles
(dispersible in organic phase) it was observed
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(Fig. 5a) post-mixing that an extremely unstable
emulsion was generated. This emulsion separated into
two phases over a period of 30 min. Before complete
phase separation was achieved, we were able to obtain
optical microscopy images using Acid Blue 9 water
soluble dye to determine the type of emulsion formed.
From the presence of water droplets (blue) dispersed
in the organic phase (brown) in the optical microscopy
image (Fig. 5a) one can see that these monolayer
coated particles generate extremely unstable water-in-
oil (W/O) emulsions. Note that since the emulsion is
extremely unstable with droplets coalescing fre-
quently, it is difficult to get clear optical microscopy
images. In contrast, a relatively stable emulsion was
obtained post-mixing, for the SL bilayer coated
nanoparticles (dispersible in aqueous phase), as is
seen in Fig. 5b. Upon optical microscopy analysis of
this emulsion in the presence of Acid Blue 9 dye, the
presence of dodecane droplets (brown) dispersed in
water (blue) is clearly visible in Fig. 5b. This indicates
the successful formation of oil-in-water (O/W) Pick-
ering emulsions through the use of SL bilayer coated

@ Springer

iron oxide nanoparticles. These findings match those
expected from following the Bancroft rule (i.e., the
phase in which the stabilizing agent is more soluble
will be the continuous phase) (Davies 1957) and
directs us toward using the SL bilayer coated nano-
particles in our next set of Pickering emulsion studies.

Zeta-potential analysis of the 400 mg SL coated
iron oxide nanoparticles dispersed in water at different
pH values (adjusted using TMAOH) is presented in
Fig. 6, where the error bars represent the standard
error of the mean from triplicate measurements at each
pH value.

A modest increase in zeta-potential was observed
from pH 6 to pH 10 (Fig. 6). The fact that the particles
are stable at a pH of 7, which is approximately the
isoelectric point for uncoated iron oxide nanoparticles,
is further proof for the presence of a charged bilayer
being present on the particle core (Ingram et al. 2010).
Upon further increase in pH (pH >10) however, a drop
in zeta-potential was observed. This trend in zeta-
potential is similar to that observed by Lan et al. (Lan
et al. 2007) for oleic acid bilayer coated iron oxide
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Fig. 7 pH-responsiveness studies on oil-in-water Pickering emulsions generated using SL bilayer coated iron oxide nanoparticles

nanoparticles where a drop in zeta-potential was
observed for a pH value of 12.5, and this behavior
was attributed to the desorption of the secondary oleic
acid layer. Hence, due to the similarity between the
stabilizing agent conjugation and structure (oleic acid
and SSL), the reduction in zeta-potential (at a pH
>10), can also be attributed to the possible desorption
of the outer SSL layer in this case of SL bilayer coated
nanoparticles. This desorption occurs due to the strong
hydration of the hydrophilic head groups and weak-
ening van der Waals forces (between the interacting
hydrophobic tail groups) in an alkaline environment.
(Fuetal. 2001; Lan et al. 2007; Shen et al. 1999; Zhou
et al. 2012).

The results obtained from the pH-responsiveness
experiment on Pickering emulsions stabilized using
the SL bilayer coated particles are shown in Fig. 7. As
mentioned before, the iron oxide concentration in the
aqueous phase was maintained at 0.1 wt. % using
TGA analysis for the samples in this experiment.

