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Magnetic nanoparticles (NPs) are of increasing interest in various industrially relevant products. For these,

the development of greener and faster approaches facilitating scaling-up production is of paramount

importance. Here, we report a novel, green and potentially scalable approach for the continuous

and ultrafast (90 s) synthesis of superparamagnetic ferrite NPs (MnFe2O4, Fe3O4) in supercritical

ethanol (scEtOH) at a fairly moderate temperature (260 �C). ScEtOH exhibits numerous advantages such

as its production from bio-resources, its lack of toxicity and its relatively low supercritical coordinates

(pc ¼ 6.39 MPa and Tc ¼ 243 �C), being therefore appropriate for the development of sustainable

technologies. The present study is completed by the investigation of both in situ and ex situ NP surface

functionalization. The as-obtained nanoparticles present good crystallinity, sizes below 8 nm,

superparamagnetic behavior at room temperature and high saturation magnetization. Moreover,

depending on the capping strategy, the ferrite NPs present extended (for in situ coated NPs) or short-

term (for ex situ coated NPs) colloidal stability.
One of the current major challenges in materials science is the
design of functional nanostructures combining superior prop-
erties with reliable material processing technologies. Among all
types of nanoparticles (NPs), magnetic ones are of enormous
signicance in various industrially relevant products such as
magnetic resonance imaging contrast agents, drug delivery
carriers, immunoassays, ultra-high density storage memories,
magneto-photonic components, magnetic catalysts, environ-
mental remediators or sensors.1–11 For the implementation of
magnetic NPs in these applications, the development of greener
and faster approaches allowing scale-up production is of para-
mount importance. Several strategies directed towards cheaper
and environmentally friendly scalable technologies12–15 are
currently being investigated. Different fronts covered are: the
use of environmentally benign solvents (e.g. water, supercritical
uids, ionic liquids), the use of cheap and non-toxic chemicals,
the exploitation of alternative energy sources (e.g. microwave,
solar) or the design of fast and high yield processes. In this
scenario, the utilization of supercritical uids is worth consid-
ering.16 Supercritical uids provide homogeneous single phase
reaction media combining the advantages of both liquids
(density and solvation capabilities) and gases (high diffusivity,
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low viscosity and zero surface tension).17–19 Moreover, their
adjustable physical properties by slight variation of temperature
and pressure and the increased overall reaction rate offer good
conditions for nanomaterials synthesis, which has been
reviewed several times over the past ve years.17–21 These reac-
tion media have been used to synthesize various inorganic
materials with controlled size, from themicrometer down to the
nanometer scale.18,20,22–24 Moreover, complex shapes and
compositions have also been achieved.25,26 The control of the
chemical reaction, and therefore of the materials characteristics
(size, morphology, structure, composition and architecture), is
accomplished by choosing specic operating parameters
among pressure, temperature, residence time, precursor nature
and concentration. Additionally, the choice of the supercritical
solvent is of primary importance. Reactions were reported in a
large variety of solvents such as scH2O,27–30 scCO2–alco-
hols,26,31,32 scMeOH,22 scEtOH,23,33,34 sciPrOH,24,35 alcohol–H2O
mixtures,36–38 or alkanes.39,40 To date, we have been able to
identify only one work reporting the synthesis of magnetic
ferrite NPs in scEtOH. The synthesis was performed in a batch
mode with a reaction time of approximately 25 min at a rela-
tively high temperature of 350 �C (100 �C above the critical
temperature of EtOH, 243 �C).23 As a solvent, ethanol exhibits
great advantages over water or even methanol. In comparison
with water, the supercritical coordinates of ethanol (pc ¼ 6.39
MPa and Tc ¼ 243 �C) are much lower than those of water (pc ¼
22.1 MPa and Tc ¼ 374 �C), offering the opportunity to develop
supercritical uid based technology with lower energy
consumption. In terms of toxicity, ethanol is much less harmful
to humans41 compared to methanol. Additionally, ethanol,
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which can be obtained from bio-resources, is more appropriate 
for the development of sustainable technologies. Nano-
materials synthesized in scEtOH can also be easily recovered, 
while the solvent ethanol can be recycled by distillation and 
later reused.

