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Introduction

A simple, scalable protocol for the synthesis of
ricinoleic acid-functionalised superparamagnetic
nanoparticles with tunable size, shape, and
hydrophobic or hydrophilic propertiesy

Sohel Reja @ *

Vegetable oils such as oleic acid have been widely used in the synthesis of nanomaterials as they are
environmentally benign, cheap, and biodegradable. Ricinoleic acid (RA), which differs from oleic acid by
the presence of an additional hydroxyl group, has surprisingly remained unexplored in the preparation of
metal oxide nanoparticles, although it offers the advantage over oleic acid of easy functionalization due
to the presence of the hydroxyl group. Here is a simple one-pot procedure for the synthesis of a variety
of superparamagnetic nanoparticles, iron oxides and ferrites, using RA both as a precursor complexing
agent and as a capping agent outlined. This procedure overcomes the challenges associated with the
traditional thermal decomposition method, which demands separate precursor preparation and
purification steps, thus promoting a simple yet scalable economic production of various magnetic
nanoparticles. Minor changes in the reaction conditions allowed for the production of nanoparticles with
different sizes, ranging from 5 to 17 nm, as well as different shapes, spherical and cuboid. Iron oxide
nanospheres with an average particle size of 10 nm were superparamagnetic at room temperature with
a saturation magnetization of 41 emu g% The as-prepared RA-coated nanoparticles are hydrophobic
and dispersible in non-polar solvents but may easily be rendered hydrophilic and water dispersible;
epoxidation, followed by alkaline ring-opening, produced hydroxylated nanoparticles with a positive zeta
potential of 31 eV, whereas exchange of the capping RA with nitrilotriacetic acid (NTA) gave
nanoparticles with a negative zeta potential of —25 eV. The present study highlights the uniqueness of
using RA in the preparation of magnetic nanoparticles; apart from the ease and economics of scaling, it
offers the possibility of the nanoparticles being either hydrophobic or hydrophilic.

(SPIONS). RA is obtained from castor oil; it constitutes 90% of
the total fatty acid content and is extracted by

In an era where nanomaterials have established a significant
foothold in almost every aspect of modern science, the long-
term environmental impact of the hazardous chemicals used
as precursors in their synthesis has been a cause of concern.'
Vegetable oils, primarily composed of long-chain fatty acids, are
excellent choices as they are environmentally benign, cheap,
biodegradable, and biocompatible.* Oleic acid (OA), an 18-
carbon unsaturated fatty acid, has been extensively studied in
the synthesis of metal oxide nanoparticles with precise size and
shape tunability.>” Here, we demonstrate the use of ricinoleic
acid (RA) that differs from oleic acid by the presence of an
additional hydroxyl group at the C12 position (ESI, Fig. S17) in
the preparation of superparamagnetic iron oxide nanoparticles
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saponification.**** The use of RA in nanomaterial synthesis
can, in principle, offer multiple advantages over OA, which is
currently widely used. While the long aliphatic tail imparts
ready solubility in non-polar solvents, the presence of the
hydroxyl group allows for moderate solubility in relatively polar
solvents.* The presence of the hydroxyl group would allow for
further functionalization of the nanoparticle surface, for
example, acetylation and polymerization.* Despite the immense
popularity of OA in nanoparticle synthesis, the use of the
structurally similar RA has remained vastly unexplored.®
Synthetic protocols for the preparation of nanoparticles
usually employ a ‘capping agent’ to modulate particle
morphology and dimensions as well as to prevent aggregation.
Capping agents such as trioctylphosphine (TOP) and tri-
octylphosphine oxide (TOPO) are widely used in the preparation
of metal oxides and metal chalcogenide semiconductor nano-
particles. The severe toxicity, as well as their pyrophoric and
explosive nature, is, however, a major impediment to their
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usage.” The use of RA as a capping agent offers a greener
alternative.*™ The presence of RA on the nanoparticle surface
not only imparts excellent colloidal stability but also offers
reactive functionalities for oxidation, acetylation and polymer-
ization reactions.*'®*>** Ricinoleic acid functionalized up-
conversion nanoparticles have been prepared following sol-
vothermal™ and thermal decomposition methods; subsequent
hydroxylation produced nanoparticles that were readily
dispersible in water.” In another study, the ready reactivity of
the hydrothermally prepared RA-coated upconversion nano-
particles was demonstrated by reaction with dodecanoyl chlo-
ride.** The hydroxyl group of the RA-coated iron oxide
nanoparticles has been exploited to initiate the ring-opening
polymerization of polylactic acid.'® Despite the rich surface
chemistry offered by RA, it has been less widely investigated.

