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Highly stable superparamagnetic iron oxide nanoparticles as
functional draw solutes for osmotically driven water transport

Changwoo Kim', Junseok Lee®', Daniel Schmucker? and John D. Fortner'®

In this work, we develop and demonstrate highly stable organic-coated engineered superparamagnetic iron oxide nanoparticles
(IONPs), which provide effective osmotic pressure without aggregation, reverse diffusion, or membrane blocking (by nanoparticles)
for osmotically driven membrane systems, considering both forward osmosis (FO) and pressure-retarded osmosis (PRO). For this, we
synthesized highly water stable, monodisperse 12 nm IONPs with a rational series of water stabilizing surface coatings, including
sodium dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB), and polyethylene glycol (PEG). We then compared the

library of surface functionalized IONPs as draw solutes for osmotic pressure-driven membrane processes. As synthesized, surface
(organic) coatings are compact, thin, and can have very similar surface charge as the membrane itself, which results in effective
osmotic pressure in forward osmosis (FO) mode configuration. To increase the osmotic pressure further, on a per mass basis, we
synthesized and demonstrated novel hollow IONPs with identical surface coatings. Finally, water flux was further enhanced for

stable particle systems using an oscillating magnetic field, thus physically altering concentration gradients, as a function of particle

magnetic properties.
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INTRODUCTION

Pressure retarded osmosis (PRO) and forward osmosis (FO) have
attracted considerable attention with regard to water treatment
and energy-based applications, among others'. For both PRO
and FO processes, developing stable, ideal draw solutes remains a
major challenge. To be effective, draw solutes should have high
solubility/stability, be nontoxic, and not physically or chemically
interact with membrane surfaces, minimizing sorption or block-
ing®. In addition, production and recovery costs of draw solutes
should be relatively low for scaled applications. Finally, there
should be no reverse diffusion (draw solute permeation into the
feed solution), which causes loss of osmotic pressures and
concentration polarization (CP)*.

Magnetic nanoparticles (MNPs) have been considered as
advanced draw solutes as they can be magnetically separated/
regenerated. Among MNPs, superparamagnetic iron oxide nano-
particles (IONPs) are promising candidates because of their
relatively low cost® and toxicity®. To date, previous studies have
reported IONPs as draw solutes with organic surface coatings,
including triethylene glycol”®, polyacrylic acid®, poly(sodium
acrylate)'®, poly(N-isopropylacrylamide)'', polyglycerol'?, dex-
tran'?, citrate'®, and poly(ethylene glycol)diacid’>. These reports
have been summarized in tabular form in the SI for comparison,
including results from this work. Among these, a relatively small
number of studies were evaluated for long operation times (>4 h),
all of which observed significant flux decline (up to 50%) due to
membrane blocking (from the draw side)'®'®. For the regenera-
tion/recovery of IONPs, most studies also observed aggregation,
which also contributes to flux decline®'#'"'8 For all, IONPs
aggregation and deposition on the surface of membrane
(blocking) remains a critical challenge for effective, long term
operation. Toward this end, development of extreme stable IONPs
is critical for the practical application of IONPs as draw solutes.

Colloidal stability of IONPs depends on particle size, density,
surface chemistry, and aqueous conditions. Engineered IONPs can
be synthesized by several methods, including thermal decom-
position'??, co-precipitation?', and microemulsion®2. For synthe-
sizing monodisperse IONPs with high colloidal stability regimes,
thermal decomposition methods using nonpolar solvents is an
extremely reproducible strategy for highly monodisperse suspen-
sions with precise surface coatings®®. Taking advantage of these
methods, here we prepared and characterized 12 nm IONPs with a
series of water stabilizing surface coatings, including sodium
dodecyl sulfate (SDS), cetyltrimethylammonium bromide (CTAB),
and polyethylene glycol (PEG), as nano draw solutes. All draw
solutes evaluated in this study were demonstrated to be highly
colloidally stable due to size and repulsive forces (including steric
and electrostatic), which prevents particle aggregation and
membrane blocking (draw side). In addition, we increased the
performance of nano draw solutes by hollowing out the NPs core
structure, and applying oscillating magnetic field.

