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ABSTRACT

Forward osmosis (FO) has gained attention recently due to its low cost and energy consumption while
it happens naturally. However, finding a proper draw agent for this process is a challenging task.
Magnetic nanoparticles, especially with modified surfaces, have been reported as a promising draw
agent, which can be easily recovered by using a magnetic field. Here, an attempt was made to study
the effect of different superparamagnetic iron oxide nanoparticles (SPIONs) surface engineering on
the osmotic pressure, hydrophilicity, degree of agglomeration of nanoparticles and also water flux. In
this study, the osmotic potential of naked Fe,O,, silica-coated superparamagnetic iron oxide nanopar-
ticles (SPION@SiO,), hyperbranched polyglycerol/carboxylate-functionalized SPION (SPION@SiO,@
HPG and SPION@SiO,@HPG-CO,H) were evaluated for FO process. The effect of ionized SPIONs on
the water flux has been studied for the first time, too. The SPIONs were characterized by scanning
electron microscopy, transmission electron microscopy, X-ray powder diffraction, Fourier transform
infrared, vibrating sample magnetometer and thermogravimetric analysis. The average of water flux
in a long-term performance of FO for the introduced draw agents increased in the order of SPION <
SPION@SiO, < SPION@SiO,@HPG < SPION@SiO,@HPG-CO,H due to higher hydrophilicity and lesser
agglomerations and precipitation. It was surprisingly observed that water flux of ionic magnetic draw
solution behaves differently comparing with the non-ionic ones. It was revealed that ionic SPIONs
at high concentration led to the formation of non-ideal polyelectrolyte solution that produces a high
osmotic pressure. However, by the permeation of water, a transition from non-ideal to ideal solution

at some point was observed during FO process.
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1. Introduction

Forward osmosis (FO) is one of the promising membrane
technologies that has gained a global attention due to its easy
and economic use for water reuse [1-3], sea water desalina-
tion [4,5], food processing [6], protein concentration [5,7], and
radioactive liquid waste treatment [8]. Generally, transport
of water across a semi-permeable membrane from a lower
solute concentration region to the higher one is known as
osmosis [3]. In living organism, osmosis plays a vital role in
keeping cells normal cytosolic osmolality and also adjusting
the cell volume through swelling or shrinking in hypotonic
or hypertonic solutions, respectively [9]. Thus, the princi-
ples of direct osmosis in biological membrane phenomenon
have been utilized in FO desalination. FO process needs both
semi-permeable membrane and an osmotic pressure differ-
ence (OPD) across the membrane, which can be induced by
draw agent or draw solution (DS) [10]. However, the search
for new DSs has become the Holy Grail of FO and has pre-
sented new draw agents with a few criteria such as avail-
ability, low cost, non-toxicity (particularly for potable water
production), easily regeneration, no reverse flux, and compat-
ibility with membrane surface [10-12]. According to Ge et al.
[10] the studied draw agents can be categorized into commer-
cially available (volatile and nutrient compounds, inorganic
and organic salts, and polymers) and synthetic (hydrogels,
hybrid materials, magnetic nanoparticles [MNPs], etc.) com-
pounds. A typical FO membrane process has two main stages
of membrane process (water desalination, protein enrich-
ment, etc.) and draw agent recovery [11]. In the first stage,
the draw agent induces osmotic pressure gradient across the
membrane to drive water molecules from feed to permeate
membrane side. In the second stage, the draw agent needs to
be recovered from the permeate water to continue the pro-
cess [13]. Therefore, one of the main obstacles for commer-
cial implementation of FO is a need for the full recovery of
draw agents at a low energy cost without compromising their
high osmotic pressure [14]. Another important characteristic
of draw agents is their response to external stimuli such as
pressure, temperature, light, and magnetic field [3].