Here, we report a novel, potentially scalable approach for the 
continuous and ultrafast (90 s) synthesis of superparamagnetic 
ferrite NPs (MnFe2O4, Fe O4) in scEtOH at a fairly moderate 
temperature (260 �C). The study is completed by the investiga-
tion of both in situ16,33 and ex situ42 NP surface functionalization. 
The as-obtained NPs present good crystallinity, sizes below 
8 nm and superparamagnetic behavior at room temperature. 
Moreover, depending on the considered capping strategy, the 
ferrite NPs present extended (for in situ coating nanoparticles) 
or short-term (for ex situ coating nanoparticles) colloidal 
stability.
Fig. 1 The ICMCB continuous supercritical ethanol setup for the synthesis of
ferrite nanoparticles.
Methodology
Chemicals

The chemicals were purchased from Sigma-Aldrich and used as 
received: iron(III) nitrate 9-hydrate (Fe(NO3)3$9H2O, >98%), 
iron(III) acetylacetonate (Fe(acac)3, 97%), manganese(II) acetate 
tetrahydrate (Mn(ac)2$4H2O, 99%), oleic acid (OAc, analytical 
standard), oleylamine (OAm, technical grade, 70%), and abso-
lute ethanol.
Continuous synthesis in supercritical ethanol

The synthesis of ferrite NPs (Fe3O4, MnFe2O4) in a continuous 
system was partially adapted from a wet-chemical synthesis 
(thermal decomposition method).12 Different strategies were 
evaluated: (i) the synthesis of iron oxide NPs, using an iron 
nitrate salt Fe(NO3)3$9H2O (labeled A) and a metal precursor 
Fe(acac)3 (labeled B), in the presence of surfactants (OAc and 
OAm) with a molar ratio [OAc : OAm : metal precursor (Fe3+)] of 
3 : 3 : 1  (in situ functionalization) and (ii) the synthesis of 
MnFe2O4 NPs using Mn(ac)2$4H2O and Fe(acac)3 (molar ratio 
1 : 2) with in situ (labeled C) and ex situ (labeled D) functional-
ization (molar ratio [OAc : total metal precursors] of 3 : 1).

The NPs were prepared using a homemade continuous 
reactor setup. Fig. 1 shows a schematic representation of the 
system. The metal precursor in ethanol solution (S1, concen-
tration of 2 � 10�2 M) is injected with a high-pressure pump 
(HPP) at 20 MPa at room temperature and at a ow rate of 450 
mL min�1 (Q1) into the T-type mixing point and sequentially into 
the tubular reactor. A second ethanol solution containing the 
surfactant (S2, concentration of 6 � 10�2 M) is injected by a 
second HPP under similar conditions as S1 (pressure, ow rate) 
into the mixing point and then together with S1 in the tubular 
reactor. The mixture was therefore pumped at a total ow rate of 
900 mL min�1 (Q2) through the heated tubular reactor. The 
reactor was heated (260 �C) with a silicon oil bath and 
magnetically stirred to ensure a homogeneous temperature, 
while the pressure was controlled with a back-pressure regu-
lator downstream (20 MPa). The chemical reaction took place in 
a tubular reactor made of stainless steel (1 m long, internal
diameter of 1.6 mm). The inlet ow rate (Q2) was chosen to
provide an optimal residence time of 90 s. The as-obtained NPs
were recovered in liquid ethanol through the exit tube of the
reactor at room temperature, where the reaction is quenched.
The outlet solution was dark, containing a black precipitate
responding to a magnet. The in situ functionalized NPs were
separated from the outlet solution by adding extra ethanol (in
3� dilution) followed by centrifugation at 6500 rpm for 30 min.
The supernatant was discharged and the precipitate was dried
overnight and subsequently redispersed in 2 mL of hexane
containing 10 mL of oleic acid. For the ex situ functionalization,
the outlet solution was recovered in a ask containing a few mL
of oleic acid, mixed for a few minutes and followed by a sepa-
ration step by adding extra ethanol and centrifuging at 6500
rpm for 30 min. The as-separated black precipitate was dried
and redispersed in 2 mL of hexane containing extra oleic acid
(�10 mL). The colloidal dispersions were used for further
characterization.
Materials characterization