RESULTS AND DISCUSSION

Synthesis of superparamagnetic IONPs and HNPs

Highly monodisperse 12 nm IONPs were synthesized by thermal
decomposition in the presence of oleic acid (OA)?*?*. As measured
by TEM (Fig. 1a), IONP size was 12.3 + 1.0 nm; a size distribution is
presented in Fig. 2a. The crystalline structure of the synthesized
IONPs matched magnetite, Fes0, (JCPDS Card # 190629), which
has been previously reported by our group and others (Fig.
2b)?°2*, In addition, IONPs were effectively ‘hollowed’ via an acid
etching technique using technical grade TOPO (Fig. 1b, termed
HNPs)?*. The resulting IONPs and HNPs were highly monodisperse
and stable in nonpolar solvent due to the resulting hydrophobic
surface (of the outward oleic acid tail facing into the organic
solvent)?®.
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Synthesized IONPs were systematically coated by both ligand
encapsulation and exchange methods, allowing for phase-transfer
into water®?*?”_ For this, SDS, with a negatively charged sulfate
terminal group, and CTAB, with a positively charged methyl
ammonium terminal group, were used as ligand encapsulation
agents. PEG (MW = 5 K) with hydroxyl functional groups within the
polymer chain was used as a ligand exchange agent. Concentra-
tions of phase transferred IONPs were ca. 300-500 mg/L. To
concentrate further (up to ca. 2000 mg/L), suspensions were placed
under vacuum to slowly remove water. For all concentration
processes, there was no loss/aggregation of IONPs due to its high
stability. The hydrodynamic diameters (Dy) and zeta potentials of
phase transferred IONPs and HNPs were analyzed by DLS at pH 7.
As shown in Fig. 2¢, d, the zeta potentials for SDS-coated IONPs
(IONP@SDS), CTAB-coated IONPs (IONP@CTAB), PEG-coated IONPs
(IONP@PEG), and SDS-coated HNPs (HNP@SDS) were —25.5, 26.7,
—6.3, and —35.1mV, respectively. Dy values for IONP@SDS,
IONP@CTAB, IONP@PEG, and HNP@SDS were 23.5, 24.6, 37.7, and
26.3 nm, respectively.

{

Dy S

Fig. 1 TEM images of monodisperse NPs. (a) IONPs and (b) HNPs.
Average diameter (12.3 = 1.0 nm) of IONPs and HNPs was measured
using Image-Pro 6.0 with over a thousand crystals counted.
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Osmotic pressure driven membrane system

Concentration-dependent (450, 900, and 1800 ppm) draw solute
tests were performed using IONP@SDS. Number concentrations of
450, 900, and 1800 ppm nano draw solution are 8.89x 10',
1.78x 10", and 335x10'" particles/L, which can produce
theoretical osmotic pressure of 3.66, 7.32, and 14.64 Pa, respec-
tively, based on the van't Hoff equation. The water fluxes were
0.19, 042, and 058L/m*h for 450, 900, and 1800 ppm,
respectively, in FO mode and 0.42, 0.60, and 1.16 L/m*h for 450,
900, and 1,800 ppm, respectively, in PRO mode (Fig. 3). As
expected, when the particle concentration increased, the water
flux increases, as particle concentration and osmotic pressure have
a linear Van't Hoff based relationship. As shown by others,
membrane blocking by nano draw solute (from draw side) is still
critical issue need to be overcome (notable previous studies are
summarized in Supplementary Table 1). Here, the increase in draw
solution volume was approximately linear as a function of time,
which also indicates minimal blocking. We hypothesize that the
organic coating plays a significant role in NP draw solutes’
behavior, as steric repulsion prevents NP aggregation and
membrane adsorption®*?°, In addition, synthesized NPs are too
large to pass through/into the membrane (via size exclusion). This
fact was confirmed by measuring iron concentration of the feed
solution after the experiments using ICP-OES. Over the tested
concentration ranges, internal concentration polarization (ICP) has
more influence on osmotic gradient than external concentration
polarization (ECP) (i.e., flux of PRO mode is higher than that of FO
mode). Both ICP and ECP profiles are presented in Supplementary
Fig. 1. This is due to physical properties of the membrane support
layer, such as the thickness, porosity, and tortuosity, as they relate
to hindered transport/diffusion of draw solutes as discussed by
others®.

For optimized organic coated IONPs, the thickness and surface
charge of the organic coating need to be considered. Organic
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Fig. 2 Characterization of synthesized NPs. (a) Size distribution of synthesized IONPs. The average diameter and the standard deviation were
12.3 + 1.0 nm. (b) X-ray diffraction (XRD) data of IONPs; diffraction patterns were well matched with magnetite (Fes0,) crystalline structure (JCPDS
Card # 190629, lower bars). (c) Zeta potentials and (d) hydrodynamic diameters of IONPs and HNPs coated with various surface stabilizers at pH 7.
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Fig. 3 Draw solute performances of synthesized NPs in osmotic
pressure driven membrane processes (FO and PRO modes). Water
fluxes were measured by time dependent total volume increase (V/
Vo) with 0.95 cm? of effective membrane surface area (water flux =
Increased volume/(time X membrane surface area)). Concentration
dependence tests using IONP@SDS in (a) FO mode and (b)
PRO mode.