Immediately upon mixing, emulsions were formed
with the SL bilayer particles at all of the seven pH
values studied. Optical microscopy of these emulsions
shows that at the higher pH values (pH >9) the oil
droplet size in the O/W emulsions is approximately
20 pwm while at lower pH values (pH <8) the droplet
size is slightly larger at around 35 pm. The visibly
larger droplets (formed due to due to rapid coalescence
after mixing) for the samples at the lower pH values
are proof that the emulsions at the lower pH values are
not being stabilized to a large extent (compared to the
samples at high pH values). By observing the samples
and their optical microscopy images after an extended
period of time (10 days), a clear trend in stability is
observed over the range of pH values studied. At the
acidic and neutral pH values the carboxylate groups
are protonated resulting in a reduction in interfacial
activity for the particles. (Ingram et al. 2010) The
emulsions at pH 6 and pH 7 almost completely
separate into the original oil and water phases, while
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Fig. 8 Effect of a permanent magnet on emulsion stability at various pH values

the emulsion at pH 8 has an abundance of larger sized
droplets. Creaming is also observed at the pH values
where stable emulsions are obtained (pH >8). This is
also confirmed by the increased density of droplets
visualized in the optical microscopy images. The
stable emulsion volume fraction is around 50 % which
is common for similar systems with O/W ratios of 1:1.
(Lan et al. 2007) The color of iron oxide nanoparticles
in the emulsions also confirmed their role in emulsion
stability. This trend in stability is very similar to that
obtained by other studies (Ingram et al. 2010; Lan
et al. 2007) on oleic acid bilayer coated iron oxide
nanoparticles. From the zeta-potential analysis results
and the pH-responsiveness study, one can hypothesize
that while the particles stabilize the emulsions at
neutral and borderline basic pH, at higher pH values
the emulsions are possibly stabilized by both the
particles and the free surfactant (SSL). At acidic and
neutral pH (pH 6 and 7), the protonation of the
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carboxylic groups combined with the lack of free SSL
could result in the destabilization observed in Fig. 8.
At pH values of 8, 9, and 10, the O/W emulsions could
be stabilized by the bilayer coated nanoparticles, but at
the higher pH values of 11 and 12, it is possible that the
desorbed surfactant can be stabilizing the emulsions
along with the nanoparticles.

This type of synergistic stabilization of O/W
emulsions by nanoparticles and surfactants has been
seen previously in other nanoparticle-surfactant sys-
tems (Eskandar et al. 2007; Zou et al. 2013) and has
been hypothesized to occur due to competitive
adsorption of particles and desorbed surfactant mol-
ecules in bilayer systems (Lan et al. 2007).

The simple test using a permanent magnet (Fig. 8)
shows us that the emulsions at the pH values studied
respond differently under the influence of a magnetic
field. For the sample at pH 8, the emulsion is
destabilized (due to removal of the magnetic iron
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Fig. 9 Salinity studies on oil-in-water Pickering emulsions generated using SL bilayer coated iron oxide nanoparticles. (pH of aqueous
phase before salt addition = 7.5 and iron oxide nanoparticle concentration = 0.1 wt%)

oxide nanoparticles) and the oil droplets coalesce to
give a distinct oil phase and water phase. For the
emulsion sample at pH of 9, a few oil droplets in the
emulsion phase coalesce and form a distinct layer of
dodecane at the top of the emulsion phase. However,
there is still an emulsion phase present in the system.
The emulsion sample at pH 10 remains relatively
stable under the influence of the magnetic field and no
visual evidence of dodecane droplet coalescence in the
emulsion phase is observed. At higher pH values, the
magnet has an effect on emulsion stability similar to
that observed at pH 10 (i.e., no visual evidence of a
distinct oil phase). This lends credence to our previous
hypothesis that at higher pH values the emulsion may
be co-stabilized by the nanoparticles and the surfactant
(SSL). It is important to note that the smaller iron
oxide nanoparticles will not be influenced by the
magnetic field and will still remain dispersed in the
emulsion/organic phase (as is visible from the brown-
ish iron oxide color of the emulsion in Fig. 8). While it
is difficult to reach a definitive conclusion without the
aid of detailed interfacial studies on these systems, the
magnetic effect on emulsion stability does indicate
surfactant/nanoparticle co-stabilization at higher pH
values.