A diverse range of synthetic protocols are available for the
synthesis of SPIONS and ferrite nanoparticles. Of these, thermal
decomposition has been the frontrunner as it produces size and
shape-tunable monodisperse nanoparticles with the scope of
scaling up and further functionalization.*'”** The popular
precursor choices are iron acetylacetonate, iron pentacarbonyl,
and iron oxyhydroxide. Irrespective of the choice of the starting
precursor, iron oleate itself takes part in the actual thermal
decomposition process.” Organometallic precursors such as
iron pentacarbonyl require special treatments because of their
sensitivity, flammability and toxicity, thus making them
economically unviable for commercial production.?® Iron ace-
tylacetonate, although a less expensive precursor, often requires
benzylated solvents and reducing agents in the preparation
process. The acetylacetone formed as a result of early decom-
position of iron acetylacetonate must be thoroughly removed
from the reaction mixture to ensure monodispersity in particle
size distribution.** Preparation of iron oxyhydroxide requires
treating iron salt in a highly basic medium. The product
precursor requires thorough washing and drying.*” Iron oleate
is perhaps the most popular and widely investigated precursor
for the production of SPIONs. The additional precursor
synthesis, separation, and purification steps, however, add to
the production cost.*® Hydrated iron oleate often produces
polydisperse nanoparticles.”** Following the thermal decom-
position route, the synthesis of single-component iron oxide
may sound promising, but the synthesis of binary or ternary
ferrites, which are multi-component mixed-metal oxides, may
become challenging.

An efficient single-pot preparation method that avoids the
use of expensive and environment-sensitive precursors and
avoids demanding precursor preparation steps will not only
simplify the nanoparticle synthesis process in terms of cost-
efficiency and scalability but also boost batch reproduc-
ibility.**® In this study, RA was employed in the synthesis of
SPIONS. RA functions both as a metal-complexing and capping
agent. It is shown here that hydroxylation of the surface-
attached ricinolate can render the particles hydrophilic and
readily dispersible in water. Additionally, an easy and efficient
phase-transfer protocol to render the hydrophobic RA-coated
nanoparticles hydrophilic using trisodium nitrilotriacetate
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(NTA), a popular chelating agent that possesses multiple
carboxyl groups, is outlined.

Experimental section
Materials

Ferric nitrate nonahydrate (Fe(NOj3);-9H,0), manganese nitrate
hexahydrate (Mn(NO3),-6H,0), cobalt nitrate hexahydrate
(Co(NO3),-6H,0), isopropanol, acetone, n-hexane, formic acid,
hydrogen peroxide (30%) chloromethane, and chloroform were
purchased from SD Fine Chemicals. Sigma-Aldrich provided
trisodium nitrilotriacetate monohydrate (Naz;NTA-H,0) and 1-
octadecene. All chemicals were used as received without further
purification. Ricinoleic acid (RA) and sodium ricinoleate were
purchased from TCI Chemicals. All chemicals were used
without further purification.