Recently, MNPs have been considered as new draw agents
in FO process due to their excellent properties such as: super-
paramagnetism, high surface area to volume ratio, low toxic-
ity, biocompatibility, easy separation, and their compatibility
to functionalization [15]. The first attempt to investigate engi-
neered MNPs as draw solutes in FO process was conducted by
Liu et al. [16]. They reported that MNPs with high molecular
weight and low solubility could not provide a high osmotic
pressure. However, it was found that the smaller and less vis-
cous MNPs with a greater hydrophilic surface area (such as
poly(ethelene glycol)-coated [PEG-coated] MNPs) had a sig-
nificantly higher osmotic pressure [16]. Then, Ling et al. [1]
used hydrophilic MNPs with three different surface functional
groups (2-pyrrolidone, triethylene glycol, and polyacrylic acid)
to increase hydrophilicity and water flux [1]. They investigated
the possible factors that could affect the performance of MNPs
as draw solute in FO and pressure-retarded osmosis (PRO)
systems and showed that the particle size distribution and con-
centration of draw agents are the important ones. According
to their researches, water flux can be enhanced by decreasing
the diameters of MNPs [1]. The hydrophilic polyacrylic-coated

MNPs of 6 nm in diameter were examined for desalination in
Forward Osmosis-Ultrafiltration process (FO-UF process) and
showed a higher water flux than the uncoated MNPs [1,7]. Bai
etal. [17] introduced the dextran-coated Fe,O, MNPs as a new
draw solute for brackish water desalination and showed an
average water flux of almost 9 LMH [17]. In the same year, Ge
et al. [18] synthesized PEG-(CO,H),-coated MNPs with differ-
ent size distributions (from 4.2 to 17.5 nm) and investigated
their performance in FO and PRO process. They also reported
that the size and concentration of nanoparticles play important
roles in water permeation flux and its quality. The water per-
meation flux increased with increasing the DS concentration.
In this way, according to the size and concentration, water flux
of >4 LMH were attained [18]. Recently, carboxylated poly-
glycerol-coated MNPs were synthesized as draw agents for
radioactive liquid waste treatment by Yang et al. [8], too. These
MNPs showed a good colloidal stability in aqueous solution
and enough high osmolality and osmotic pressure to be used
as a draw solute in FO process [8]. Then, Na et al. [15] used
superhydrophilic citrate-coated MNP (Cit-MNP) as draw sol-
ute, which provided a high initial water flux of 17.3 LMH.

Magnetic poly(N-isopropylacrylamide-co-sodium-2-
acrylamido-2-methylpropane sulfonate, Fe,O,@P [NIPAM-
co-AMPS]) nanogels with a core diameter of 10-20 nm were
prepared by Zhou et al. [19]. These thermoresponsive ionic
nanogels produced water flux of about 0.26 LMH, which
were 2.5 times higher than magnetic weak ionic nanogels of
Fe,O,@P (NIPAM-co-acrylic acid) under the same operating
conditions [19].

Despite a lot of researches in this area, there is an incon-
sistency in the reported water fluxes using magnetic DSs
such as a broad range of fluxes (17.3 LMH [15], 9 LMH [17],
4 LMH [18], 0.26 LMH [19]) using similar membrane (mostly
from Hydration Technologies Inc., USA). This inconsistency
has been attributed to the size, molecular weight, concentra-
tion, agglomeration, and terminal groups of the MNPs. The
chemical potential of the feed solution and therefore OPD is
the main issue on which all of the above-mentioned factors
could have a considerable effect. In this regard, developing
an FO magnetic draw agent with high osmotic pressure,
minimal reverse flux, low viscosity, low molecular weight,
low agglomeration tendency, smaller size and good com-
patibility with membrane is still a controversial challenge
[20]. The agglomeration of MNPs has been guessed as the
most critical issues and source of inconstancy in the results
during FO and draw agent recovering process. To address
the issue, surface engineering of magnetic draw solutes has
been recommended to improve the performance of MNPs as
draw agent. The effect of introducing ionic terminal groups
onto the surface of MNPs has not been investigated on the
FO performance.

In this study, superparamagnetic iron oxide nanoparti-
cles (SPIONSs) hybrids were synthesized using co-precipita-
tion method and functionalized with different materials to
increase their hydrophilicity and osmotic pressure as well
as to reduce agglomeration tendency. In addition, having
SPIONs without functionalization leads to sever agglomer-
ations and may cause the partial precipitation of particles
and change in hydrodynamic sizes. Here, the functionaliza-
tion of the nanoparticles will avoid particle concentration
and size variations during FO process. In this way, SPIONs,
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silica-coated superparamagnetic iron oxide nanoparticles
(SPION@SIO,), hyperbranched polyglycerol (HPG) grafted
SPION@SiO, (SPION@SiO,@HPG) and carboxylic groups
derived from HPG SPION@SiO,@HPG (SPION@SiO,@HPG-
CO,H) were tested in a lab-scale FO system during 5 d to
study the effect of SPIONs surface modification on the FO
performance.