Salinity studies carried out using salt concentra-
tions from 0.1 to 3.5 wt% are shown in Fig. 9. From
visual observation it is clear that the emulsions are
stable at all of the salt concentrations studied. Over a
period of 10 days, creaming is observed in all the
samples and the stable emulsion volume fraction is
around 50 %, similar to that witnessed in the previous
pH-responsiveness studies. A small degree of coales-
cence is, however, observed for the samples with the
salt concentration above 0.1 wt%. Optical microscopy
on these samples revealed a significant quantity of
larger sized droplets (droplet size >50 pum). At higher
salt concentrations, the presence of Na*t ions in
solution has a similar effect to the presence of H"
ions in an acidic solution and causes the carboxylate
groups to associate with the ions, hence decreasing
double layer thickness. This combined with compet-
itive adsorption of particles and desorbed surfactant
molecules results in a change in the wettability of the
particles. (Binks et al. 2006; Ingram et al. 2010; Lan
et al. 2007) This results in the larger droplet size being
present, thereby aiding emulsion destabilization.
There is a possibility that the destabilizing effect of
the salt is being countered by the fact that stearoyl
lactylate (SL) in presence of a sodium counter ion (i.e.,
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SSL) has been shown to have a better interfacial
tension reduction capacity. This phenomenon has been
attributed in literature to the difference in micellar
aggregation behavior of SL and SSL.(Meshram and
Jadhav 2012) This proposed micellar aggregation
behavior could explain relatively high stability (com-
pared to oleic acid bilayer particles) (Ingram et al.
2010) of the Pickering emulsions generated using SL
bilayer coated nanoparticles in the presence of signif-
icant salt concentrations.

Conclusion

Iron oxide nanoparticles were synthesized using a co-
precipitation technique and their surfaces were suc-
cessfully functionalized with monolayers and bilayers
of the stearoyl lactylate (SL). The presence of a
monolayer or bilayer was dependent upon the amount
of the surfactant SSL introduced into the system
during synthesis. Characterization using various ana-
lytical techniques confirmed that the particles were
primarily Fe;O, iron oxide nanoparticles with the SL
molecules attached to the nanoparticle core via a
bidentate type chelating complex. Small quantities of
ammonium chloride impurities are present in the
synthesized particles which are reduced in concentra-
tion via various purification methods. Preliminary
studies showed that the SL monolayer coated particles
generated unstable W/O emulsions, while the SL
bilayer coated particles generated relatively stable
O/W emulsions. Dispersions of the synthesized SL
bilayer coated nanoparticles in water were stable over
an extended period of time at pH values varying from 6
to 12. O/W Pickering emulsions were also success-
fully generated using the SL bilayer coated iron oxide
nanoparticles at extremely low iron oxide concentra-
tions (0.1 wt%). The pH-responsiveness studies on
emulsions systems stabilized by these particles
showed that these particles were successful at stabi-
lizing O/W emulsions at pH values from 8 and 12. At
acidic and neutral pH values the emulsions coalesced
into distinct oil and water phases due to protonation of
bilayers on the particles. These trends in pH-respon-
siveness are comparable to those reported previously
by other researchers in similar bilayer systems.(In-
gram et al. 2010; Lan et al. 2007) The trends in
emulsion stability combined with zeta-potential ana-
lysis on the nanoparticle dispersions and the simple
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magnetic test hint to a co-stabilization of the emul-
sions by the nanoparticle and the desorbed surfactant
at various pH values. Salinity studies also showed that
emulsions stabilized using the bilayer coated particles
were stable over an extended period of time at salt
concentrations ranging from 0.1 to 3.5 wt%.

Thus, from this study, we have demonstrated the
capacity to functionalize iron oxide nanoparticles with
a benign surfactant and tested its effectiveness in
stabilizing O/W Pickering emulsions at various pH
and salinity conditions. This study provides funda-
mental insights into the capacity to multi-functionalize
nanoparticles and Pickering emulsions generated
using such particles could be used in the future for
applications like oil-spill cleanup.
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