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We present a scalable thermolysis and high temperature oxidation procedure for synthesizing

monodisperse magnetite nanoparticles with saturation magnetization of up to 80 emu g�1 (412 kA m�1),

92% of bulk magnetite. Diameters in the 15–30 nm size range are produced from iron oleate via the

thermolysis method at 324 �C and varying oleic acid ratios for size control (6.7–7.6 equivalents per Fe).

The influence of the iron oleate synthesis procedure on the quality of resulting nanoparticles is examined

and the structure of the iron oleate is proposed to have a triironoxonium core [Fe3O
+] based on

magnetic susceptibility measurements. The thermolysis method is shown to initially give wüstite

nanoparticles, which are oxidized in situ at 318 �C using 1% oxygen in argon to form highly magnetic

magnetite nanoparticles. The use of 1% oxygen offers broad application as a safe and efficient reagent

for the high temperature oxidation of nanoparticles. Special consideration to the reproducibility of

nanoparticle diameter and monodispersity has uncovered critical factors. Additionally, the reduction of

Fe(III) to Fe(II) is shown to occur during the heat up stage of thermolysis, beginning at less than 180 �C
and being complete by 320 �C. Evidence for the reduction occurring by the oxidative decarboxylation of

oleic acid is presented. Decomposition of the remaining oleic acid is shown to occur by a ketonization

reaction producing oleone. The nucleation event and growth of particles is examined by TEM.

Comparison of the solvents 1-octadecene and octadecane are presented demonstrating the effect on

the reduction of Fe(III) during heat up, the large difference in particle size, and effects on the oxidation

rate of iron oxide nanoparticles. Determination of Fe(II) content in magnetic iron oxide nanoparticles by

titration is presented.
1. Introduction

Magnetic iron oxide nanoparticles have proven useful in a wide
range of applications, such as ferrouids, magnetic separations,
and medicine.1,2 In the clinic, iron oxides are used as magnetic
resonance imaging (MRI) contrast agents and for treating iron
deciency, while emerging applications include drug delivery,
hyperthermia3 and magnetic particle imaging (MPI).4,5 Iron
oxide nanoparticles are also a fundamental component in the
study of magnetism.6,7

Several approaches for producing iron oxide nanoparticles
have been developed, generally classiable as water-based co-
precipitation reactions, or non-polar solvent-based
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thermolysis reactions. Thermolysis produces monodisperse
nanoparticles with controllable size, and therefore tunable
physical properties, which is very attractive for applications
research. Understandably, thermolysis reactions have been re-
ported using a variety of different iron precursors, including
iron pentacarbonyl by Hyeon,8 Fe(acac)3 by Sun,9,10 iron oxy-
hydroxide by Colvin,11 and iron oleate by Peng12 and Hyeon.13

Thermolysis typically uses an iron oleate (or other iron–organic
precursor) mixed with octadecene (or other high boiling
solvent) and oleic acid (or other surfactant) and heated to high
temperature (250 to 360 �C), at which point formation of iron
oxide nanoparticles occurs. Depending on the solvent, surfac-
tant and temperature, a range of different sizes can be obtained
with a dispersity of 5–10%.

While size control has been extensively studied and re-
ported,14 in many cases no direct control of iron oxidation state
is implemented during synthesis. This can result in observed
saturation magnetization below bulk magnetite (86 emu g�1;
446 kA m�1).13 Iron oxide nanoparticles can exist in numerous
phases with very different magnetic properties, including
wüstite, magnetite, and maghemite. Magnetite has the highest
magnetic saturation, which makes it desirable for many appli-
cations. Smaller particles (<10 nm) are commonly found to be
This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Magnetite nanoparticle via thermolysis.
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maghemite (Fe2O3) and larger particle (>15 nm) are commonly
found to be magnetite. In many cases, the nanoparticles can
consist of a mixture of phases such as maghemite/magnetite
(Fe3�xO4) or wüstite core with a magnetite shell. Proper
control of oxidation state or the lack thereof has not yet been
properly addressed, leading to high variability in the magnetic
properties of iron oxide nanoparticles synthesized using similar
procedures.

Herein, we report the development of a scalable procedure
for synthesizing magnetite nanoparticles with diameter ranging
from 15 to about 35 nm, resulting from over 200 nanoparticle
synthesis reactions. With this procedure, described generally in
Scheme 1, nanoparticle size is controlled by varying an excess of
oleic acid while keeping the reaction temperature at 324 �C. We
focus sequentially on three critical stages of nanoparticle
synthesis: rst, we discuss synthesis and the structure of iron(III)
oleate and its inuence on nanoparticle formation. Next, the
thermolysis reaction is discussed, including several controls
introduced to improve the reproducibility of nanoparticle
formation during thermolysis. Finally, since nanoparticles form
as the wüstite phase, to achieve the desired magnetite phase the
use of 1% oxygen in argon as an efficient and safe oxidant of
iron oxide nanoparticles is introduced. Proper execution of
these procedures produces high quality magnetite particles (see
Fig. 1). We have made a particular effort to reference the
Fig. 1 Magnetite nanoparticles synthesized by thermolysis with
oxidation in 1% oxygen in argon. (a) Bright field TEM image, (b) selected
area electron diffraction reveals spinel iron oxide. (c) HR TEM shows
highly crystalline particles.

This journal is © The Royal Society of Chemistry 2016
extensive literature on iron oxide nanoparticle synthesis so this
manuscript can be a reference to those wishing to produce
nanoparticles for applications research and for those interested
in further study of this important, but imperfectly understood
reaction.
2. Experimental
2.1. Materials

1-Octadecene (tech. 90%), oleic acid (tech. 90%), and iron tri-
chloride hexahydrate (ACS, 97.0–102.0%) were obtained from
Alfa Aesar. Sodium oleate (>97%) was obtained from Tokyo
Chemical Industry CO, LTD. 1% oxygen in argon was obtained
from Praxair. Water used in any experiment was puried at 18.2
Mohm cm. Poly(maleic anhydride-alt-1-octadecene) (averageMn

30 000–50 000 Da) was obtained from Sigma-Aldrich. mPEG-
NH2 (MW ¼ 20 000 g mol�1) was purchased from JenKem.
Infrared spectra were obtained using a Bruker Vertex 70 FTIR
with ATR.
2.2. Synthesis of iron(III) oleate