Morphological and structural characterizations were performed
using transmission electron microscopy (TEM, HITACHI
H7650) and X-ray powder diffraction (PANalytical X'Pert Pro
with Cu lKa radiation). The TEM samples were prepared by
depositing a drop of diluted hexane NP dispersion onto a
copper–carbon grid and allowing the solvent to evaporate. The
mean diameter and polydispersity of each system were deter-
mined by tting a particle size histogram measured from TEM
images by using the imageJ soware to a Gaussian distribution
(over 250 counts). The MAUD program (Materials Analysis
Using Diffraction) with the MAUD renement method was used
to extract the unit cell lattice parameters. An experimental
resolution function was obtained from the renement of a
quartz reference in order to take into account the instrumental



broadening. The weight percentage of surfactant on the NP 
surface was determined by thermogravimetry analysis (TGA). 
Solid samples (approx. 4 mg each) were characterized with a 
Pyris� 1 TGA analyser (PerkinElmer) at a heating rate of 10 �C 
min�1 in a temperature range of 30–600 �C under a N2 ux. The 
hydrodynamic diameter of NPs suspended in organic medium 
was measured with a Zetasizer Nano ZS from Malvern Instru-
ments equipped with a He/Ne 633 nm laser. Special care was 
taken to check the DLS peak position and width, which 
appeared to be the same aer three consecutive runs of 15 scans 
each. Magnetic characterization was performed with a super-
conductive quantum interference device (SQUID) magnetom-
eter (Quantum Design MPMS5XL). The sample was prepared by 
using a gelatine capsule lled with compact cotton impregnated 
with 200 mL of hexane dispersion of NPs (equivalent to 2 mg of 
magnetic material plus surfactant). The magnetization values 
were reported per mass of ferrite by subtracting the mass of 
surfactant as measured in TGA experiments.

A redox titration was performed to evaluate the amount of 
Fe2+ and Fe3+ ions within the NPs. 1 mL of the colloidal 
dispersion was dissolved in HCl 37% v/v resulting in a yellow 
coloured solution (with Fe2+ and Fe3+ ions). A rst addition of a 
K2Cr2O7 (5 mM) oxidizing solution allows for proportioning the 
amount of Fe2+ ions in solution, by following their oxidation to 
Fe3+ (volume of Fe2+: VFe2+). This was indicated using a coloured 
indicator (sodium diphenylamine sulphonate) in the solution. 
The resulting solution containing only Fe3+ ions was thereaer 
entirely reduced to Fe2+ ions by adding a SnCl2 reductive agent. 
Therefore, when K2Cr2O7 was added for a second time, the total 
amount of iron was titrated (total volume of iron ¼ VtotFe). The 
amount of Fe3+ could then be estimated by a simple subtraction 
VFe3+ ¼ VtotFe � VFe2+.
Fig. 2 X-ray patterns of ferrite nanoparticles synthesized in continuous scEtOH:
(a) Fe3O4 NPs synthesized using Fe(NO3)3 (A) and Fe(acac)3 (B); (b) MnFe2O4 NPs
prepared with in situ (C) and ex situ (D) functionalization. All patterns are in
agreement with the corresponding bulk materials.
Results and discussion

We present herein the results obtained with the continuous and 
ultrafast synthesis of monodisperse superparamagnetic ferrite 
nanoparticles in supercritical ethanol. The advantages of a 
continuous ow reaction over a batch system include a better 
control of the experimental conditions, especially residence 
times, a much faster synthesis of the material (90 s) and the 
interest of continuous fabrication processes when considering 
scaling-up production of nanomaterials. In addition, the 
solvent could be recovered, recycled and reused.

