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Abstract Iron oxide nanoparticles exhibit highly
size-dependent physicochemical properties that are
important in applications such as catalysis and envi-
ronmental remediation. In order for these size-depen-
dent properties to be effectively harnessed for
industrial applications scalable and cost-effective
techniques for size-controlled synthesis or size sepa-
ration must be developed. The synthesis of monodis-
perse iron oxide nanoparticles can be a prohibitively
expensive process on a large scale. An alternative
involves the use of inexpensive synthesis procedures
followed by a size-selective processing technique.
While there are many techniques available to frac-
tionate nanoparticles, many of the techniques are
unable to efficiently fractionate iron oxide nanoparti-
cles in a scalable and inexpensive manner. A scalable
apparatus capable of fractionating large quantities of
iron oxide nanoparticles into distinct fractions of
different sizes and size distributions has been devel-
oped. Polydisperse iron oxide nanoparticles
(2-20 nm) coated with oleic acid used in this study
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were synthesized using a simple and inexpensive
version of the popular coprecipitation technique. This
apparatus uses hexane as a CO, gas-expanded liquid to
controllably precipitate nanoparticles inside a 1L
high-pressure reactor. This paper demonstrates the
operation of this new apparatus and for the first time
shows the successful fractionation results on a system
of metal oxide nanoparticles, with initial nanoparticle
concentrations in the gram-scale. The analysis of the
obtained fractions was performed using transmission
electron microscopy and dynamic light scattering. The
use of this simple apparatus provides a pathway to
separate large quantities of iron oxide nanoparticles
based upon their size for use in various industrial
applications.

Keywords Gas-expanded liquids - Iron oxide
nanoparticles - Nanoparticle synthesis - Nanoparticle
processing - Coprecipitation

Introduction

Metal oxide nanoparticles are finding wide-scale
applicability in various industrial fields including
catalysis (Park et al. 2010; Zhao et al. 2013),
biomedicine (Bulte and Kraitchman 2004; Jo et al.
2010; Thorek et al. 2006), enhanced oil recovery
(Baran et al. 2003), and environmental remediation
(Orbell et al. 1997; Rajeshwar and de Tacconi 2009;
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Zhang 2003). Iron oxide nanoparticles are especially
important in this sector of nanoscale science and
engineering because of their controllable magnetic
nature, relative safety, and affordability. Nanoparti-
cles within the size range of 1-100 nm have extremely
size-dependent physicochemical properties which
arise due to their dimensions being intermediate
between the atomic and molecular size regimes (Rao
et al. 2002). It is important that we harness these size-
dependent properties in order to optimize the use of
nanoparticles in the applications mentioned above.
There are two primary ways to go about controlling the
size and therefore the size-dependent properties of
nanoparticles. The first way is to directly synthesize
monodisperse nanoparticles of desired size using
various specialized-synthesis methods such that these
nanoparticles can be used in the targeted applications.
However, many of these specialized synthesis tech-
niques suffer from certain disadvantages such as
requiring high temperatures (Hyeon et al. 2001; Xu
et al. 2010; Yu et al. 2004) and expensive reagents
(Park et al. 2005; Yu et al. 2006) during the process,
making large-scale synthesis of these particles expen-
sive. Another way to affect the nanoparticle size, and
therefore their size-dependent properties is to use a
more straightforward and inexpensive synthesis tech-
nique to generate polydisperse nanoparticles and then
process them using various techniques like magnetic
separation (Yavuz et al. 2006), centrifugation (Novak
et al. 2001), and electrophoresis (Surugau and Urban
2009) to obtain monodisperse particles. Most of these
post-synthesis processing methods suffer from certain
drawbacks such as requiring expensive equipment,
having low throughputs and large amounts of solvent
(Bishop et al. 2009; Fletcher 1991; Saunders and
Roberts 2009).