This is a modication of a published procedure.13 To a 2 liter
three neck round bottom ask equipped with a 1-1/2 � 5/8 inch
Teon coated magnetic stir bar, was added sodium oleate
(147.05 g, 483 mmol) and hexanes (500 mL). The ask was
equipped with a glass stopper in the le neck, a SUBA-SEAL®
septum with a thermocouple in the right neck, and reux
condenser topped with a Schlenk line attachment on the center
neck. The mixture was stirred to suspend the sodium oleate,
then ethanol (300 mL) was added. The slow (30 seconds) addi-
tion of water (60 mL) caused nearly all of the solids to dissolve.
The reaction vessel was equipped with a heating mantle and
heated to 40 �C with stirring, at which point the sodium oleate
had completely dissolved. A solution of iron(III) trichloride
hexahydrate (43.518 g, 161 mmol) in water (100 mL) was
prepared in a 250mL Erlenmeyer ask with stirring for about 30
minutes, at which time the iron(III) chloride had completely
dissolved. The iron(III) chloride solution was added to the
reaction vessel via a funnel with pre-wetted qualitative lter
paper (15 cm) and washed in with water (20 mL). The reaction
vessel was purged with argon for 1 minute and then heated to
a gentle reux (57 �C internal temperature). The reaction was
held at reux and stirring (500 rpm) wasmaintained for 4 hours.
The heating mantle was then removed and the reaction was
allowed to cool to 50 �C, then transferred to a 1 liter separatory
funnel. The bottom layer was drained and the upper red layer
was washed with water (3 � 150 mL, 10 second shake period).
The dark red organic layer was then transferred to a 1 liter
Erlenmeyer ask containing anhydrous sodium sulfate (50 g).
The solution was swirled occasionally for 10 minutes and then
ltered through qualitative lter paper into a 2 liter round
bottom ask. The solution was concentrated carefully on
a rotary evaporator using a water aspirator for vacuum, rst at
a water bath temperature of 20 �C and then increased in small
increments to 30 �C. Aer solvent removal appeared to have
ceased, the vacuum source was switched to high vacuum on the
RSC Adv., 2016, 6, 77452–77464 | 77453
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rotary evaporator and concentrating was continued for about 30
minutes at 30 �C bath temperature. Aer drying on a high
vacuum line overnight, the resulting dark red syrup (144.05 g)
was deemed to contain 160 mmol of iron(III) oleate and could be
divide by mass for use in the nanoparticle synthesis. IR (neat,
cm�1): 3600–2500w, br, 2922s, 2852s, 1711m, 1587m, 1564w,
1527m, 1438m, 723w, 613w, br, 514w. Elemental analysis of
crude product: found (%): C, 69.56; H, 11.05; N, 0.02; Fe (by
ICP), 5.97%. Calculated (%) for Fe3O(oleate)7$2oleic
acid$4.5H2O: C, 69.50; H, 11.09; Fe, 5.98.

2.3. Measurement of magnetic susceptibility of iron(III)
oleate

Samples for magnetic susceptibility measurement were
prepared by adding 100 mg of iron(III) oleate to a gelatin
capsule. Magnetization curves were measured up to 1 T at room
temperature (295 K) using a LakeShore VSM. Data was corrected
by removing the contribution of the sample holder and
diamagnetism of the samples estimated from Pascal's
constants.15,16

2.4. Synthesis of magnetite iron oxide nanoparticles

Oleic acid to Fe ratio: 7.3 : 1. To a 1 liter 3-neck heavy walled
round bottom ask with 24/40 joints was added iron(III) oleate
(40 mmol, 36.00 g), followed by oleic acid (82.478 g, 304 mmol)
and 1-octadecene (200 g). The ask was equipped with a 1-1/2 �
5/8 inch Teon coated magnetic stir bar, a glass stopper in the
center neck, a SUBA-SEAL® septum with a thermocouple in the
right neck, and a bump trap topped with an air condenser and
Schlenk line attachment on the le neck. A DigiTrol II attached
to a heating mantle was used to control the heating of the
reaction vessel. The glass joints were sealed with a few drops of
1-octadecene. The reaction mixture was heated to 50 �C, held
under vacuum and stirred at 450 rpm for 18 hours. The reaction
was evacuated and lled with argon ve times (holding vacuum
for 5 minutes each time) and then purged with argon for 5
minutes. The upper half of the reaction vessel and the necks
were wrapped in foil to reduce water condensation. The set
point was changed to 110 �C. Aer 15 minutes the internal
temperature was 122 �C. The controller was set to ramp at 5 �C
min�1 and the set point was changed to 318 �C. The stir rate was
increased to 800 rpm. Purging with argon (�40 mL min�1) was
continued via a 16 G needle through the septum in the right
ask neck to aid in the removal of water vapor into the bump
trap. When the temperature reached 318 �C, the argon purge
through the septum was stopped and the Schlenk line was used
to maintain an atmosphere of argon. The argon purging line
and needle were removed from the septum. Approximately 2
minutes later, the reaction temperature reached 324 �C. Over
the next 30minutes the set point was gradually increased in 2 �C
increments to maintain the temperature at 324 �C. Aer 1 hour
40 minutes, since reaching 318 �C, the reaction mixture had
darkened and nally turned turbid with the color of milk
chocolate indicating particle formation. Aer an additional 30
minutes the set point was changed to 318 �C. When the reaction
had cooled to 318 �C (about 15 minutes), the addition of 1%
77454 | RSC Adv., 2016, 6, 77452–77464
oxygen in argon was begun at a ow rate of approximately 140
mL min�1 via a 16 gauge � 6-inch stainless steel needle
immersed about 1 inch into the reaction mixture. Aer 3 hours
of 1% oxygen in argon addition the reaction had turned black.
The needle was pulled up so the tip of the needle was about 2
inches above the surface of the reaction mixture and the ow
rate of 1% oxygen was reduced to about 15 mL min�1. The stir
rate was reduced to about 450 rpm to prevent possible loss of
stirring during the night. The reaction was kept at 318 �C for 34
hours from the time the reaction rst reached 318 �C (28.5
hours from the point the 1% oxygen ow was reduced). The
heating was turned off using a timer and the reaction was
allowed to cool during the night. The cooled reaction mixture
had thicken and the reaction mixture was carefully warmed to
liquefy the mixture. When the reaction mixture was at 50–60 �C
the mixture was transfer to a 500 mL bottle with the aid of
hexanes (100 mL) and purged with argon. The above procedure
was repeated multiple times with varying ratios of oleic acid to
Fe to provide batches of nanoparticles with a variety of core
diameters. Representative batches are recorded in Table 2.
2.5. Iron oxide nanoparticle titration procedure for
determining Fe(II) content