It is known that by varying the temperature and pressure, the 
physico-chemical properties of supercritical uid media can be 
tuned (e.g. density, dielectric constant, viscosity).17,19–21,27,43 These 
have a direct impact on the reaction kinetics, corresponding to 
an enhancement of the reaction rate k in the critical region, 
according to the Born theory:27 ln k ¼ ln k0 � (u/RT)(1/3 �1/30), 
where u is a constant determined in the reaction system, 3, 30 are 
the dielectric constants and k0 is the rate constant for u ¼ u0. 

Furthermore, it is admitted that controlling the kinetics impacts 
directly the nucleation and growth of NPs. For instance, the 
Iversen group28 performed in situ synchrotron X-ray studies on 
the nucleation and growth of magnetite nanoparticles in 
supercritical water (scH2O). It has been demonstrated that the
precursor is entirely consumed within seconds, due to high
nucleation rate, therefore providing fully crystalline magnetite
NPs, in agreement with others.27 This behavior was also studied
in other supercritical solvents, such as methanol (scMeOH). In
comparison with scH2O, scMeOHhas a lower dielectric constant
close to its critical point, resulting in the decrease of the mono-
mer solubility and therefore a higher supersaturation, leading to
smaller crystallite size.22,44 Additionally, the Aymonier group has
recently reported that supercritical alcohols play a role not only
as reducing reaction media, but also as capping agents (surface
modiers) for the synthesis of cerium oxide nanocrystals.45 In
supercritical alcohols21,22,33,34,44–46 the metal precursor is ther-
mally decomposed inducing a high degree of supersaturation
and subsequently a burst nucleation followed by crystal growth
resulting innarrowparticle size distributions.When the reaction
is performed with preheated reagent streams in a continuous
way, the nucleation generally occurs at the mixing point, while
further crystal growth happens in the reactor.21 In our system
(Fig. 1), the reagent streams (precursor and surfactant solutions)
meet at themixing point at room temperature. Therefore, we can
assume that the nucleation is slightly delayed and starts only in
the heated supercritical zone (260 �C) followed by a fast growth
and surfactant capping.

Two aspects of the process were investigated: rst, the
preparation and comparison of iron oxide NPs obtained from
two different types of precursors: (i) a metal salt Fe(III) nitrate,
(A) and (ii) a metal precursor Fe(III) acetylacetonate, (B), both
being in situ functionalized. Second, the synthesis of MnFe2O4

NPs, by adding the Mn(II) acetate precursor to Fe(acac)3 in the
corresponding molar ratio, by specically focusing on the
comparison between the in situ (C) and ex situ (D) NP surface
functionalization.
Structural and morphological characterization

The powder X-ray diffraction (XRD) patterns of ferrite (MFe2O4,
M ¼ Mn, Fe) NPs are presented in Fig. 2. Since the typical
maghemite (ICDD PDF039-1346) and magnetite (ICDD PDF019-
0629) reection peaks are very close to each other, and that our
materials exhibit broad reection peaks, a clear distinction
cannot be made between the two inverse spinel phases.
However, the cell lattice parameters obtained from the MAUD
renement of the iron oxide NPs (Fig. 2a) were found to be
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8.387 � 0.005 Å (A) and 8.400 � 0.004 Å (B), respectively, both
very close to the lattice constant of the bulk magnetite unlike
the one corresponding to maghemite. We can thus conclude
that our NPs consist of a mixture of maghemite and magnetite,
the latter being predominant, which is consistent with super-
critical ethanol generally acting as a reducing agent, as reported
elsewhere.22,26 Moreover, the phase ratio also depends on the
considered metal precursor, as revealed by titration (10% of
Fe2+ when the precursor is iron nitrate and 21% of Fe2+ when
the precursor is iron acetylacetonate). The crystallite sizes
hFXRDi calculated by the Scherrer equation, corresponding to
the highest intensity reection peak (311) of the XRD pattern,
were 4.3 nm (A) and 6 nm (B), respectively. The reection peaks
of patterns C and D (Fig. 2b) were indexed with those of the
cubic inverse spinel for the manganese ferrite phase with lattice
parameters of 8.448 � 0.005 Å (C) and 8.469 � 0.002 Å (D),
respectively (the lattice constant for bulk phase is 8.511 Å, ICDD
PDF075-0035). The crystalline sizes of manganese ferrite
calculated (by the Scherrer equation) were 3.9 nm (C) and
7.1 nm (D).