Our laboratory has previously developed a method
to size-selectively separate nanoparticles using gas-
expanded liquids (GXLs) (Anand et al. 2007; McLeod
et al. 2005a; Saunders and Roberts 2009). This process
involves the controlled precipitation of nanoparticles
coated with aliphatic stabilizing ligands therefore
initially dispersed in an organic solvent, under applied
CO, pressure. This technique to size-selectively
fractionate nanoparticles using GXLs is a modification
of the popular liquid solvent—antisolvent (LSAS)
precipitation process (Murray et al. 2000). The LSAS
process typically generates large quantities of solvent
waste and requires several tedious processing steps
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such as centrifugation in order to recover the particles.
In the GXL fractionation process, compressed CO,
serves as the antisolvent for the aliphatic ligands that
stabilize the nanoparticles in an organic solvent
dispersion. These ligands (which are solvated in the
absence of any CO,) tend to progressively self-
associate and collapse upon the addition of CO,
(White and Kitchens 2010). This weakened solvation
of the ligand tails causes a fraction of the nanoparticles
to precipitate out of solution and the extent this
precipitation is dictated by the amount of CO,
dissolved in the solvent. As such the larger nanopar-
ticles precipitate out of solution at lower applied CO,
pressures (lower amounts of CO, dissolved) due to the
larger particles having higher van der Waals forces of
attraction. Hence, by controlling the amount of CO,
pressure applied to the system one can controllably
precipitate and separate nanoparticles based upon their
size from an organic solvent. One of the main
advantages of this GXL size-selective fractionation
technique is the fact that the antisolvent (CO,) can be
subsequently separated from the liquid solvent simply
by depressurization, and thereby enabling recovery
and reuse of these components. Due, in part, to the
decreased solvent viscosities and increased diffusiv-
ities of species in a GXL, the nanoparticles can also be
inclined to precipitate from the GXL dispersion
without the need for centrifugation. This makes the
GXL process less energy intensive and time intensive
(Saunders and Roberts 2012). Other advantages to the
use of CO, include its low cost, relative inertness, and
ready availability (Jessop and Subramaniam 2007
Vengsarkar and Roberts 2013).

We have previously demonstrated that nanoparticle
dispersions of quantum dots (e.g., CdSe/ZnS) and
noble elements (e.g., gold and silver) can be effec-
tively precipitated using GXLs with CO, as the
gaseous antisolvent (Anand et al. 2007; Duggan and
Roberts 2014; McLeod et al. 2005b; Saunders and
Roberts 2009). Studies which modified the solvent—
ligand combinations were successful in reducing and
tuning the pressures required to fractionate gold
nanoparticles using the GXL technique (Saunders
and Roberts 2011; Vengsarkar and Roberts 2013).
However, gold nanoparticles have limited use in
contemporary industrial applications excluding cer-
tain specialized biomedical and catalytic roles (Haruta
and Daté 2001; Mikami et al. 2013; Sharma et al.
2006). Iron oxide nanoparticles on the other hand have
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a wider scope in current and future applications. These
include use in areas such as magnetic resonance
imaging (MRI) contrast agents (Andreas et al. 2012;
Babes et al. 1999; Hong et al. 2008; Hu et al. 2011;
Kwak 2005; Qiao et al. 2009), drug delivery agents
(Jain et al. 2005; Morales et al. 2008, 2005), catalysts
(Hosseinian et al. 2011; Khedr et al. 2009; Park et al.
2010; Torres Galvis et al. 2012), and for the formation
of Pickering emulsions (Binks and Whitby 2005; Zhou
et al. 2012). The first GXL fractionation apparatus
designed was a proof-of-concept spiral tube apparatus
(Anand et al. 2007) designed to fractionate approxi-
mately 700 pL of dilute (<1 gram total metal or metal
oxide present) nanoparticle sample. The next scaled up
version of this apparatus was a cascaded-vessel
apparatus (Saunders and Roberts 2009) which effec-
tively fractionated dilute 20 mL samples of nanopar-
ticles. This apparatus provided a good avenue to carry
out detailed theoretical studies (Saunders and Roberts
2011; Vengsarkar and Roberts 2013) on the GXL
fractionation process, due to the ability to fine tune the
process parameters and to visually observe the
process. However, one of the drawbacks of the
cascaded vessel apparatus was that the use of concen-
trated nanoparticle samples can lead to the formation
of Langmuir—Blodgett films (Saunders and Roberts
2011) and lower the effectiveness of the size-selective
fractionation process. Also due to the small sample
volume used in the apparatus, it is not possible to
increase the total amount of nanoparticles being
processed due to solubility limitations of the nanopar-
ticles in the solvent. These issues with the cascaded-
vessel apparatus make it critical to design a scalable
system, capable of fractionating samples on the gram-
scale, and targeted for use with iron oxide nanopar-
ticles which are required in large quantities for any
industrial application.