A washed and dried sample of iron oxide nanoparticles (�60
mg) was gently and briey swirled with concentrated HCl (1.8
mL) under argon. Aer resting for 10 minutes the mixture was
sonicated for 5 minutes. The digestion was checked by
observing any movement of the remaining black akes to
a strong magnetic eld. When no movement was observed
sonication was continued for an additional 5 minutes. The
resulting HCl mixture was diluted by the addition of water (35
mL). A 0.05 N solution of potassium permanganate was freshly
prepared. The titration was performed using a 1 mL Norm-Ject
disposable syringe with a 25 gauge needle and the amount of
KMnO4 solution delivered was determined by the mass of
solution added (density of 0.05 N KMnO4 was determined
during preparation to be 1.0018 g mL�1). The end point of the
titration was reached when the light pale yellow solution
changed to a light clear orange. The relative mass of oleic acid
coating was determined by thermogravimetric analysis (TGA)
(�4%). The remaining mass (�96%) was assumed to be Fe3O4

to calculate the total iron. Alternatively the total iron content
could be determined by ICP analysis of the titrated solution and
was found to be consistent with the TGA estimate. The Fe(II)
content of the iron oxide nanoparticles is reported in Table 2.
3. Results and discussion
3.1. Synthesis and structure of iron oleate

Iron oleate is a widely studied starting material for iron oxide
nanoparticle thermolysis. Several methods of preparing iron
oleate have been reported,17 including reaction of sodium oleate
with iron(III) chloride at reux13 or at room temperature,12 the
reaction of oleic acid and iron oxyhydroxide,11 and the reaction
of iron powder with oleic acid.18
This journal is © The Royal Society of Chemistry 2016
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An oen cited advantage of iron oleate for nanoparticle
synthesis is that it can be synthesized in large quantities to
provide a uniform precursor for large-scale reactions. While this
is certainly an advantage, iron(III) oleate is also a complicated
starting material; previous authors have reported, it can take
different structures depending on how it is synthesized, and
these variations can affect nanocrystal morphology.19 Other
authors investigated ligand bonding within iron oleate to
discuss observed formation of novel iron oxide 1D “nano-
whiskers” at low growth temperatures.20 While it is apparent the
structure of iron oleate plays an important role in the outcome
of the thermolysis reaction; iron(III) oleate, as typically prepared
for thermolysis, takes the form of a viscous liquid preventing
structural determination by single crystal X-ray diffraction.

To better understand iron oleate, we thoroughly examined the
literature pertaining to the structure of iron carboxylates. Many
groups have reported iron(III) carboxylates contain a triir-
onoxonium core,21,22 including some veried by X-ray crystallog-
raphy.23,24 Chen et al. postulated this to be the structure of iron(III)
oleate25 based on FTIR and elemental analysis. We support the
conclusion iron(III) oleate forms a triironoxonium core, based on
additional magnetic susceptibility analysis and our own FTIR
Table 1 Magnetic susceptibility cp of iron carboxylates

Compound cp

Standard Fe(III) value 4.35
Fe(III) oleate, 5 min reux 1.44
Fe(III) oleate, 45 min reux 1.65
Fe(III) oleate, 4 h reux 1.76
[Fe3O(O2CCH3)6(4-PhPy)3]ClO4

27 1.50
[Fe3O(O2cadamantyl)6(4-PhPy)3]NO3

27 1.44
[Fe3O(O2CCH2CN)6(H2O)3]NO3

28 1.33
[Fe3O(O2CPh)6(EtOH)2(N3)]

29 1.41

Table 2 Summary results for example syntheses. Notes: all reactions (40
�C to remove water. Oxidation was performed with 1% O2 in argon. Hig
oxidation was performed via a non-immersed needle

Core
Fe : oleic
acid ratio

Oxidation with 1% O2

(mmol of O2) Core diamete

3 h 28 h Total TEM (sigma)

NP1 6.7 16 8 23 18.2 (0.06)
NP2 7.4 13 11 24 20.5 (0.07)
NP3 7.1 13 20 33 21.5 (0.08)
NP4 7.2 16 20 36 21.9 (0.07)
NP5 7.2 16 20 36 24.1 (0.07)
NP6 7.3 16 20 36 24.4 (0.06)
NP7 7.2 16 20 36 24.4 (0.09)
NP8 7.2 16 20 36 25.3 (0.08)
NP9 7.6 21 44 64 26.9 (0.06)
NP10 7.5 16 8 23 26.2 (0.05)
NP11 7.5 13 20 33 27.4 (0.07)
NP12 7.4 16 20 36 27.4 (0.06)
NP13 7.5 16 11 27 28.6 (0.08)
NP14 7.5 16 11 27 29.2 (0.07)

This journal is © The Royal Society of Chemistry 2016
measurements. We also veried the Fe(III) content by potassium
permanganate titration, showing the absence of Fe(II).

It has been reported26 triironoxonium carboxylates have
unique magnetic susceptibility (cp) due to the interactions of
the three irons in the triironoxonium core. Knowing a reux
step is necessary to produce uniform nanoparticles (see ESI S1†)
from previous studies of iron oleate prepared at room temper-
ature only, we investigated the iron oleate evolution during
synthesis by taking samples aer 5, 45, and 240 minutes
(standard preparation) at reux and measuring their suscepti-
bility. The cT product (room temperature) increased from 1.44
to 1.65 to 1.76 [cm3 K mol�1 (iron)] aer 5, 45, and 240 minutes
at reux, respectively. For each sample, cT was much less than
4.35, the expected value of a single Fe(III) ion (S ¼ 5/2, g ¼ 2).
Some representative literature values of paramagnetic suscep-
tibility, cp, for trinuclear iron carboxylate susceptibilities are
provided in Table 1. The similarity of our measured magnetic
susceptibility with literature results for other triironoxonium
cores strongly suggests the majority of the “as prepared” iron(III)
oleate is the triironoxonium species as shown in Fig. 2.
mmol of Fe) were done after sealing joints and evacuation for 20 h at 50
h flow oxidation was performed with an immersed needle. Low flow

r – dN (nM)
Fe(II)
by titration (%)

Ms

VSM (sigma) [kA m�1] [emu g�1]

— 19 —
19.8 (0.02) 21 412 80
22.7 (0.04) 24 375 72
23.2 (0.04) 22 370 71
24.4 (0.04) 26 402 78
23.9 (0.05) 26 395 76
24.2 (0.06) 28 401 77
25.9 (0.04) 26 377 73
25.8 (0.06) 25 415 80
26.3 (0.04) 25 375 72
27.5 (0.05) 31 364 70
26.9 (0.03) 27 372 72
26.7 (0.09) 29 306 59
28.8 (0.06) 30 345 67

Fig. 2 Proposed structure of iron oleate.