coating-dependent tests were performed using an identical IONPs
concentration (900 ppm) with various organic stabilizers, including
SDS, CTAB, and PEG. As shown in Fig. 4, the water fluxes were 0.42,
0.14, and 0.32 L/m?h for IONP@SDS, IONP@CTAB, and IONP@PEG,
respectively, in FO mode, and 0.60, 0.56, and 0.65L/m>h for
IONP@SDS, IONP@CTAB, and IONP@PEG, respectively, in PRO
mode. For the tested organic coatings, IONPs performance was
similar in PRO mode. In contrast, performance varied considerably
in FO mode, depending on the coating type. To create effective
osmotic pressure in FO mode, draw solutes in the bulk solution
should diffuse to the end of the support layer (i.e., toward the
active layer). A thin organic coating layer of IONPs (e.g., SDS) is
better for diffusion than a thick layer (e.g., PEG). Also, positively
charged IONP@CTAB showed a considerably lower water flux than
negatively charged IONPs (IONP@SDS and IONP@PEG). The
membrane, composed of a polyamide thin film with polysulfone
supports, has a negative surface charge®'. We speculate that
oppositely charged IONPs (e.g., IONP@CTAB) are difficult to
transport/diffuse in thick support layer(s), resulting in considerable
ICP.

Flux enhancement

To improve the draw solute performance, we explored the use of
hollow IONPs (HNPs) as draw solutes and oscillating magnetic
field. The inners of core IONPs were hollowed to increase the
number concentration of NPs (osmotic pressure) for the same
mass concentration. With respect to the hollow nanoparticles, the
thickness of shell is important factor to increase the number
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Fig. 4 Draw solute performances of synthesized NPs in osmotic
pressure driven membrane processes (FO and PRO modes). Water
fluxes were measured by time dependent total volume increase
(V/Vo) with 0.95 cm? of effective membrane surface area (water flux =
Increased volume/(time x membrane surface area)). Organic coating
dependence tests using IONP@SDS, IONP@PEG, and IONP@CTAB in
(@) FO mode and (b) PRO mode.

concentration of NPs under the same mass concentration. As
shown in Fig. 1b, the thickness of HNPs is under 2 nm and we have
calculated and presented the increase osmotic pressure as a
function of shell thickness in Supplementary Fig. 2.

High colloidal stability is critical to draw solute performance by
preventing aggregation and membrane blocking. Colloidal stabi-
lities of both IONPs and HNPs were investigated by measuring the
critical coagulation concentration (CCC). Both HNP@SDS and
IONP@SDS had similar colloidal stabilities; CCC values were 175
and 159 mMin NaCl for HNP@SDS and IONP@SDS, respectively
(Fig. 5a). For the same mass concentration (900 ppm), water flux
was enhanced using HNPs as they increased the number
concentration (Fig. 5b). Comparatively, the water fluxes were 0.53
and 1.11 L/m?*h for HNP@SDS in FO and PRO modes, respectively.

We next demonstrated further improvement of the CP profile
when organic coated IONPs were used as draw solutes and
exposed to an external magnetic field. The magnetic properties of
IONPs were characterized by SQUID analysis (Supplementary Fig. 3).
Hysteresis loops showed IONPs are superparamagnetic at room
temperature (300K) with nearly zero remanence. The average
coercivity and exchange bias were 11.60e and —0.230Oe,
respectively at 300 K. We applied a magnetic field using the stator
of AC motor, as illustrated in Fig. 6a. This stator is a part of motor
(1125 RPM) of tractor (730, John Deere). The stator coils produce an
oscillating magnetic field; field strength is proportional to applied
AC3?33, Here, we applied 10 times lower current (880 mA) than
original current of tractor battery. Magnetic field-dependence tests
were implemented using 1800 ppm of IONP@SDS as a draw solute
in both FO and PRO modes. As shown in Fig. 6b, water flux was
increased by 23% in FO mode and 80% in PRO mode upon
application of the magnetic field. We hypothesize that the magnetic
field has a direct effect on ICP via physically enhancing diffusion of
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Fig. 5 Draw solute performance and stability of HNPs. (a)
Attachment efficiency of IONP@SDS (blue) and HNP@SDS (red) as
a function of NaCl concentration. (b) Draw solute performances of
synthesized IONP@SDS and HNP@SDS in osmotic pressure driven
membrane processes (FO and PRO modes). Initial particle concen-
tration was 900 ppm. Water fluxes were measured by time
dependent total volume increase (V/V,) (water flux=Increased
volume/(time x membrane surface area)).

the draw solute. Oscillating magnetic field control and optimization,
including direction and strength, are also important factor to be
considered for scaled applications, which was beyond the scope of
this initial study. To our knowledge this is the first case that stable
magnetic particles were demonstrated to increase flux via applied
magnetic field, with no loss in performance due to nano
aggregation/membrane blocking, for osmotic driven processes,
opening the door for considerable future research.