Synthesis of iron oxide nanospheres. In a typical synthesis of
ricinoleic acid-coated superparamagnetic iron oxide nano-
particles (RA@SPIONSs), 2 mmol Fe(NOs);-9H,0 was added to
30 mL of isopropanol and 8 mL of 1-octadecene in a round-
bottom flask with continuous stirring. The red-brown solution
was heated to 150 °C for 30 minutes, followed by the addition of
12 mmol of RA. The solution was refluxed at 320 °C for 2 hours
under an inert atmosphere. During the reaction, the solution
changed colour from dark brown to black. The system was left
to cool, and subsequently, 30 mL of a 2:1 mixture of acetone
and chloroform was added to precipitate the iron oxide nano-
crystals. The precipitate was separated by centrifugation at
7000 rpm for 5 minutes. The washing steps were repeated three
times, followed by a single wash with 30 mL acetone to remove
excess RA and octadecene. The product was subsequently dried
at 60 °C overnight. The synthesis was repeated on a 15 x scale to
verify the scalability.

Synthesis of ultrasmall iron oxide nanoparticles. Ultrasmall
iron oxide nanoparticles were obtained by replacing RA with
a mixture of 8 mmol of oleyl alcohol and 8 mmol of RA. The rest
of the procedure remained the same as nanosphere synthesis.

Synthesis of iron oxide nanocuboids. Cuboid iron oxide
nanoparticles were obtained by replacing RA with 2 mmol of
sodium ricinolate and 8 mmol of RA. During product purifica-
tion, thorough washing with ethanol was necessary to separate
the nanoparticles from the viscous tar-like product.

Synthesis of ferrite nanoparticles. In a typical synthesis of
MnFe,0,, 2 mmol Fe(NO;);-9H,0 and 1 mmol Mn(NO3),-6H,0
were added to 45 mL of isopropanol and 12 mL of 1-octadecene
in a round-bottom flask with stirring. The red-brown solution
was heated to 150 °C for 30 minutes, followed by the addition of
18 mmol of RA. The rest of the procedure remained the same as
that of iron oxide nanoparticles. For the preparation of
CoMnFe,0, ferrite nanoparticles, a 2 : 0.5 : 0.5 molar mixture of
Fe(NO;3)3-9H,0, Mn(NO;),-6H,0 and Co(NOjs),-6H,O was
taken. For the synthesis of ferrite nanocuboids, RA was replaced
with 3 mmol sodium ricinolate and 12 mmol RA. The rest of the
procedure remained the same.

Aliquots were collected at an intermediate stage to study the
formation of precursor ricinolate complexes with infrared
spectroscopy. In the preparation of iron oxide nanoparticles, for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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instance, following the addition of RA, the reaction mixture was
aged for 30 minutes before collecting the aliquot (Fe-RA).
Similarly, manganese ricinolate (Mn-RA) and iron-manganese
ricinolate (Fe-Mn-RA) precursor complex aliquots were
collected.

Hydroxylation of RA@SPIONs (OH®@SPIONs). For the
hydroxylation of RA@SPIONs, 10 mg of RA@SPIONs were
ultrasonically dispersed in 5 mL of chloromethane. Subse-
quently, 0.1 mL of formic acid was added to the dispersion
immersed in an ice bath, followed by an equal volume of 30%
H,0,. The reaction continued for 6 hours at room temperature.
The product was separated magnetically. Subsequently, 10 mL
of 1 N NaOH was added and ultrasonicated for five minutes in
a bath sonicator, followed by vigorous magnetic stirring for an
hour. The product was separated magnetically, washed with
ethanol, acetone, and water, and then dried overnight in a hot-
air oven.

NTA functionalization of RA@SPIONs (NTA@SPIONs). For
the direct phase transfer of the nanocrystals, the reaction
mixture containing RA-capped iron oxide nanoparticles in
octadecene was cooled to room temperature. Subsequently,
20 mmol of NTA in 30 mL of water/ethanol (1: 2 v/v) and 10 mL
of toluene were added to the reaction mixture and vigorously
stirred for 4 hours at 80 °C. After that, the product was separated
from the reaction mixture with a handheld bar magnet.
Subsequently, the product was redispersed in 30 mL ethanol,
followed by centrifugation at 7000 rpm for 5 minutes. The
washing steps were repeated with acetone and water. The as-
produced nanoparticles were readily dispersible in water.