RSC Adv., 2016, 6, 77452–77464 | 77455
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Fig. 3 FTIR of iron(III) oleate.
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The FT-IR spectrum of our iron(III) oleate (Fig. 3) was nearly
identical to previously reported iron oleate prepared by Hyeon13

and very similar to unwashed iron oleate prepared by Bron-
stein.19 The key carboxylate region shows the following absor-
bances (cm�1): 1711m, 1587m, 1564w, 1527m, 1438m. The
absorbance at 1711 cm�1 is due to free oleic acid. The absor-
bance at 1587 cm�1 correlates with the six oleates in a bridging
formation (Dn ¼ 149 cm�1). The absorbance at 1527 cm�1

correlates with the remaining non-bridging oleate binding in
a bidentate fashion (Dn ¼ 89 cm�1). The minor absorbance at
1564 cm�1 is not assigned, but is suspected of being a mono-
nuclear core iron oleate or trace sodium oleate. A broad weak
absorbance at 613 cm�1 is indicative of the Fe3O core and
matches other triironoxonium cores reported in the literature.22

Weight loss of iron III oleate during TGA (Fig. 4) was
consistent with previous studies.13,20 Analysis of the weight loss
events indicated loss of three oleates starting around 175 �C,
followed by the loss of six oleates starting around 275 �C, which
is consistent with six of the oleates being in the bridging
formation. A possible alternative interpretation of the TGA
Fig. 4 TGA (% wt loss and D% wt loss) of iron oleate compound.

77456 | RSC Adv., 2016, 6, 77452–77464
analysis suggest the rst loss of mass is due to oxidative
decarboxylation of Fe(III) oleate to give Fe(II) oleate, followed by
ketonization of the remaining oleates. Elemental analysis of as
synthesized iron(III) oleate, showed a high correlation with
[Fe3O(oleate)6(H2O)3][oleate](oleic acid)2(H2O)1.5 as depicted in
Fig. 2. By measuring magnetic susceptibility, FTIR, and
elemental analysis, the iron core structure and the mode of
oleate binding of iron oleate can be monitored, even when
structural determination by X-ray diffraction is not possible.
The routine use of these three methods could provide valuable
insight into the structure of iron(III) oleates made by various
methods and could also explain the wide variations observed in
the properties of nanoparticles synthesized by thermolysis.

Finally, we note iron(III) oleate contains incorporated water
and/or ethanol and oleic acid (either free or as ligands) and
these components, and therefore the iron oleate structure, can
uctuate based on small changes in the procedure. For
example, when the iron oleate solution in hexane was dried with
sodium sulfate, extending the drying time from 10 to 45
minutes produced a thickened material that could no longer be
gravity ltered (see ESI material S1† for examples of how
nanoparticle morphology varied with iron oleate synthesis). As
will be discussed in the next section, water also plays an
important, but easily overlooked role in the thermolysis
reaction.
3.2. Nanoparticle formation: thermolysis of iron oleate

Nanoparticle formation occurs during the thermolysis reaction,
typically aer heating the reaction mixture to 324 �C for an hour
or more in the presence of excess oleic acid. The reaction's
complexity is veiled by the simple procedure, which involves
little more than setting a nal temperature and ramp rate. We
investigated the mechanism of particle formation and growth
and studied reaction conditions to determine a thermolysis
procedure that consistently yields high-quality particles. Here
we present and discuss several signicant ndings related to:
(1) nucleation and growth of iron oxide nanocrystals, (2)
reduction of iron(III) to iron(II) during heat up, and (3) water
formation during the thermolysis, which was shown to have
a measurable impact on particle size and uniformity.

Nucleation and growth. We start by describing nucleation
and growth of nanoparticles during typical thermolysis using 40
mmol iron(III) oleate and seven excess molar equivalents of oleic
acid. While performing thermolysis reactions, several key
observations indicated events in nanoparticle formation. In one
exemplary reaction, aer about 83 minutes at 324 �C a temper-
ature inection was registered by the temperature controller, (a
1 �C drop, followed by a 3 �C rebound), the reaction mixture
then began to darken in color and the persisting white cloud
which had hovered above the reaction mixture began to clear.
We currently believe this temperature inection, indicating an
endothermic event, is caused by nanoparticle nucleation and
onset of growth. The darkening in color is consistent with the
formation of iron oxide particles. The white cloud dissipating is
evidence water formation has slowed or ceased. At about 97
minutes, the reaction mixture transitioned from very dark
This journal is © The Royal Society of Chemistry 2016
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glossy black to a turbid milk chocolate color over about one
minute. We call this sharp transition from glossy black to milk
chocolate the “turbidity event”. The turbidity is cause by parti-
cles reaching a size where they begin to scatter light and the
milk chocolate color is associated with wüstite nanoparticles,
which later transitioned to black magnetite during the subse-
quent oxidation procedure. Other groups have also reported
formation of wüstite containing nanoparticles during ther-
molysis of iron carboxylates,25,30,31 iron(III) acetylacetonate,32 and
iron acetate.33

To investigate further the particle development during this
stage, several experiments were performed to evaluate pre-
turbidity event particles and post-turbidity event particles. In
the rst experiment, TEM analysis of aliquots taken at 15, 30,
45, 60, 75 minutes at 324 �C, did not show any nanoparticles. A
Fig. 5 Nanocrystal evolution during the thermolysis reaction. Bright fie
diffraction (e–h) Note that (d) and (h) represent nanoparticles after the
particle size measured by TEM and DLS. DLS data is not shown for the fin
Magnetization curves measured at 295 K.