The purpose of this study is to demonstrate the
utility of the GXL fractionation process to size-
selectively separate inexpensively synthesized iron
oxide nanoparticles from an organic dispersion at
relatively high concentrations. This is achieved
through the design of a scalable high-pressure
fractionation apparatus capable of handling a high
loading of nanoparticles (>1 gram solids in solution)
and large sample volumes. This study also provides
fundamental insight into the factors that affect the
size-selective fractionation of iron oxide nanoparti-
cles using GXLs.

Experimental section
Materials

Iron (IIT) chloride hexahydrate (FeCl;-6H,0, 99.9 %),
iron (II) chloride tetrahydrate (FeCl,-4H,0, 99.9 %),
and n-hexane (HPLC grade, 95 %), were obtained
from Alfa Aesar. Oleic acid (99 %), was obtained
from Sigma Aldrich, and ammonium hydroxide (5 M)
was obtained from BDH. Deionized ultra-filtered
(DIUF) water was obtained from Fisher. Carbon
dioxide (SFC/SFE grade) was obtained from Airgas.
All chemicals were used as received without further
purification.

Nanoparticle synthesis

Iron oxide nanoparticles coated with oleic acid were
synthesized based on a method described previously
by Jain et al. (2005). Initially, aqueous solutions of
0.2 M Fe(Ill) and 0.2 M Fe(Il) were prepared using
DIUF water. The Fe(IIl) solution (120 mL, 0.2 M)
was mixed with the Fe(Il) solution (60 mL, 0.2 M) in
a three-necked flask with magnetic stirring. Under
constant stirring and under a nitrogen atmosphere,
24 mL of 5 M ammonium hydroxide was added to this
mixture to generate a black precipitate of iron oxide
nanoparticles. These reagent concentrations theoreti-
cally generate 2.78 gm of iron oxide (i.e., ~2.01 gm of
iron). The temperature of this system was then
increased to 80 °C and maintained for 30 min to
evaporate the ammonia out of the solution. While the
temperature is being increased, 2.24 mL of oleic acid
was added to the mixture. After the end of the heating
cycle, the system was allowed to cool down to room
temperature, followed by magnetic immobilization
and washing with DIUF water to remove any excess
reagents and impurities. The particles were then dried
using nitrogen and dispersed in 200 mL of n-hexane
via sonication (Fischer Scientific FS20). This 200 mL
dispersion of iron oxide nanoparticles (concentration
~10 mg/mL of iron) was used for each of the GXL
fractionation experiments.

Nanoparticle characterization

The as-synthesized nanoparticles were characterized
using transmission electron microscopy (TEM) to

@ Springer



387 Page 4 of 12

J Nanopart Res (2015) 17:387

obtain their size and size distribution. Carbon-coated
TEM grids of each of the collected nanoparticle
fractions were then prepared via dropcasting and
micrographs were acquired on a Zeiss EM 10 trans-
mission electron microscope and sized using the
ImagelJ software package (more than a 1000 nanopar-
ticles for each sample). It should be noted that the
Imagel software uses image analysis to determine the
area of a nanoparticle, and this area is then used to
calculate particle diameter with the underlying
assumption that the particle is perfectly spherical.
Since, the particles synthesized in this study are not
perfectly spherical it is possible to get a slightly
skewed size and size distribution using the TEM
analysis. Hence, dynamic light scattering (DLS)
analysis was also performed on these particles, using
a Malvern Zetasizer Nano ZS, to confirm the trends
obtained through TEM analysis. Fourier transform
infrared spectroscopy (FTIR) was also carried out on
the sample using a Nicolet Avatar 360 to investigate
the nature of chemical interaction between the ligand
(oleic acid) and the nanoparticle core. The solid
samples were pelletized using a pellet press along with
KBr for the FTIR analysis. A baseline for pure KBr
and atmospheric correction was used for each of the
samples studied.