Characterization

The phase composition of the nanocrystals was determined
using a PANalytical Empyrean X-ray diffractometer (XRD)
equipped with a Pixel 3D detector with Cu Ka radiation under
flat-stage configuration and Gonio scan axis settings. The
measurements were recorded in the 26 range of 25 to 67° with
a step size of 0.062606° and time per step of 500 seconds. The
product powder (~20 mg) was placed on a glass plate for the
measurements. The size and shape evolution of the nano-
crystals were studied with a JEOL JEM 2100 F transmission
electron microscope (TEM), operated at an acceleration voltage
of 200 kv with a Tungsten-Zirconium oxide field emission
electron source. For preparing TEM samples, hexane disper-
sions of the nanoparticles were drop-coated on the CF300 TEM
grids, followed by overnight vacuum drying. Magnetic proper-
ties were measured with a Quantum Designs PPMS 9T 639. For
isothermal (300 K) M-H measurements, 5-10 mg of powder
samples were packed with Teflon strips. A Bruker ALPHA-II
Compact ATR (Attenuated Total Internal Reflectance) was
used to record infrared spectra (IR) of the powder samples. A
Malvern Zetasizer ZS has been used for zeta potential and
dynamic light scattering (DLS) studies. The samples were
prepared by ultrasonicating 1 mg mL ™" nanoparticle dispersion
in water, followed by centrifugation at 3000 rpm for 3 minutes.
Elemental analysis was done with a Thermo Fisher Scientific X-
ray photoelectron spectrometer (XPS) with pass energy: 50 eV,
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dwell time: 50 ms and energy step size: 0.1 eV. The samples were
prepared by drop coating 1 mg mL~ ' nanoparticle dispersion on
silicon wafers, followed by overnight vacuum drying.

Results and discussion

A facile one-pot thermal decomposition route was adopted for
the preparation of SPIONs with shape and size tunability
(Scheme 1a).*® Traditional thermal processes for nanoparticle
synthesis involve the synthesis of metal-fatty acid complexes,
such as metal oleate for oleic acid-coated nanoparticles, as
a separate and complicated step. These additional steps are
time-consuming and can produce hydrated precursors.”® While
oleic acid has received extensive attention, ricinoleic acid (RA)
has not been probed much in the synthesis of super-
paramagnetic iron oxide and ferrite nanoparticles. In this work,
we offer a simplified approach using RA as both a metal-
complexing and nanoparticle capping agent that allows in situ
precursor formation and eliminates the need for complicated
separate precursor preparation steps. The preparative proce-
dure allowed for the scaled-up production of SPIONs on a gram
scale and could be extended for the preparation of ferrite
nanoparticles with spherical and cuboid morphology. Alcoholic
hydrolysis of iron nitrate into iron hydroxide and subsequent in
situ precursor oleate complex formation had been explored in
a previous study.” In this work, oleic acid is replaced with RA.
Assuming the complete dissolution of the iron nitrate in
alcohol, the following equilibrium occurs in the solution.

Fe’™ + 30H™ = Fe(OH),

The undisturbed alcoholic solution of iron nitrate turns
turbid as the iron hydroxide precipitates out of the reaction
medium. When heated to 150 °C, the appearance of brown
fume indicated the decomposition of nitrates into oxides of
nitrogen. With the further addition of RA, iron hydroxide forms
the precursor iron ricinolate complex. At elevated temperatures,
the precursor ricinolate complex decomposes to produce iron

a ‘D ‘E I
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150°C ( | Ricinoleic acid | |\ Acetone:chloroform
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Scheme 1 Schematic representation of the (a) synthesis and (b)
surface functionalization RA@SPIONs.
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oxide nanocrystals. The size of the spherical nanoparticles was
controlled by varying the reaction time. For producing cubic
nanoparticles, RA was replaced with a mixture of RA and
sodium ricinolate. Ultrasmall iron oxide nanoparticles (5 nm)
were prepared by replacing RA with a mixture of RA and oleyl
alcohol. Subsequent hydroxylation of the nanoparticles
(Scheme 1b) produced water-dispersible nanoparticles which
were positively charged. NTA-mediated phase transfer, on the
other hand, produced zwitterion-coated SPIONs, which showed
good colloidal stability in aqueous dispersions.