This journal is © The Royal Society of Chemistry 2016
second experiment was performed to evaluate particle growth
aer nucleation, aliquots were taken 4 minutes before the
turbidity event, at the turbidity event, turbidity + 4 min,
turbidity + 8 min, turbidity + 30 min, and 24 h (post-oxidation)
and characterized by TEM, DLS and VSM. From the TEM and
DLS growth proles, we observed nucleation occurred before
the turbidity event, and particles grew rapidly for about 10
minutes aer the turbidity event, reaching 95% of their nal
size, at which point the growth slowed. Bright eld TEM images
of selected samples from this series are provided in Fig. 6a–d,
with corresponding selected area electron diffraction images
shown in Fig. 5e and f. Interestingly, nanoparticles nucleated
before the turbidity event and grew to 16 nm diameter by the
rst sample point, taken about 10 minutes aer the tempera-
ture inection that is presumed to coincide with nucleation.
ld TEM images of sample aliquots (a–d), with selected area electron
oxidation step, which is discussed in Section 3.3. (i) Time evolution of
al oxidized sample, since the strongly magnetic particles aggregated. (j)

RSC Adv., 2016, 6, 77452–77464 | 77457
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Fig. 6 Bright field TEM images of nanoparticles with varying diameter (a) 15 nm, (b) 20 nm, (c) 24 nm, (d) 27 nm, (e) 30 nm, (f) 35 nm. In (g), size
distributions are represented after fitting histograms to a log-normal distribution function. The legend lists themedian diameter, d0 and the shape
parameter, s.
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Particle size was 20 nm at the turbidity event (87% of nal size),
then growth began to slow 4 min aer the turbidity event as the
nanoparticles approached their nal size. The TEM images
(Fig. 5a–d) also show a notable shape evolution with time, aer
beginning with irregular shapes, reecting rapid kinetically-
driven growth, nanoparticles became rounder and more
uniform during subsequent aging.

As evidenced from the diffraction patterns (Fig. 5e–g),
nanoparticles were mixed phase prior to oxidation, containing
mostly wüstite during the early stages of nucleation and growth,
but with spinel iron oxide also present, presumably as an
oxidized shell. Nanoparticles displayed a spatially varying
contrast in TEM, with a dark center and noticeable shell
(Fig. 5a–c); in the earliest sample, wüstite was predominant
(Fig. 5e), but later (30 min) a mix of wüstite and spinel iron
oxide was evident (Fig. 5g). Aer oxidation, diffraction indicated
pure magnetite (Fig. 5h). Magnetic measurements (Fig. 5j) also
suggest the nanoparticles are mixed-phase before oxidation,
with a weak superparamagnetic response that is attributed to an
oxidized shell, but low moment per iron due to the antiferro-
magnetic wüstite core. The moment increased modestly with
aging time, which may be because the oxidized shell volume
increased with particle diameter. Aer oxidation, the magnetic
properties indicate complete transformation to magnetite.

Of some importance is the nding that DLS analysis of the
wüstite particles can accurately size the particles produced
during the thermolysis. Excellent correlation between the DLS
and TEM measurements was observed (Fig. 5i) (magnetic size
measurements such as Chantrell tting were not reliable for the
mixed-phase pre-oxidized samples, since they assume
a uniformly ferrimagnetic sample); the DLS size includes the
oleic acid layer, which contributes about 2.5 nm to the
77458 | RSC Adv., 2016, 6, 77452–77464
measured diameter. DLS analysis of a pre-oxidation sample will
allow the adjustment of the subsequent oxidation procedure to
account for the size of the nanoparticles. The DLSmeasurement
of oxidized magnetite particles was not successful due to
apparent aggregation issues, presumably caused by their larger
magnetic moment.

Finally, the reaction conditions (oleic acid ratio) could be
varied to produce a range of particle sizes from 15 to 35 nm
diameter with good uniformity. Fig. 6 shows TEM images of
representative iron oxide nanoparticles within this range.

Reduction of iron(III) and decomposition of iron oleate. We
veried the nding of other groups who observed that air-free
thermolysis of iron III oleate favors formation of wüstite, an
iron(II) oxide.31,32,34 In order for this to occur, all of the iron(III) in
the iron oleate must be reduced to Fe(II). During the heat up
stage, the reaction mixture changes color from deep red to dark
brown and then nally to a clear brown (tea color) at about 280
�C. We reasoned this color change may be a result of the
transformation of iron(III) to iron(II). Sampling of hot reaction
mixtures containing iron(II) is very difficult and error prone due
to rapid oxidation to iron(III). Therefore, to accurately check the
formation of iron(II) during the heat up stage, 10 mmol scale
reactions were performed and the thermolysis was halted at the
desired temperature and cooled under argon for each time
point in Fig. 7. Titration of these reaction mixtures with
potassium permanganate indicated Fe(II) formation began
below 180 �C and was complete by 320 �C. We considered two
mechanisms of iron(III) reduction, oxidative decarboxylation of
iron oleate and oxidation of 1-octadecene, which we note was
also discussed in recent work by Chen et al.35

Oxidative decarboxylation. Oxidative decarboxylation of iron
oleate, proposed by the Hyeon group,36 who observed carbon
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Transformation of Fe(III) to Fe(II) during the heat up stage of
thermolysis.

Fig. 8 Proposed formation of undecenes following oxidative decar-
boxylation of iron oleate.
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dioxide and hydrogen being formed during the heating of iron
oleate, is the most likely mechanism for iron(III) reduction. In
the simplest case, oxidative decarboxylation of a metal carbox-
ylate occurs via homolytic cleavage of the metal–oxygen bond to
form the reduced metal and the carboxyl radical, which
undergoes beta scission to form carbon dioxide and the alkyl
radical. Considering the mechanism and previous work37 per-
formed on the oxidative decarboxylation of fatty acids, oleic acid
should produce heptadec-8-ene and/or heptadec-1,8-diene. Our
analysis by gas chromatography-coupled mass spectrometry
(GC-MS) of the volatile material which collected in the bump
trap during the reaction only showed a trace of heptadec-8-ene
and did not show any hepta-1,8-diene. However, signicant
amounts of C8–C12 alkanes and 1-alkenes, with traces of C13–
C16 alkanes and 1-alkenes were observed. The distribution of
these alkanes and 1-alkenes is very similar to thermal decom-
position of paraffin or polyethylene38 and is derived from the
radical initiated decomposition of octadecene. Of particular
interest, and seemingly out of place, was the uniqueness of the
C11 region of the GSMS, which consisted of 5 peaks. MS anal-
ysis of these peaks indicated they were 1-undecene, undecane
and 3 other undecene isomers. The most likely explanation for
these undecenes is the heptadec-8-en-1-yl radical from the
decarboxylation of oleic acid, undergoes 1,5-radical transfer and
beta scission to produce themore stable undec-2-en-1-yl radical,
which upon hydrogen extraction in the solvent, then forms 1-
undecene and cis and trans 2-undecene (see Fig. 8).