Size-selective separation process

Figure 1 depicts the bench-scale apparatus used to
size-selectively separate iron oxide nanoparticles

Fig. 1 Bench-scale
apparatus to size-selectively
separate iron oxide
nanoparticles using a gas-
expanded liquid system

using a gas-expanded liquid system. The vessel used
for the bench scale size-selective separation of iron
oxide nanoparticles is a modified 1L Parr-reactor
Model 4571 (Parr Instruments Company, Moline,
Mlinois, USA). The Parr reactor is fitted with a dip tube
and is also equipped with a pressure transducer and
thermocouple. A removable glass liner is used inside
the Parr reactor for easy cleaning and to prevent
contamination of the iron oxide nanoparticle sample.
The reactor system is connected to a high-pressure
syringe pump (ISCO 260D) which is used to control
the amount of CO, added to the system. To initiate an
experiment, 200 mL of the synthesized iron oxide
nanoparticle dispersion in hexane is added to the Parr
reactor. The Parr reactor is then sealed and pressure
tested using CO, to ensure that no leaks are present in
the system. The reactor system is then purged of air
and pressurized to the first experimental pressure of
13.8 bar (200 psi) by injecting CO, through valve V1
using the syringe pump. The system is then maintained
at this pressure for a period of 4 h (enough time for the
system to reach equilibrium) using the syringe pump.
This is done so as to ensure the complete dissolution of
CO, into the hexane and the complete precipitation (if
any) of the iron oxide nanoparticles. After this period
of 4h, the valve V2 is slowly opened, while
maintaining the pressure at 13.8 bar using the syringe
pump. The pressure difference across valve V2 causes
the nanoparticle dispersion inside the vessel to be
transferred via the dip tube into an external collection
vessel where approximately 2 mL of the nanoparticle
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dispersion is retrieved. This sample is then transferred
to a scintillation vial and the collection vessel is
cleaned using pure hexane. The system pressure is
then increased to the next desired pressure value
(27.6 bar/400 psi), the system allowed to reach
equilibrium, and the sample collection process is
carried out. After this technique is repeated for each of
the desired pressures, the system is then slowly
depressurized to atmospheric pressure by opening
valve V3. It should be noted that while only 2 mL
nanoparticle dispersion samples are drawn from the
system at each of the investigated pressures in this
particular experiment, it is feasible to recover essen-
tially all of the dispersed nanoparticles from the
system at any given pressure by removing all of the
remaining liquid dispersion from the vessel (thereby
leaving only the precipitated nanoparticles in the
vessel). Each of the 2 mL liquid nanoparticle disper-
sion samples that were retrieved from the Parr reactor
at the different system pressure values were then
analyzed using TEM and DLS in the same way as the
originally synthesized nanoparticle dispersion.

Results and discussion

Oleic acid-coated iron oxide nanoparticles were
initially synthesized using the coprecipitation method
since it uses inexpensive reagents and lower reaction
temperatures compared to other iron oxide nanopar-
ticle synthesis methods (Chen et al. 2009; Hyeon et al.
2001; Park et al. 2005). The surface functionalization
of the synthesized particles was examined using FTIR
spectroscopy and the results obtained are shown in
Fig. 2 along with the spectrum for pure oleic acid. The

Fig. 2 FTIR spectrum of
oleic acid-coated iron oxide
nanoparticles synthesized 8
using a coprecipitation
technique

Absorbance

3000 2500

------- pure oleic acid

two sharp peaks present in both spectra, in the range of
2800-3000 cm_l, can be attributed to the —CH,
stretches from the alkyl chain in oleic acid. The
spectrum for the iron oxide nanoparticles shows a
characteristic Fe-O stretch at 588 cm™' and the
spectrum for pure oleic acid, on the other hand, shows
a prominent C=0 stretch at 1710 cm™'. In the
spectrum of the iron oxide nanoparticles coated with
oleic acid, a reduction in intensity of this C=0
stretching peak is observed coupled with its splitting
into two distinct peaks of lower wavenumber (1623
and 1529 cm™'), thereby signifying a C-O interac-
tion. The presence of this interaction is consistent with
previous observations that have been reported in the
literature (Lee and Harris 2006; Vengsarkar and
Roberts 2014; Wang et al. 2010; Zhang et al. 2006)
that indicate the presence of a ligand-core conjugation
via the C—O bonds (Zhang et al. 2006).

The size analysis obtained using TEM and DLS
data indicated that the nanoparticles synthesized using
the coprecipitation method were relatively polydis-
perse in nature. It should also be noted that some of the
generated particles were not perfectly spherical in
nature. which is typical for particles produced using
the coprecipitation technique (Babes et al. 1999;
Maity and Agrawal 2007; Wang et al. 2010). The core
diameter of the iron oxide nanoparticles as determined
by TEM analysis was found to be 6.4 + 3.7 nm. The
average volume-weighted hydrodynamic diameter of
these same particles was determined to be 21.1 nm
using DLS.