Afterward, SPION@SiO,@HPG and SPION@SiO,@
HPG-CO,H were ionized with -O"Na*" and -CO, Na* ter-
minal groups and introduced as novel DSs for FO process
for the first time. These ionized SPIONs release Na* ions
into the permeate solution and boost the osmotic pres-
sure. It was also attempted, for the first time, to under-
stand the effect of ionization of the presented SPIONs on
the FO performance as well. In fact, the focus of this work
was on increasing the water flux by improving the OPD
and increasing the solubility and dispersibility of SPIONs
using surface modification and reducing agglomeration
tendency of SPIONs.

2. Material and methods
2.1. Materials

The iron (II) chloride tetrahydrate (FeCl,-4H,O, 99.7%),
iron (IlI) chloride hexahydrate (FeCl-6H,O, 99.0%), tet-
raethyl orthosilicate (TEOS, 28%), ammonia (NH,-H,O,
25 wt%), ethanol (C,H,OH,99.7%), N,N-dimethylformamide
(HCON(CHs)2, 299.5%), succinic anhydride (C,H,O,,
298.0%(m)) and triethylamine ((Cz2Hs)sN, 299.0% (a/a)),
sodium methoxide (NaOMe >97%(m)) and NaCl were sup-
plied by Merck. Methanol (CH,OH, 99.96%) were purchased
from Samchun Pure Chemical Co., Korea. The deionized
(DI) water used in all experiments was also produced with a
Milli-Q unit (Merck Millipore).

2.2. MNPs synthesis

2.2.1. Synthesis of SPIONs

The SPIONs were made by co-precipitation method
[21,22]. An aqueous solution of FeCl, and FeCl, were mixed
at a ratio of 2:1 in 200 ml DI water and stirred vigorously
with a mechanical stirrer under a nitrogen atmosphere at
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60°C. After 15 min, 6 mL of 25% ammonia was added into the
solution with vigorous stirring for 30—40 min to raise the pH
to 9. The black precipitate was washed several times with DI
water and ethanol and freeze dried in vacuum.

Silica-encapsulated SPIONs (SPION@SiO,) were pre-
pared through sol-gel process [22]. Obtained magnetite
nanoparticles were redispersed in 200 ml ethanol by vigor-
ous stirring and sonicated in the presence of nitrogen gas.
Then, 30 ml of DI water and 15 ml of NH,OH were added
to the solution. TEOS (2 ml) was added to the homogenized
mixture and stirred for 5 h. Afterward, the SPION@SiO,
were washed with ethanol and water and dried at room
temperature.

2.2.2. Preparation of SPION@SiO,@HPG-CO,H and
SPION@SiO,@HPG-CO,H

Hyperbranched polyglycerol functionalized SPION@
SiO, (SPION@SiO,@HPG) was prepared according to the
literature [23,24]. Typically, in a glove box containing nitro-
gen atmosphere, a mixture of SPION (100 mg) and sodium
methoxide (50 mg) in methanol (1 mL) was sonicated by
an ultrasonic bath for 30 min. Next, the SPIONs were sep-
arated by external magnetic and washed by dried ethanol.
Then, 20 mL of anhydrous dioxane was added to desired
nanoparticles, and the flask was kept in an oil bath at 100°C.
Glycidol (2 ml) was added dropwise to the above mixture.
Then, it was cooled, and the contents were dissolved in meth-
anol. Subsequently, the product was separated by a magnet
and washed with methanol under sonication. The resulting
nanoparticles were dried in a vacuum to give the SPION@
SiO,@HPG.

To prepare SPION@SiO,@HPG-CO,H hybrids, typically,
a mixture of SPION@SiO,@HPG (100 mg) and N,N-dimethyl
formamide (10 ml) were exposed to ultrasonic waves for
10 min. Then, succinic anhydride (80 mg) and triethylamine
(15 ml) were added to the mixture and then sonicated for
10 min. After that, the mixture was stirred at 60°C for 4 h. The
resulting sample (designed as SPION@SiO,@HPG-CO,H)
was separated using a magnet and washed with methanol
several times.