Detection of these undecenes strongly suggests oxidative
decarboxylation is operating during thermolysis. Since there is
a very large amount of iron in solution, many of these processes
likely occur through alkyl iron intermediates and iron–alkene
coordinated complexes.

Oxidation of 1-octadecene. Another competing route for the
reduction of iron(III) to iron(II), is the oxidation of octadecene.
Alkenes can be oxidized by iron(III) via many mechanisms
This journal is © The Royal Society of Chemistry 2016
including epoxidation,39,40 dihydroxylation41,42 or allylic oxida-
tion. Either the epoxide or the allylic alcohol could undergo
additional reactions and decomposition at the high tempera-
tures of the thermolysis reaction. Epoxides could undergo
a Meinwald rearrangement to form octadecanal. Of some note
is the report that iron triuoroacetate [Fe3O(O2CCF3)6(H2O)3] is
an effective catalyst for the Meinwald rearrangement.43 The 1,2-
dihydroxyoctadecane could undergo a pinacol rearrangement to
form octadecanal. Further decomposition of these byproducts
combined with the byproducts from oxidative decarboxylation
complicates the pathways even further, making analysis of
reaction mechanisms based on reaction by-products a difficult
prospect. Therefore, to investigate the role of 1-octadecene
oxidation during thermolysis, we performed several experi-
ments substituting octadecane for 1-octadecene in the ther-
molysis reaction.

In the rst experiment, side-by-side nanoparticle synthesis
reactions (6.7 : 1 oleic acid to Fe) were performed using 1-
octadecene in one reaction and octadecane in the other reac-
tion. Surprisingly, a dramatic inuence on size was observed:
the 1-octadecene reaction produced 24.7 nm median diameter
particles and the octadecane reaction produced 14.4 nm parti-
cles. This result demonstrates 1-octadecene, and/or its degra-
dation products are directly involved in the mechanism of
nanoparticle formation. As a benet of the discovery that
octadecane decreases the size of the particles, we performed
a thermolysis reaction with an oleic acid to Fe ratio of 2 : 1 and
obtained high quality 4.2 nm nanoparticles.

To determine the inuence of 1-octadecene on the rate of
Fe(II) formation during the heat-up stage of the thermolysis, a 10
mmol iron oleate reaction with octadecane was heated to 320 �C
RSC Adv., 2016, 6, 77452–77464 | 77459
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and then cooled under argon. During the heat-up stage of the
thermolysis reaction both reactions lightened in color. At 315
�C, the 1-octadecene reaction was the typical clear tea color, but
the octadecane reaction was slightly darker, cola in color.
Potassium permanganate titration of this test reaction indi-
cated 96% Fe(II) for octadecane vs. 102% Fe(II) when 1-octade-
cene was the solvent. On the basis of this result we conclude the
majority of the reduction of Fe(III) during the heat up stage of
the reaction is being performed via oxidative decarboxylation of
oleic acid.

Water formation during thermolysis. Water is released
during thermolysis from ligand exchange of iron oleate when
excess oleic acid is added and also forms during ketonization of
oleic acid at elevated temperatures. Some of the water is
believed to participate in nanoparticle formation and may
inuence particle size. The presence of water in the high
temperature reaction also creates practical problems, such as
bumping, that inuence scalability. To make the thermolysis
reaction reproducible and safe at scale, two issues related to
water formation during thermolysis were resolved, and are
discussed here.

The rst issue was a practical problem where water liberated
from the heated reaction mixture condensed in the upper
portion of the reaction vessel. The water would then drip into
the reaction mixture, which, at temperatures greater than 250
�C, caused a vigorous and dangerous vaporization. This situa-
tion not only introduced randomness into the nanoparticle
formation, something we needed to avoid, but it also resulted in
severe pressure changes, resulting in air being sucked back into
the reaction or the vessel being blown apart at the joints. To
reduce the formation of water condensate, a stream of argon
was introduced into the reaction vessel to help move the water
vapor out of the ask and safely into a bump trap. Aer the
reaction had reached 318 �C the argon stream was discontinued
as the water was then removed during reux by 1-octadecene
vapor. While the reaction was heating up and during the time
before nucleation and nanoparticle growth occurs, water
evolved from the reaction mixture and was observed as a white
cloud above the surface of the heated reaction. The white cloud
deposited a mixture of 1-octadecene (5–10 mL) and water (�3.2
mL, �180 mmol) into the bump trap. The amount of water
vapor increased with the amount of oleic acid used in the
reaction.

Much of the water observed during heat up was formed from
oleic acid via a ketonization reaction to produce oleone
(9(Z),26(Z)-pentatriacont-9,26-dien-18-one), water and carbon
dioxide. Ketonization is known to occur to calcium oleate at 300
�C (for a leading ketonization reference see ref. 44). Davis and
Schultz reported the decomposition of iron(II) carboxylates at
250–300 �C to produce symmetrical ketones, including iron(II)
decanoate to produce 10-nonadecanone in 96% yield.45 They
also observed that iron(III) carboxylates did not form ketones,
from which we can conclude that some water is released only
during heat up, aer onset of iron(III) reduction discussed
previously. To verify ketonization was occurring during the
thermolysis of iron oleate, a reaction (40 mmol Fe, 7.2 : 1 oleic
acid to Fe) was halted one hour aer nucleation had occurred
77460 | RSC Adv., 2016, 6, 77452–77464
and a portion of this reaction mixture (1/37th total volume, 10
mL) was treated to ash chromatography. The ketone was iso-
lated and identied by 1H-NMR (see supplemental material),
demonstrating the reaction had produced 166 mmol of ketone
(formed from 332 mmol of oleic acid). The starting reaction
mixture contained 288 mmol of oleic acid and 120 mmol of
oleate from iron oleate; therefore, the ketonization pathway
accounts for at least 82% of the oleic acid decomposition. Of
critical importance is the co-generation of 166 mmol of water
during the ketonization of oleic acid. This generated water is
likely rst formed as iron oxides or iron hydroxides, which
ligand exchange with oleic acid to liberate free water. It is
currently believed the water produced by the ketonization of
oleic acid plays a major role during nucleation and in the
resulting nanoparticle size. As a consequence of oleic acid
ketonization the acidity of the reaction mixture changes during
the reaction. Under the initial acidic conditions the formation
of iron oxides is disfavored by the acid. As the oleic acid
transforms to ketone the reduced concentration of acid begins
to allow formation of iron oxides. This drop in oleic acid
concentration to a critical level is believed to initiate nucleation
and growth of iron oxide nanoparticles.