The formation of the precursor ricinolate complex was
confirmed from the infrared spectrum (IR) (Fig. 1a). The
appearance of the asymmetric (1560-1600 cm ') and symmetric
(1400-1430 cm™") carboxylate stretching bands in the infrared
spectra of manganese ricinolate, iron ricinolate, and the
manganese-iron ricinolate confirms the successful formation of
the metal ricinolate complexes. The presence of the carboxylate
stretching bands at 1433 and 1543 cm ™', as well as the methyl
stretching mode at 2863 and 2940 cm ™" in the infrared spectra
of the RA@SPIONS (Fig. 1b), indicates the presence of ricinolate
groups as capping agents on the nanoparticle surface. The
presence of long hydrocarbon tails of the surface-bound RAs
renders the nanoparticles ready for dispersibility in non-polar
solvents such as cyclohexane, chloroform and toluene.

The powder X-ray diffraction (PXRD) pattern of the iron oxide
nanoparticles is shown in Fig. 1c. Distinguishing the crystal
phase of iron oxide based on PXRD is challenging since two
cubic spinel iron oxide phases, magnetite and maghemite,
produce very similar PXRD patterns. Rietveld analysis of the
diffraction pattern produced the best with a phase combination
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Fig. 1 (a) Infrared spectra of RA (RA), manganese ricinolate (Mn-RA),
iron ricinolate (Fe-RA), and iron-manganese ricinolate (Fe—Mn-RA). (b)
Infrared spectrum of RA@SPIONs, NTA@SPIONs and OH@SPION:S. (c)
PXRD of RA@SPIONSs. The red line represents the best fit from Rietveld
analysis with a magnetite and maghemite phase mixture. The differ-
ence is shown in blue. (d) Isothermal (300 K) magnetization (M—H)
curve (in bold line) and corresponding Langevin fitting (red squares) for
the RA@SPIONS.
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of 64.6% magnetite (Fe;0,4; ref no: 96-900-5840) and 35.4%
maghemite (y-Fe,Os3; ref no: 96-900-6316), rather than a single
component (magnetite or maghemite).

The isothermal magnetization (M) as a function of the
applied magnetic field (H) for the RA@SPIONs was measured at
room temperature (300 K) (Fig. 1d). The M-H plot passes
through the origin with zero remanence and coercivity, indi-
cating the single-domain nature of the nanoparticles. A modi-
fied Langevin equation was fitted to confirm the
superparamagnetic nature of the nanocrystals.*

M = MyL(x) + xH

where L(x) = [coth(x) — (1/x)] is the Langevin function, M is the
magnetic moment, H is the applied magnetic field, M, is the
saturation magnetization, and x = u,H/kgT, where u, is the
particle magnetic moment, kg is the Boltzmann constant, 7T is
the absolute temperature, and y is the susceptibility of the
ferrimagnetic nanoparticles, as predicted by Néel for particles
with antiferromagnetic interactions. A saturation magnetiza-
tion of 41.3 emu g~ " was obtained from the Langevin fitting
parameters. The significantly reduced magnetization compared
to the bulk (82 emu g ") could be because of the reduced
particle size as well as the presence of a ‘magnetic dead layer’ on
the nanoparticle surface.”