The preparation processes of SPION@SiO,@HPG and
SPION@SiO,@HPG-CO,H were shown in Fig. 1.
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Fig. 1. Preparation route for SPION@SiO,@HPG-CO,H.
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2.2.3. Ionic SPION@SiO,@HPG and SPION@SiO,@
HPG-CO,H

The SPION@SiO,@HPG and SPION@SiO,@HPG-CO,H
can be easily changed to salt formats (-O"Na* and -CO, Na,
respectively) using sodium methoxide as base. In this way, 5 mg
of nanoparticles (SPION@SiO,@HPG or SPION@SiO,@HPG-
CO,H) were dispersed in absolute methanol. Next, 3 mg sodium
methoxide were added to each solution and dispersed and son-
icated in an ultrasonic bath for 15 min. Then, the SPIONs were
separated using an external magnet, washed three times with
dry methanol and dried in a vacuum oven at 60°C.

2.3. FO process

As shown in Fig. 2, the performance of the prepared
SPIONs were tested in a lab-scale FO system as the DSs. A cel-
lulose triacetate flat-sheet FO cartridge membrane (4.52 cm?)
with an embedded polyester screen mesh from Hydration
Technologies Inc. was used. 5 mg of each SPIONs were dis-
persed in 1 ml of Milli-Q water (5 g/I), for 20 min, using an
ultrasonic system. The water flux (J, L.m2.h™) was calculated
from the following equation:

] = AW/ (A At) )

where AW (kg) was the weight of permeation water; At (h)
was time; and A (m?) was the area of used membrane. It
should be noted that to exclude the effect of internal concen-
tration polarization (ICP) and also fouling on the flux decline,
the DI water was considered as the feed solution. In this way,
it was exclusively possible to study the effect of nanoparticles
characteristic such as dispersion quality, agglomeration, and
surface charge on the FO performance.

2.4. Characterization

2.4.1. Scanning and transmission electron microscopy
(SEM and TEM)

To study the SPIONs structure and particle size, a
field emission scanning electron microscopy (FESEM;
Hitachi S-4160) and a field emission transmission electron

microscopy (FETEM; Philips CM30, operating at 200 kV)
were used. These measurements were made by the sonica-
tion of the SPIONSs in ethanol for several minutes. Then, one
drop of the finely divided suspension was placed on a spe-
cially produced structure less carbon support film having a
thickness of 4-6 nm.

2.4.2. Fourier transform infrared spectra

Surface bonding and functional groupings of the
nanoparticles were recorded by Fourier transform infrared
(FTIR) spectroscopy using a FTIR spectrometer (JASCO FT/
IR-6300, Japan).

2.4.3. Thermogravimetric analysis (TGA)

The amount of organic moieties in the HPG-functionalized
SPIONSs (SPION@SiO,@HPG) was determined by TGA. TGA
were carried out on a Mettler TG50 instrument under air-
flow at a uniform heating rate of 5°C/min in the range of
25°C-600°C (a Mettler TG50 model).

2.4.4. X-ray powder diffraction (XRD)

XRD spectra was taken on a Bruker D8-advance x-ray
diffractometer with Cu Ka radiation to study the degree of
structural order of SPIONs.

2.4.5. Vibrating sample magnetometer (VSM)

The magnetic properties of SPIONs were recorded by
an alternating gradient force magnetometer, Meghnatis
Daghigh Kavir Co., Iran.

3. Result and discussion
3.1. SPIONSs characterization
3.1.1. SPIONS particle size

The nanostructures and morphology of SPION@SiO,@
HPG-CO,H was studied by TEM and SEM (Fig. 3). As can
be seen in the TEM image, the dark regions or black spots

SPION

solution

Fig. 2. A schematic of FO process.

FO membrane
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are the SPIONs while the colorless parts belong to silica
and hyperbrached polymer; this is due to the higher elec-
tron density of iron compared with other phases. Besides,
the SPIONs were relatively monodisperse with the average
size of 10-15 nm in diameter. A representative SEM image of
SPION@SiO,@HPG-CO,H is shown in Fig. 3(b). The SPIONs
are totally surrounded by SiO, and organic phase; no single
SPIONs phase can be observed, which is in agreement with
the TEM studies.

3.1.2. FTIR analysis of SPIONs

The FTIR spectra confirmed the coating of silica on
MNPs (Figs. 4(a) and (b)). It showed that all of the four

50 nm

(b)
Fig. 3. (a) TEM and (b) SEM image of SPION@SiO,@HPG-CO,H.