The size, polydispersity and shape of ferrite NPs were further
investigated by TEM. The Figs. 3 and 4 display images of the
obtained magnetic NPs. Fe3O4 NPs were obtained from
Fe(NO3)3$9H2O (A) (Fig. 3a) and Fe(acac)3 (B) (Fig. 3b), respec-
tively, in the presence of a mixture of surfactants oleic acid and
oleylamine (3 : 3 : 1 to Fe3+). For both materials, the mean size
is similar (�5.5 nm), with an equivalent polydispersity of 27%
(A) and 25% (B), respectively (Fig. 3a and b, insets), in agree-
ment with XRD. However, one can notice difference in
morphologies. The NPs synthesized from a nitrate precursor (A)
present a more irregular shape compared to those from acety-
lacetonate (B), which are more spherical. This could result from
the different nature of the metal precursor (a salt and a metal
compound). The regular shape of NPs obtained from Fe(acac)3
and their larger saturation magnetization value (see Fig. 6a and
b) point out an improved crystallinity, likely as a consequence of
a more synchronic nucleation and growth at well-dened
temperatures.

The MnFe2O4 NPs (Fig. 4) were synthesized by adding the
Mn(II) precursor to one of the Fe(III) precursors (in a molar ratio
Fig. 3 Transmission electron microscopy (TEM) images of Fe3O4 NPs synthesized fro
Gaussian function and are presented as insets.
Mn : Fe of 1 : 2), while keeping the same reaction parameters
previously detailed. Surprisingly, the synthesis of manganese
ferrite using Fe(III) nitrate and Mn(II) acetate either in the
presence or absence of surfactants (OAc and OAm) resulted in a
very poor reaction yield compared to the pure Fe3O4 synthesis
(A) (results not shown). This could be due to the different
solubility and decomposition temperatures of the precur-
sors47,48 in supercritical ethanol or due to a phase segregation of
the two metals. When changing the iron nitrate precursor for
Fe(acac)3, magnetic manganese ferrite NPs were formed. Unlike
Fe(NO3)3, the Fe(acac)3 precursor decomposes at an onset
temperature of 186 �C (ref. 49) close to that of Mn(ac)2 (192
�C),48 this being a prerequisite for the successful synthesis of
binary metal oxide nanocrystals.49 TEM images of the as-
prepared in situ and ex situ functionalized NPs are presented in
Fig. 4. When the synthesis was performed in the presence of
OAc (C) (Fig. 4a), very small (�3 nm) NPs were obtained, in
agreement with other studies.46,50 On the other hand, in the
absence of surfactants (D) (Fig. 4b), high quality NPs with a
mean size of around 7 nm and a polydispersity of �16% could
be produced. The difference in size of NPs functionalized in situ
and ex situ indicates that the surfactants can interfere with the
nucleation and growth of NPs as reported for other systems.46,50

The surface chemistry of the prepared ferrite NPs was
analyzed by dynamic light scattering (DLS) and thermogravim-
etry analysis (TGA) (Fig. 5). The in situ and ex situ functionali-
zation affects not only the size of the produced NPs, but also
their colloidal stability. The monodispersity and time stability
of the hexane colloidal dispersions were monitored by DLS
measurements as size distribution by volume% (Fig. 5a and c).
The ferrite NPs synthesized in the presence of surfactant (B)
(Fig. 5a) are more stable over time; the values of the maximum
peak position (hFHYDi) for the as-prepared material and aer six
months of storage are found to be very close: 16 nm and 18 nm,
respectively. As it was reported for iron oxide NP synthesis by
the thermal decomposition route,51 the surfactant oleic acid
covalently binds to the NP surface, ensuring a stable protective
shell around the magnetic core. This chemisorbed organic shell
can be detected by TGA through a weight loss at high temper-
ature. Although the TGA curve (Fig. 5b) seems to show only a
m Fe(NO3)3 (a) and Fe(acac)3 (b) precursors. The size distributions were fitted to a
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Fig. 4 Transmission electron microscopy (TEM) images of manganese ferrite NPs synthesized in the presence (a) and absence (b) of OAc. The Gaussian size distri-
butions are shown as insets.