In the thermogravimetric analysis (TGA) plot of the iron
ricinolate complex (ESI, Fig. S2at), the first mass loss in the
temperature range of 280-360 °C may be due to the decompo-
sition of the free or loosely bound RA, whereas the second mass
loss in the temperature range of 380-470 °C may be attributed
to the decomposition of the metal-ricinolate complex. In the
TGA plot of RA@SPIONS, the mass loss in the range of 300-460 °©
C may be due to the decomposition of the surface-bound RA
(ESI, Fig. S2bt).*2®

The transmission electron microscopy (TEM) image of the
RA®@SPIONSs is shown in Fig. 2a. The average particle size was
10 nm. The result is in good agreement with the crystallite size
estimated from the PXRD using the Debye-Scherrer equation (9
nm). The selected area electron diffraction (SAED) shows bright
spots that could be indexed to the (220), (311), (400), (511), and
(440) planes of the cuboid iron oxide (ESI, Fig. S31). The TEM
image showed particles with contrast variation, which may be
attributed to the difference in particle thickness and zone axes.
A high-resolution TEM (HRTEM) image of the light and dark
particles is shown in Fig. 2b and c. Particles with lighter
contrast (Fig. 1b) show lattice fringes with the characteristic
spacings of the (311) and (400) planes of spinel iron oxide, as
confirmed by the Fast Fourier Transform (FFT) (Fig. 2b inset).
Particles with darker contrast (Fig. 2¢) show lattice fringes cor-
responding to the (311) and (220) planes of spinel iron oxide.
The bright spots in the FFT may be assigned to the (311) and
(220) planes of spinel iron oxide (Fig. 2c inset).

Tunability of the nanoparticle size and shape is an important
aspect of the synthesis protocol adopted. Iron oxide nano-
particles with an average size of 17 nm were produced when the
reaction time was extended to 4 hours (Fig. 3c). Formation of
larger nanoparticles with increasing reaction time may be due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) TEM image of RA@SPIONs produced on a large scale. The
inset to the left shows a photograph of iron oxide nanoparticles
produced from a single batch. The inset to the right shows the particle
size histogram. Indexed HRTEM and corresponding FFT of a particle
with (b) lighter and (c) darker contrast.

to the extended growth phase, which favours Ostwald's
ripening.*® For obtaining ultrasmall iron oxide nanoparticles (5
nm), a surfactant mixture comprising RA and oleyl alcohol was
used (Fig. 3a). Oleyl alcohol, a mild reducing agent, lowers the

Fig. 3 TEM images of RA@SPIONs with an average size of (a) 5 nm, (b)
10 nm, and (c) 17 nm. (d) TEM image of nanocuboid RA@SPIONs. The
inset shows the particle size histogram.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decomposition temperature of the precursor iron ricinolate
complex, which results in the formation of a large number of
nuclei, ultimately resulting in smaller nanoparticles.” The
considerably reduced saturation magnetization for the ultra-
small iron oxide nanoparticles, 19 emu/g, may be due to
a significant contribution from the magnetic dead layer (ESI,
Fig. 541).7

Cuboid RA@SPIONs could be obtained by employing
a surfactant mixture of RA and sodium ricinolate (Fig. 3d).
Sodium ricinolate promotes preferential adhesion to the {100}
facets of the iron oxide crystals during the growth phase. The
slower growth rate of the {100} plane ultimately results in the
cube formation.**** The ultrasmall and cubic iron oxide nano-
particles show Bragg reflections corresponding to the cubic
spinel phase (space group: Fd3m) of iron oxide as supported by
PXRD (ESI, Fig. S57).