METHODS

Materials

Iron oxy hydroxide (FeOOH), oleic acid (OA, technical grade, 90%), 1-
octadecene (ODE, technical grade, 90%), cetyltrimethylammonium bro-
mide (CTAB, 95%), sodium dodecyl sulfate (SDS, 99%), poly (ethylene
glycol) (PEG, Mw = 5000), trioctylphosphine oxide (TOPO, technical grade
90%), ethanol (99.9%), acetone (99.5%), and hexane (98.5%) were
purchased from Sigma-Aldrich.

Synthesis of IONPs

IONPs were synthesized by iron oxyhydroxide decomposition at
320°C*°**, FeOOH (2 mmol) with OA (6 mmol) were used in the ODE
(5 g) as a solvent. Detailed information about the synthesis and purification
processes for NPs was given in our previous research and other
sources?%?4,

Synthesis of hollow IONPs (HNPs)

Synthesized IONPs were hollowed out at 300°C using technical grade
TOPO as an acid etching agent®. IONPs in hexane (particular
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Fig. 6 Flux enhancement by oscillating magnetic field. (a)
Schematic diagrams of oscillating magnetic field for improvement
of the concentration polarization (CP) profile of IONPs. Here Ameg is
effective osmotic pressure difference between draw and feed
solution. (b) Total volume increase (V/V,) as a function of time
before and after oscillating magnetic field control in FO and PRO
modes. Initial particle concentration was 1800 ppm using 12 nm
IONP@SDS.

concentration was 7.8 x 10'® particles) with TOPO (9 g) were used in the
3 g of ODE as a solvent. The resulting HNPs were purified using ethanol
(20 mL) and acetone (25 mL), and centrifuged at 8000 rpm for 15 min at
5°C. The purification processes were repeated six times. The purified NPs
were dispersed and stored in hexane.

Organic coating

Synthesized IONPs were organically functionalized by ligand exchange
using PEG, and by ligand encapsulation using SDS and CTAB®?*. Detailed
information about the organic functionalization protocol and washing
processes is given in elsewhere*?%?”34 Resulting phase transferred IONPs
were concentrated under gentle vacuum.

Transmission electron microscope (TEM)

For over a thousand synthesized NPs, the size and size distributions were
measured using a transmission electron microscope (TEM, Tecnai G2 Spirit,
FEI) and Image Pro Plus 6.0 software (Media Cybernetics, USA)**.

Hydrodynamic diameter and zeta potential
The hydrodynamic diameters and zeta potential of aqueous phase IONPs
were determined by a dynamic light scattering (DLS) method (Malvern,
Zetasizer Nano ZS, ZEN3600) at pH 7 and 22 °C.

Colloidal stability

The colloidal stability of NPs was evaluated via critical coagulation
concentration (CCC) measurement using DLS. The protocol for CCC
measurements was given elsewhere3¢-3¢,
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Osmotic pressure driven membrane system

A diffusion/osmosis apparatus having U-shaped tube (0.95 cm? of effective
surface area) was used as the osmotic pressure driven membrane system,
with a Porifera membrane (A flat-sheet form, Hayward, CA, USA). Detailed
characteristics about membrane can be found in other studies®**°.
Engineered superparamagnetic NPs were used as draw solutes, with
10 mL of initial draw solution volume. DI water (>18.2 MQ-cm resistivity,
Milli-Q, Millipore Corp) was used as a feed solution and was connected to a
digital balance (ML 1502E, Mettler Toledo). We measure the volume
increase of feed solution every 3min, and water flux was calculated
considering the effective membrane surface area (water flux = Increased
volume/time x membrane surface area). All experiments were conducted
at room temperature.

Magnetic field system

The outside stator of an alternating current (AC) motor (Delco, 1103021, 24
volt) were used as a field coil.

X-ray diffraction (XRD)

XRD patterns of synthesized NPs were measured using a powder
diffractometer (Bruker d8 Advance X-ray Diffractometer) with Cu Ka
radiation (1.54 A).

Superconducting quantum interference device (SQUID)

Magnetization hysteresis loops were obtained using a superconducting
quantum interference device (SQUID) magnetometer (Quantum Design
MPMS 5XL SQUID) at 300 K.
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