Fig. 5 Surface chemistry analysis of in situ and ex situ surfactant coated nano-
particles: dynamic light scattering measurements on hexane colloidal dispersion
(a and c) and thermogravimetry analyses (b and d).

Fig. 6 Magnetometry data. Hysteresis loops at 300 K for the Fe3O4 (a) and
MnFe2O4 (c) nanoparticles. The insets (a and c) correspond toM(H) at 5 K showing
coercivity. The ZFC-FC curves show the blocking temperatures (TB) for Fe3O4 (b)
and MnFe2O4 (d).
single weight loss step, the derivative function exhibits a very 
broad peak with a global minimum at �355 �C and a weak local 
minimum at �265 �C. The peak at 355 �C suggests the presence 
of chemisorbed surfactants on the NP surface, while the peak at 
265 �C is related to the physisorbed surfactant shell, being 
present in much less quantity.51 Different results were found 
when the magnetic NPs were ex situ functionalized with OAc (D). 
The weight loss derivative (Fig. 5d) shows two peaks at much 
lower temperatures (�200 �C and �272 �C) suggesting the 
presence of both free and physisorbed surfactants. It can be 
assumed that no covalent bonds formed between the oleic acid 
and the iron oxide NP surface, since the ex situ coating was 
carried out at a low temperature (�50 �C). This physisorbed 
capping shell was found to be useful in preventing massive NP 
aggregation and thus avoiding their occulation, although it 
was not strong enough to completely prevent NP agglomeration 
over time.51 Indeed, aggregate formation was signicant aer 
six months of liquid storage, as conrmed by the shi of the 
maximum peak position monitored by DLS measurements 
(Fig. 5c).
Magnetic characterization

For most applications using magnetic NPs, superparamagnetic
behaviour at room temperature is required since they can
provide a large response at low magnetic eld while providing
no response in its absence. The magnetic properties of ferrite
NPs were evaluated by (i) magnetization vs. magnetic eld
measurements at 300 K and 5 K and (ii) zero-eld-cooled (ZFC)
and eld-cooled (FC) temperature dependent magnetization
curves (Fig. 6). Fig. 6a and c show typical magnetization curves
for superparamagnetic NPs with neither a hysteresis loop nor
remanent magnetization nor coercivity at room temperature.
Superparamagnetism is furthermore conrmed by the ZFC-FC
magnetization curves (Fig. 6b and d) with measured blocking
temperatures (TB) of 42 K (A), 52 K (B) and 58 K (D), respectively.
The absence of TB for material C reveals the presence of a
predominant paramagnetic component due to the very small
NP size or even to some unreacted precursors not completely
removed from the nal material. It is worth noting the high
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magnetization saturation values for system B (approx. 50 emu/g
Fe3O4), which points out the higher crystallinity of these NPs
compared to system A, presenting a similar mean particle size
but with more irregular shapes. A high value of the saturation
magnetization was equally achieved for system D.
Conclusions

By using metal precursors (metal acetate or acetylacetonate) at a
temperature of 260 �C and at a pressure of 20 MPa in a
continuous supercritical ethanol process, high quality super-
paramagnetic ferrite NPs (<10 nm) could be produced within an
extremely short residence time (90 s). In situ and ex situ func-
tionalization produced stable NP colloidal dispersions with
different time stabilities depending on the functionalization
strategy. Considering its environmentally friendly, effective and
good product quality features, the continuous supercritical
ethanol synthesis process appears to be a promising green
technology for the future implementation of industrial
production of magnetic NPs.
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