Previous studies have shown water included during ther-
molysis inuences nanoparticle size,46 and we also noticed
controlling water content in the thermolysis improved size
control and reproducibility. In order to institute better controls
over the nanoparticle synthesis, we implemented inert atmo-
sphere procedures to limit the amount of oxygen in the reaction
mixture using a standard vacuum and purge protocol. It was
noticed that during the evacuation a large amount of foaming in
the reaction mixture occurred, presumably from acid induced
ligand exchange and vaporization of released water. Holding
the reaction under vacuum at 40 �C until all signs of gas
evolution ceased, about 25 minutes, resulted in a noticeable
improvement in size dispersity and reproducibility (Fig. 9). It
was also accompanied by a shi in nanoparticle size, requiring
the use of a higher oleic acid to iron ratio to obtain particles
with diameter of about 25 nm. We realized such a large shi in
particle size based on a 25 minute vacuum period could easily
introduce reproducibility issues in size control. We therefore
increased the time under vacuum to produce a more consistent
reaction mixture for the thermolysis reaction. The use of
vacuum for 18 hours at 50 �C, which removed about 250 mg of
mass (presumably water, about 14 mmol), resulted in an addi-
tional improvement in size reproducibility of the nanoparticles
formed in the thermolysis reaction. In Fig. 9, plots of measured
nanoparticle diameter (TEM) vs. oleic acid ratio in the reaction
mixture are provided with grouping by three different reaction
pre-treatments. Linear ts indicate their relative reproduc-
ibility, where the R2 value of the reactions evacuated for 18
hours is twice that of the reactions with short or no evacuation.
Other groups have also developed pre-treatments for the ther-
molysis of iron oleate.46,47

A further shi in nanoparticle size was observed between the
set of samples treated with 30 minutes of evacuation time and
those that received 18 hours of evacuation time. Compared to
no evacuation, an additional 44 mmol of oleic acid was required
This journal is © The Royal Society of Chemistry 2016
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Fig. 9 Nanoparticle size and size distribution varied with water
content in the reaction.

Fig. 10 Wüstite nanoparticles obtained by thermolysis under argon for
2.5 hours at 324 �C without an oxidation step. (a) Bright field, in which
a core/shell structure is visible, (b) SAED pattern, and (c) radial inte-
gration of the diffraction. Indexed rings correspond to wüstite unless
noted. The magnetite rings are notably more diffuse, in contrast to the
sharp wüstite rings, suggesting small magnetite crystallites due to
oxidation of a thin shell on the particle surface.
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to achieve the same nanoparticle diameter, using the best t
lines in Fig. 9 (based on a ratio of 6.3 for no evacuation and 7.4
for 18 hours evacuation). This corresponds to 22 mmol of water
generated by ketone formation, which compares to the 14 mmol
removed during evacuation, accounting for some additional
water loss during heat up of the reaction.
3.3. Oxidation to Fe3O4 with 1% oxygen in argon

Thermolysis of iron oleate in oleic acid under an inert atmo-
sphere favors formation of antiferromagnetic wüstite nano-
particles, as observed in the sampled time-points presented in
Fig. 5. A “clean” batch of wüstite particles, with minimal oxygen
exposure for example from inserting a needle for sampling, was
prepared by stopping a 40 mmol Fe reaction aer 2.5 hours at
324 �C and cooling under argon. High quality wüstite particles
(27.6 nm (0.08)) were obtained (see Fig. 10). Potassium
permanganate titration showed these wüstite nanoparticles
were 95% Fe(II). As seen in the bright eld TEM image and the
selected area electron diffraction in Fig. 10, the particles have
a wüstite core and a thin inverse spinel shell. The inverse spinel
rings are notably more diffuse, in contrast to the sharp wüstite
rings, suggesting small magnetite crystallites due to oxidation
of a thin shell on the particle surface. It is believed the
magnetite shell forms during sample preparation.

Interestingly, wustite formation can go unnoticed during
small-scale thermolysis common to many previous studies, (e.g.
2.5mmol Fe, 100mL reactor), since the small quantity of oxygen
This journal is © The Royal Society of Chemistry 2016
needed to transform the wüstite particles to inverse-spinel iron
oxide can be supplied via minor leaks in the apparatus, such as
dry ground-glass joints. However, a dedicated oxidation step is
needed to achieve this transformation at larger scale (e.g. 40
mmol) and prepare magnetite nanoparticles with optimized
magnetic moment. Other oxidants reported in the literature
such as 3-chloroperbenzoic acid and trimethylamine N-oxide
were considered too toxic and/or hazardous. Other groups have
used oxygen9 or air oxidation;48 however, introducing air to the
thermolysis at 318 �C would be dangerous at large scale since 1-
octadecene auto-ignites at�250 �C. Cooling the reaction for air-
oxidation could be safer, and we determined air oxidation of
wüstite nanoparticles to magnetite nanoparticles proceeded at
175 �C and was rapid at 200 �C, with the resulting particles
having a clear electron diffraction pattern of magnetite.
However, though below the auto-ignition temperature of octa-
decene, the addition of air to octadecene was still above the
limiting oxygen concentration (LOC), making re or explosions
a concern for scalability.

To address these concerns, we developed an oxidation
procedure using 1% oxygen in argon that is effective, simple,
scalable, and can be performed safely at 318 �C by maintaining
oxygen well below the estimated LOC.49 Following this proce-
dure, aer wüstite nanoparticle formation had occurred, 1%
oxygen in argon was bubbled into the thermolysis reaction
mixture while maintaining the reaction temperature of 318 �C.
Aer optimizing the oxidation conditions for particle size, the
resulting particles typically were highly magnetic, with satu-
ration magnetization (Ms) of up to 80 emu g�1 (412 kA m�1), or
92% of bulk magnetite. Further analysis of the nanoparticles
by X-ray and electron diffraction indicated they were
RSC Adv., 2016, 6, 77452–77464 | 77461

http://dx.doi.org/10.1039/c6ra12072e


Fig. 11 Selected area electron diffraction of nanoparticles oxidized in
octadecene (a) and octadecane (b), and (c) radial integrations of the
diffraction patterns (integrating 40� centered on 270�). Particles
oxidized in octadecane (b) feature unique diffraction rings at 2.7 and
2.9 nm�1, which match reference patterns for maghemite.
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composed of high purity magnetite. Typically, 1% oxygen was
rst added at �140 mL min�1 for 3 hours to perform most of
the oxidation. To ensure the oxidation was complete without
over-oxidizing the particles to maghemite, the ow of 1%
oxygen was then reduced (15 mL min�1) for an additional 28
hours (at 318 �C).