DLS measures the hydrodynamic diameter of the
dispersed nanoparticles consisting of the metal iron
oxide core along with the solvated ligand shell. Thus,
DLS size analysis often yields a higher average

iron oxide NPs coated with oleic acid

2000 1500 1000 500
Wavenumber (cm™)
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diameter value than that obtained via TEM analysis
which only provides an indication of the diameter of
the metal core (Lim et al. 2013).

Size-selective separation of the iron oxide nanopar-
ticle dispersion was performed in the high-pressure
Parr-reactor apparatus at a series of predetermined
pressures where the fractionated samples were recov-
ered in a collection vessel, as detailed in the Experi-
mental section. The TEM images of the nanoparticle
samples obtained at each of the pressure values are
shown in Fig. 3a. The reduction in nanoparticle size
upon increasing system pressure is clearly visible from
these images. From the size analysis of these TEM
images, it is observed that there is no significant
deviation of size or size distribution of the samples
drawn at 13.8 bar (200 psi) and 27.6 bar (400 psi)
compared to that of the original sample (6.3 £ 3.7 nm).

Fig. 3 a TEM images of
the original iron oxide
nanoparticle dispersion and
the nanoparticle samples
retrieved at the experimental
pressures. b Trends in
average nanoparticle core
size and standard deviation
(using TEM) under different
experimental pressure
conditions

(a)

(0 bar)

(b)

7.0

Aveérage Size: 4.7.nm
. Std:Dev.: 2.6 nm

13.8 bar

- bar

However, for samples recovered at even higher system
pressures, a progressive decrease in average nanopar-
ticle size and standard deviation is observed with
increasing pressure. The sample collected at 34.5 bar
(500 psi) has an average nanoparticle diameter that is
approximately 1 nm smaller than the original nanopar-
ticle dispersion. Further reduction in nanoparticle
diameter was obtained at each of the subsequent
pressures examined. The lowest nanoparticle size
obtained amongst the samples studied is 2.6 &= 1.3 nm
for the nanoparticle dispersion obtained at the system
pressure of 48.3 bar (700 psi). The nanoparticle disper-
sion obtained at a highest experimental system pressure
of 50 bar (725 psi) was extremely dilute and almost
colorless, indicating that very few particles remained
dispersed in solution at this stage. The diameter of the
nanoparticles present in this particular sample could not

Average Size: 6.4 nmr a
Std. Dev:: 3:6 nm A

27.6 bar 34.5 ba

Average Size: 3.8 nm
Std: Dev.:1.7. nm

Average Size: 2.6 nm
Std. Dev.:1.3 nm
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be accurately determined given the resolution/magnifi-
cation of the available TEM equipment and the small
number of particles present in the system at this
pressure.

The reduction in the size and size distribution of
nanoparticles present in the retrieved dispersions is
shown in Figs. 3b and 4. It can be deduced from the
observed reduction in average nanoparticle size and
size distribution that the iron oxide nanoparticle
precipitation essentially begins at a system pressure
between 27.6 bar and 34.5 bar. At sequentially higher
pressure values a steady reduction in nanoparticle size
and size distribution is observed (Fig. 3b). This trend
is similar to that observed previously in dode-
canethiol-coated metal nanoparticle systems (Saun-
ders and Roberts 2012, 2009; White and Kitchens
2010). Our hypothesis is that the increasing CO,
pressure in the reactor system sequentially diminishes
the solvent strength of the CO, + hexane mixture,
thereby reducing its ability to sufficiently solvate the
oleic acid-coated iron oxide nanoparticles such that
they all remain dispersed in solution. Progressively
smaller nanoparticles will precipitate from solution
upon worsening solvent conditions (i.e., the largest
particles will precipitate first as CO, pressure is
applied to the solution). As such, increasing the
applied CO, pressure in the system will cause a

40
35
30
25
20

15

Frequency (%)

10

Na
nopartic/e dia

Cter ( nm )

fraction of the largest particles in the dispersion to
precipitate while leaving the rest of the particles
thermodynamically stabilized in solution. A further
increase in applied CO, pressure will then cause the
next largest fraction to precipitate where the average
nanoparticle size will depend upon the pressure
employed (Anand et al. 2007, 2005; Saunders and
Roberts 2009).