(a)

T%

1101

4000 3000 2000 1000

Wavenumber (cm'1)

Fig. 4. The FT-IR spectra of: a) SPION, b) SPION@SiO,, ¢) SPION@
SiO,@HPG and d) SPION@SiO,@HPG-CO,H.

spectra had the adsorption peak corresponding to the char-
acteristic absorption of Fe-O bond at 585 cm™. After being
coated with silica, the characteristic absorption peaks cor-
responding to the asymmetric and symmetric stretching
vibration of Si-O-5i bond in oxygen-silica tetrahedron can
be clearly observed at 1,101 and 811 cm™ (as Figs. 4(b)—(d)).
After the polymerization, the presence of bands at 2,875 and
2,917 cm™, associated with C-H stretching and the adsorp-
tion peak of hydroxyl group (O-H) at 3,435 cm™ had also
increased to some extent, both of which confirms the syn-
thesis of SPION@SiO,@HPG (Fig. 4(c)). Finally, the terminal
hydroxyl groups of HPG were transformed into carboxyl
groups through the ring opening of succinic anhydride. As
shown in Fig. 4(d), a new characteristic absorption peak cor-
responding to the stretching vibration of carbonyl groups
(C=0) can be observed clearly at 1,737 cm™, which indicates
that the terminal hydroxyl groups had been successfully
transformed into carboxyl groups, and SPION@SiO,@HPG-
CO,H had been successfully obtained.

3.1.3. Thermogravimetric analysis of SPIONs

The amount of organic moieties in the hydrophilic
SPIONs was also determined by TGA. The weight loss of
the SPION@SiO,@HPG between 25°C and 600°C as a func-
tion of temperature was determined using TGA, which
is an irreversible process because of thermal decompo-
sition. The TGA plots of SPION, SPION@SiO,@HPG and
SPION@SiO,@HPG-CO,H (Fig. 5) showed a two-step ther-
mal decomposition. The first step of weight loss (between
25°C and 200°C) in the case of SPIONs corresponds to
the removal of physically adsorbed solvents, whereas, in
the other cases, the main weight loss in the second step
(between 200°C and 500°C) was due to the removal of
organic moieties on the surface. Compared with Fig. 5(a),
both of SPION@SiO,@HPG and SPION@SiO,@HPG-CO,H
had obvious weight loss within the range of 200°C-550°C,
and the latter (~25.28%) was more than the former
(~15.93%) (as Figs. 5(b) and (c)), which demonstrated that
the HPG grafting and the carboxyl modification had been
successfully achieved.

100 (a) SPION

90
(b) SPION'HPG
80 1
(c) SPION/HPG-COOH
70

Welght Loss (%)

60

50

40 T T T T T T
100 200 300 400 500 600

Temperature (°C)

Fig. 5. TGA spectra of: a) SPION@SiO,, b) SPION@SiO,@HPG
and c) SPION@SiO,@HPG-CO,H.
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3.1.4. Crystallographic analysis of SPIONs

As shown in Fig. 6, a broad peak around 20 of 2°-30°
corresponding to amorphous phase of SiO,, and the char-
acteristic diffraction peaks at 20 = 30.09, 35.44, 43.07, 54.43,
57.16, and 63.55 were in agreement with face-centered cubic
of Fe O,

3.1.5. Magnetic properties of SPIONs

According to Fig. 7, the saturation magnetization values
for SPION@SiO,, SPION@SiO,@HPG, and SPION@SiO,@
HPG-CO,H were 63.1, 32.8, and 18.1 emu/g, respectively.
These results showed that the saturation magnetization of
SPIONs decreased with the increase of polymer shell. While
MNPs were composed of two parts included a magnetic
core and the polymer shell that surrounds the magnetic
core, polymer shell protects magnetic core from aggrega-
tion and enables surface modification. This decrease of
magnetization may also be due to polymer shell, which acts
as the magnet adsorbent [15,18,25]. Nevertheless, from the
figure, reducing the saturation magnetization, the nanopar-
ticles could still be easily separated from solution by exter-
nal magnet and immediately redispersed after removing
the magnetic field.
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Fig. 6. XRD pattern of hydrophilic SPIONs.
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Fig. 7. Magnetization curves of different types of SPIONs.