Determination of Fe(II) content in nanoparticles by titration.
Monitoring the oxidation was important, since the target
phase Fe3O4 exists on a continuum containing different
mixtures of iron II and iron III, denoted Fe(3�x)O4. Diffraction
provides qualitative phase assessment for iron oxides, but
doesn't provide quantitative information about the amount of
FeO, Fe2O3, and Fe3O4 or intermediate phases in mixed phase
particles. Intermediate phases are also inverse spinels and
small differences in diffraction patterns can be obscured in
crystals smaller than about 20 nm diameter. Therefore, in
addition to diffraction, we implemented potassium perman-
ganate titration as a simple and quantitative method to
monitor the iron II content during oxidation and determine
precisely how much oxygen was required to yield the desired
phase. Iron oxide nanoparticles dissolve rapidly in concen-
trated HCl, making it the ideal acid for digestion. Initially we
had avoided the use of hydrochloric acid due to the common
belief of interference by chloride with the permanganate
titration. Further investigation suggested titration of Fe(II)
samples in 0.5 M HCl solutions was possible,50 leading us to
digest nanoparticles in concentrated HCl, then dilute the
mixture by 20 to 1 with water, followed by permanganate
titration. The end point for the titration is not the typical
appearance of pink, but instead a sharp change from pale
yellow to pale orange. Determination of iron(II) content in iron
oxide nanoparticles via the titration method adds a level of
quantication to the iron(II) content of iron oxide nano-
particles not previously reported. The titration results in Table
2, indicate iron(II) content ranging from 19 to 31%, which is
less than 33% expected for stoichiometric magnetite. Previous
authors have noted that iron and iron oxide nanoparticles
have a maghemite shell with thickness of up to a few nano-
meters, since iron(II) near the nanoparticle surface is more
likely to oxidize to iron(III). In ref. 51, Mossbauer and IR
spectroscopy were used to identify a maghemite (Fe(III) only)
shell on magnetite nanoparticles with diameters of 10 to 40
nm. The shell thickness varied with particle diameter, and was
between 1.4 and 1.8 nm for particles between 25 and 30 nm
diameter. In ref. 52, magnetite particles ranging from 5 to 15
nm diameter were analyzed, and maghemite shell thicknesses
were determined by X-ray scattering during synchrotron
measurements. The maghemite shell thickness varied from
1.1 to 3 nm in that study. Our titration results are consistent
with calculated iron(II) content for nanoparticles that contain
magnetite surrounded by a maghemite shell of a few nm
thickness.

Effect of particle size and solvent on oxidation rate. We also
investigated the impact of nanoparticle size and solvent on the
oxidation process and implemented the titration procedure to
determine the amount of iron(II) present in oxidized nano-
particles. Table 2. Provides a list of example thermolysis and
77462 | RSC Adv., 2016, 6, 77452–77464
oxidation conditions and characteristics of the resulting nano-
particles, including their size and magnetic properties.

As anticipated, the size of the nanoparticles affected the
oxidation rate. On the scale of 40 mmol Fe, only 6.7 mmol is
theoretically required to transform wüstite to magnetite. In
practice, small (20.5 nm) particles required about 24 mmol of
oxygen to obtain pure magnetite, whereas larger particles (26.9
nm) required about 64 mmol of oxygen. The excess oxygen is
either not absorbed or is consumed oxidizing the 1-octadecene.

In Section 3.2, we presented results indicating 1-octadecene
plays a small role in the reduction rate of iron(III) to iron(II)
during thermolysis. Unsurprisingly, 1-octadecene is also
oxidized along with nanoparticles during the oxidation step. We
demonstrated the solvent inuence by dispersing nanoparticles
in 1-octadecene and octadecane and exposing both to air at 175
�C for 30 minutes. The 1-octadecene reaction remained black;
however the octadecane reaction turned orange-red in color and
lost all traces of black. In addition to color variations, we
characterized the particles with electron diffraction. While the
diffraction patterns of maghemite and magnetite feature
substantial overlap, some ne features can be resolved if the
crystal size is sufficiently large.53,54 Selected area electron
diffraction of these samples (Fig. 11) show slight variations,
including the (210) and (213) maghemite rings, which are
visible only in the octadecane-oxidized sample. This result
suggests 1-octadecene is also being oxidized during the oxida-
tion step, preventing conversion of magnetite to maghemite.
This effect could serve as an important oxidative buffer, pre-
venting over oxidation of iron oxide nanoparticles.
This journal is © The Royal Society of Chemistry 2016

http://dx.doi.org/10.1039/c6ra12072e


Paper RSC Advances

Pu
bl

is
he

d 
on

 0
8 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
as

hi
ng

to
n 

on
 1

9/
02

/2
01

7 
01

:0
6:

47
. 

View Article Online
4. Conclusions

We have described a thermolysis procedure for making mono-
disperse magnetite nanoparticles with diameter between 15 and
35 nm, starting with iron(III) oleate as iron precursor and 1-
octadecene as solvent and incorporating an in situ oxidation
step for magnetic optimization. Investigations showed the iron
oleate precursor consists of a triironoxonium structure.
Reduction of iron(III) to iron(II) was shown to occur during the
heat up phase of the reaction and proceeded via an oxidative
decarboxylation pathway. The role of water in the starting iron
oleate and generated during the ketonization was shown to
inuence the particle size and reproducibility. In addition to
controlling nanoparticle size by addition of excess oleic acid, we
introduce an in situ oxidation step with 1% O2 in argon to
control the iron oxide phase and produce high purity crystalline
magnetite. The use of 1% O2 in argon can safely translate to
large scale, since it maintains oxygen concentration less than
the LOC. The evaluation of iron(II) content using a permanga-
nate titration procedure, optimized for oleic acid coated iron
oxide nanoparticles, was performed. Thorough testing of this
magnetite nanoparticle synthesis procedure indicated it is
reproducible and amenable to large scale.
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