The mechanism that underpins the precipitation of
the oleic acid-coated iron oxide nanoparticles is
expected to be same as that attributed to the precip-
itation of dodecanethiol capped metal nanoparticles
from a GXL solution (Von White et al. 2011; White
and Kitchens 2010). Oleic acid and dodecanethiol
have similar structural configurations once they are
conjugated to the nanoparticle core since they both
have unbranched aliphatic chains in their chemical
structure. The difference in the carbon number and the
double bond present in oleic acid could provide for a
more densely packed protective layer (Lu et al. 2008)
on the surface thus changing the precipitation pres-
sures in the oleic acid-iron oxide nanoparticle system
when compared to the dodecanethiol-gold nanoparti-
cle system. As mentioned previously, the largest
nanoparticles precipitate first upon worsening solvent
conditions (i.e., with increasing applied CO, pressure)
due to larger van der Waals forces (Anand et al. 2007,

B0 bar (original sample)
M 13.8 bar (200 psi)
@ 27.6 bar (400 psi)
@ 34.5 bar (500 psi)
@41.4 bar (600 psi)
@ 44.8 bar (650 psi)
[@48.3 bar (700 psi)

Fig. 4 Size distribution of the iron oxide nanoparticle samples recovered from the GXL apparatus under various pressure conditions

obtained using TEM analysis
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Fig. 5 Size distribution of 30
the iron oxide nanoparticle
samples recovered from the
GXL apparatus under
various pressure conditions
obtained using DLS analysis

25

20

15

10

Volume Percent

0
0.1

Saunders and Roberts 2009), leaving the smaller
particles dispersed in the solution. These smaller
unprecipitated particles are the samples which we
recover from the reactor system in the flash vessel. The
way the current apparatus is designed causes the
nanoparticle size distribution to shift towards the left
(lower nanoparticle size) upon increasing system
pressure due to what is effectively a ‘sieving effect’
on the original nanoparticle dispersion (i.e., larger
particles get held back and smaller particles pass
through). In all, these TEM results confirm that
progressive increases in applied CO, pressure causes
the larger sized nanoparticles in dispersion to succes-
sively precipitate out of solution, leaving the smaller
nanoparticles dispersed in the solution and
recoverable.

The results from the TEM analysis of the recovered
nanoparticle samples are further supported by DLS
analysis of the same samples, as shown in Fig. 5 and
Table 1. From the size histograms obtained using

Table 1 Comparison between average nanoparticle diameters
obtained using TEM and DLS

Applied CO, Average nanoparticle ~ Average nanoparticle
pressure (bar) diameter (TEM) (nm) diameter (DLS)* (nm)

0.00 6.3 16.2
13.8 6.3 16.3
27.6 6.4 16.4
34.5 52 15.3
41.4 4.7 11.5
44.8 3.8 8.0
48.3 2.6 4.7
50.0 n/a 1.7

* Volume-weighted average
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DLS, the size distributions of the samples obtained at
13.8 and 27.6 bar are very similar to that obtained
from the original sample (average size—16.2 nm).
However, at and above system pressures of 34.5 bar, a
shift towards lower nanoparticle sizes is observed. The
DLS size distribution of the recovered samples also
decreases as the system pressure is increased above
27.6 bar. A clear trend in average size reduction is
observed at 41.4 bar (11.5 nm), 44.8 bar (8.0 nm),
and 48.3 bar (4.7 nm). At 50 bar, the highest exper-
imental pressure, DLS analysis was able to provide a
size distribution for the extremely small particles
(1.7 nm) present in the colorless dilute solution.

By comparing these DLS results to the TEM results
(Table 1), the reduction in the average nanoparticle
size upon increasing CO, pressure is evident. The
diameters of the nanoparticles obtained from DLS
analysis are larger than the diameters obtained from
TEM analysis due to the fact that DLS analysis
accounts for the presence of the hydration layer and
the presence of the stabilizing ligand in the measured
particle. This difference in average particle size
obtained from these two techniques is similar to that
observed in the literature (Lim et al. 2013). For
example, Lim et al. observed that while TEM analysis
indicated an average iron oxide particle size of 7.2 nm,
DLS resulted in a measurement that was 9.7 nm larger
for that same sample. It should be noted that the oleic
acid layer, which is approximately 2 nm in length
(Zhang et al. 2006), affects the hydrodynamic diam-
eter measurement obtained from DLS while this oleic
acid layer is not observable in TEM due to the
electron-transparent nature of oleic acid. While keep-
ing in mind the inherent differences between these
characterization techniques, similar trends in size
reduction are obtained through TEM and DLS
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Table 2 Comparison between the different GXL fractionation apparatuses