The modified thermal decomposition route was adopted for
the synthesis of binary and ternary ferrite nanoparticles.**
The Bragg reflections in the PXRD pattern of MnFe,O, and
CoMnFe,0, nanospheres and nanocuboids may be indexed to
the (220), (311), (400), (511), and (440) planes of the cuboid
spinel phase (ESI, Fig S5t). The TEM images of the MnFe,0,
and CoMnFe,0, nanospheres and nanocuboids are shown in
Fig. 4. The lattice fringes in the HRTEM of the MnFe,0, and
CoMnFe,0, can be indexed to the cubic ferrite phase (ESI,
Fig. S67). In the high-resolution X-ray photoelectron spectrom-
eter (XPS) spectra of CoMnFe,0,, the Mn, Co, and Fe 2p;, and
2p1, peak positions are characteristic of M>* (M = Mn, Co) and
Fe®" oxidation states, respectively (ESI, Fig. S7T). The skewed
nature of the peaks may be due to the contribution from addi-
tional oxidation states of the metal cations.***” The binding
energies of the elements are given in Table S1t of the ESI.{ The
MnFe,0, nanospheres were superparamagnetic, as confirmed
by the Langevin fitting, and the saturation magnetization was
39 emu/g (ESI, Fig. S47).

__100nm__ |

Fig. 4 TEM images of MnFe,O, (a) nanospheres and (b) nanocuboids.
TEM images of CoMnFe,Oy4 (c) nanospheres and (d) nanocuboids. The
inset shows the particle size histogram.

Nanoscale Adv., 2025, 7, 3881-3888 | 3885
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Fig. 5 EDS colour mapping of the CoMnFe,O,4 nanoparticles. (a)
HAADF, (b) overlapped, (c) O, (d) Fe, (e) Co and (f) Mn.

The energy dispersive spectroscopy (EDS) mapping of the
CoMnFe,0, is shown in Fig. 5. The uniformity in the cation
distribution over the nanoparticles indicates the presence of
a homogeneous unitary ferrite phase. Similarly, in the EDS
spectra of MnFe,0, nanoparticles, the uniform distribution of
Mn>" and Fe’” indicates the homogeneity in the elemental
composition of the nanoparticles (ESI, Fig. S87).

Surface engineering of nanomaterials is a research domain
as critical as the synthesis itself. Surface-attached ricinolate not
only imparts chemical stability to the iron oxide core but also
renders the nanoparticles hydrophobic and, thus, readily
dispersible in non-polar solvents. However, to transfer the
nanoparticles to an aqueous medium, ligand modifications are
necessary (Fig. 6d). Different strategies were adopted for the
surface functionalisation of the RA@SPIONs- (a) ligand modi-
fication and (b) ligand exchange (Scheme 1b). Ligand exchange
with zwitterionic NTA resulted in pH-responsive charge
switchable magnetic nanoparticles, which may be exploited for
selective adsorption of oppositely charged target molecules.*®
Chemically modifying the ligand, on the other hand, produced
hydroxylated nanoparticles, which not only imparted good
colloidal stability in water but may also facilitate further func-
tionalisation through the labile hydroxyl groups.

The ligand modification of the RA@SPIONs was achieved by
epoxidation of the unsaturation present in the ricinolate back-
bone with H,0,/HCOOH, followed by base-mediated (NaOH/
H,0) ring opening of the epoxide to form hydroxylated SPIONs.
In the infrared spectrum of the OH@SPIONSs (Fig. 1b), the broad
peak in the range of 3350-3600 cm ™", characteristics of ~-OH
stretching, is pronounced compared to RA@SPIONs. Addition-
ally, the vibrational band at 1600 cm™", characteristic of ~OH
bending, is also intense, which indicates an increase in the
number of surface hydroxyl groups post-functionalization
(Fig. 1b). The presence of the hydroxyl groups on the nano-
particle surface makes the nanoparticles water-dispersible
(Fig. 6d). The zeta potential study indicates that the particles
are positively charged (31 eV) (Fig. 6¢). The dynamic light scat-
tering (DLS) measurement showed a unimodal distribution
with an average hydrodynamic diameter of 42 nm (ESI,
Fig. S91). In the TEM image of the OH@SPIONSs (Fig. 6b), slight

3886 | Nanoscale Adv, 2025, 7, 3881-3888

View Article Online

Paper

—oasrion
NiaasrioNs d

RA coated
Hydroxylated

7\
-100 -50 0 50
Zeta Potential (eV)

100

Fig. 6 TEM images of (a) NTA@SPIONs and (b) OH@SPIONSs. (c) The
zeta potential of the NTA@SPIONs and OH@SPIONs at pH 7, and (d)
a photograph showing the colloidal dispersions of the RA@QSPIONSs,
NTA@SPIONs and OH@SPIONs in a 1: 1 solvent mixture of water and
toluene.

aggregation is noted, which may be attributed to the interpar-
ticle H-bonding.

The NTA@SPIONSs were also rendered hydrophilic by
a ligand exchange-mediated phase transfer using NTA, an
aminopolycarboxylate. The use of NTA in nanoparticle phase
transfer had been explored in a previous report. In the infrared
spectrum of the NTA@SPIONS (Fig. 1b), the peak at 1645 cm ™"
can be attributed to the -NHpenqing Of the surface-attached NTA
groups (Fig. 1b).>® NTA@SPIONS are zwitterionic in nature with
an isoelectric point at pH 5.1.*® At pH 7, the nanoparticles are
negatively charged, as is evident from the zeta potential
measurements (—25 eV) (Fig. 6¢). The particles displayed good
colloidal dispersibility without any aggregation. The DLS
measurements showed a unimodal number-weighted hydrody-
namic diameter distribution (ESI, Fig. S9f) with an average
hydrodynamic diameter of 29 and 38 nm for the OH@SPIONSs
and NTA®@SPIONSs, respectively. The TEM image of the
NTA®@SPIONs is shown in Fig. 6a. The aggregation of the
nanoparticles in the TEM image may be due to the surface
carboxylates, which, apart from being much shorter than the
ricinolate chains, may be involved in intraparticle H-bonding.

Conclusion

Superparamagnetic nanoparticles are of current interest in the
fields of MRI contrast agents, targeted drug delivery, magnetic
hyperthermia, catalysis and magnetic adsorbents for waste-
water remediation. Traditionally, oleic acid has been used both
as a precursor and a capping agent in the preparation of
nanomaterials. In the present study, the use of RA to prepare
superparamagnetic nanoparticles of iron oxides and transition
metal ferrites has been explored. RA, which constitutes 90% of
the total fatty acid content in castor oil, has all the attributes of
oleic acid but additionally has the advantage of easy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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functionalization due to the presence of the hydroxyl group at
the C12 position. A simple one-pot scheme wherein RA is both
the precursor complexing agent and the capping agent has been
developed. This method overcomes the challenges associated
with the traditional thermal decomposition route by avoiding
separate steps for the preparation of the precursor and its
purification, making the process scalable and low-cost. A
general synthetic protocol using this method for producing
a variety of magnetic nanoparticles, iron oxides, and ferrites is
outlined. The method produces nanoparticles with a narrow,
almost monodisperse distribution. Minor modifications in the
preparation scheme allow for precise control of particle
dimensions, from 5 to 17 nm, as well as morphologies, either
spheroid or cuboid. Iron oxide nanoparticles obtained by this
method showed the presence of both magnetite and maghemite
phases. The particles are superparamagnetic at room temper-
ature with a saturation magnetization of 41 emu g '. The as-
prepared nanoparticles are hydrophobic and dispersible in
non-polar solvents but may easily be rendered hydrophilic by
hydroxylation of the capping RA to give stable aqueous disper-
sions with a positive zeta potential (+31 eV). Alternatively,
hydrophilic magnetic nanoparticles could be obtained by
exchanging the capping ligand RA with nitrilotriacetic acid
(NTA). The NTA-capped magnetic nanoparticles also formed
a stable aqueous dispersion, but with a negative zeta potential
(—25 eV). The present study highlights the uniqueness of using
RA in the preparation of magnetic nanoparticles; apart from the
ease and economics of scaling, it offers the possibility of the
nanoparticles being either hydrophobic or hydrophilic, thereby
greatly extending the possible applications of the super-
paramagnetic nanoparticles.
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