Fractionation apparatus

Spiral tube®

Cascaded vessel” Current apparatus

Primary use

Proof-of-concept

Fundamental studies/
applied studies

Fundamental studies

Nanoparticle systems studied CdSe/ZnS?, Au®, Ag?  Au®, Ag® Fes0,

Typical processing volume 200-700 pL 5-10 mL 200-400 mL

Typical metal loading Dilute (<0.1 mg/mL) Dilute (<0.1 mg/mL) Concentrated (>10 mg/mL)
Maximum fractions in a single run 6 3 No limit

Typical std. dev. of most monodisperse fraction (nm) =+0.5 +1.0 +1.5

Fractionation accuracy Very high High Moderate

% (Anand et al. 2007)

b (Saunders and Roberts 2009)
¢ (Anand et al. 2005)

d (McLeod et al. 2005a)

¢ Unpublished results

characterization of the samples. Hence, the current
apparatus is very effective at separating large volumes
(200 mL) of concentrated oleic acid-coated iron oxide
nanoparticle solutions (~10 mg iron/mL solvent)
based upon their size through the use of a gas-
expanded liquid. A comparison of the current frac-
tionation device and previous apparatuses is shown in
Table 2. This bench-scale apparatus is also easily
scalable since, in structure, it is very similar to a
standard continuous stirred tank reactor.

The ability of the current apparatus to collect
multiple samples in a single run/loading allows one to
directly determine the pressures at which precipitation
occurs. By performing multiple fractionation experi-
ments on a single nanoparticle sample, one can use the
obtained experimental data to develop an empirical
model to better understand the size and size distribution
of the nanoparticles that would be recovered under a
given set of GXL fractionation conditions. It should be
noted that detailed in situ experiments (including UV—
Vis spectroscopy) would be required in order to
accurately perform a mass balance on this GXL system
(at a given operating pressure) so as to predict the mass
of the nanoparticles that could be recovered in each
fraction. These experiments are more cumbersome for
the iron oxide system compared to previous studies
involving metal nanoparticles where UV-Vis spec-
troscopy and the surface plasmon resonance band of the
nanoparticles could be used to directly monitor their
precipitation as a function of applied CO, pressure

(Saunders and Roberts 2012). Saunders and Roberts
demonstrated that these tools could be used to theoret-
ically determine the size of the nanoparticles that would
precipitate from solution at a given set of conditions
(Saunders and Roberts 2009). For example, the absorp-
tion spectrum of metallic gold nanoparticles is charac-
terized by a strong broad absorption band around
520 nm that is absent in the bulk metal spectra
(Amendola and Meneghetti 2009; Haiss et al. 2007).
However, for iron oxide nanoparticles, no such absorp-
tion band is present and a relatively flat spectrum with a
plateau at around 480 nm is observed (Kang etal. 1998;
Kebede et al. 2013; Klacanova et al. 2013; Walt et al.
2010). This, unfortunately, prevents accurate in situ
monitoring of the precipitation of iron oxide nanopar-
ticles in the gas-expanded liquid system. To better
understand the GXL fractionation of iron oxide
nanoparticles, more studies should be carried in order
to develop a fundamental model that would allow one to
predict the size of iron oxide nanoparticles that would
precipitate at a given applied CO, pressure.

Conclusion

In summary, through the design of a simple high-
pressure reactor system, large quantities of iron oxide
nanoparticles have been successfully fractionated
based upon their size using a gas-expanded liquid.
This GXL system is effective at separating large
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volumes (>200 mL) of concentrated oleic acid-coated
iron oxide nanoparticle solutions (~ 10 mg iron/mL
solvent). By successively pressurizing the GXL sys-
tem to applied CO, pressures of up to 50 bar, the
nanoparticles of core sizes varying from 6.3 + 3.7 to
2.6 £ 1.6 nm were successfully fractionated from the
original iron oxide nanoparticle dispersion. The
monodispersity of the obtained nanoparticle fractions
was observed to increase upon increasing applied CO,
pressure. These trends in nanoparticle precipitation as
a function of applied CO, pressure were found to be
similar to those observed previously for metal
nanoparticle systems. The use of this simple GXL
apparatus provides a pathway to separate large quan-
tities of inexpensively produced iron oxide nanopar-
ticles based upon their size for subsequent use in large-
scale applications such as catalysis.
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