3.2. FO performance
3.2.1. FO performance with non-ionic SPIONs

As mentioned before, water flux is related to the osmotic
pressure as the main driving force in FO process and can be
described by the following equation [10]:

] = AcAn 2)

where A is the water permeability coefficient; o is reflection
coefficient; and Ar is the OPD between the bulk of draw
agent and feed solutions. In addition, osmotic pressure can
be expressed as follow [10]:

n=iMRT =i(n'/ V)RT =i(m/(wV))RT ®)

where i is the van’t Hoff factor; M is the solute molarity; R is
the universal gas constant; T is the absolute temperature; n’
is the number of solute moles; m is the mass of solute; w is the
molecular weight of the solute; and V is the solution volume.
The reduction in water flux in FO process was mainly due
to the significant reduction in driving force. As time went
on, water molecules traveled from feed side to the permeate
side leading to an increase in the volume of the permeate (V).
Based on Eq. 3, the larger the value of V, the lower the molar-
ity of the SPIONs (M), considering the fact that n" remains
constant. This led to the reduction of osmotic pressure in the
solute side and water flux.

Fig. 8 shows the water flux (L.m2h™) in a FO process
using different DSs. As can be seen in Fig. 8(a), initially, the
water flux of SPIONs was more than that of others. This
higher initial flux might be due to smaller size and lower
molecular weight of these SPIONs. However, it reduced
sharply to the point of nearly zero, which could be due to the
agglomeration as a result of their high surface energy and
reduction of osmotic driving force [26]. The agglomeration
of SPIONs would increase their hydrodynamic diameter,
and thus, the particles were not small enough for Brownian
motion to overcome gravity and particle settling [27]. This
result has been observed in previous studies, which has con-
sidered the effect of size on water flux [1].

According to Fig. 8(a), by surface engineering of SPIONs,
their absorption ability retained after 5 d of operation com-
pared with SPIONs. Due to the presence of OH groups on
the surface of silica-coated nanoparticle, the hydrophilic
properties increased, and initial water flux of 0.143 L.m=2h™*
was achieved. As can be seen in Fig. 8(b), the final flux of
SPION@SiO,@HPG and SPION@SiO,@HPG-CO,H were sig-
nificantly higher than that of the other samples. It should
be noted that by increasing the size and molecular weight
of the SPIONSs, initial water flux has decreased. However,
water flux for SPION@SiO,@HPG and SPION@SiO,@HPG-
CO,H remained almost constant, which could be due to the
higher solubility and lower agglomeration tendency of these
SPIONSs. Therefore, the higher flux of SPION@SiO,, SPION@
SiO,@HPG and SPION@SiO,@HPG-CO,H could be due
to the appearance of hydrophilic groups and its lower ten-
dency to agglomerate. However, according to Eq. 3, all the
fluxes were reduced by the permeation of water to the per-
meate side, which reduced the value of M and consequently
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Fig. 8. Water flux of FO process (a) over 10 d and (b) at 5 d using different SPIONs as draw solution.

osmotic pressure. In addition, SPIONs settling on the mem-
brane surface could reduce the value of M and driving force
[11,14] and also could plug the membrane pores. The phys-
ical blocking of the membrane pores by nanoparticles was
also reported elsewhere [15].

3.2.2. FO performance of ionic SPIONs

Another way to increase the osmotic pressure of the
nanoparticles is to boost the van't Hoff factor. This factor is
higher than 1.0 for ionic compounds, which can dissociate in
solutions [28]. The effect of introducing charge to a non-ionic
non-magnetic draw agent on the water flux was investigated
by Li et al. [29]. They found that ionic polymer hydrogels
with thermal responsive units could induce a significantly
higher water permeation rates than that of non-ionic hydro-
gel from 0.36 to 0.30 LMH for two non-ionic hydrogels:
poly(acrylamide) (PAM) and poly(N-isopropylacrylamid)
(PNIPAM) to 0.96 and 0.55 LMH for two ionic polymer
hydrogels: poly(sodium acrylate) (PSA) and poly((sodium
acrylate)-co-poly(N-isopropylacrylamide)  (PSA-NIPAM)),
respectively.

In this study, ionized SPIONs were synthesized by intro-
ducing Na* to the SPION@SiO,@HPG and SPION@SiO,@
HPG-CO,H to increase van't Hoff factor following the reac-
tions provided in Fig. 9.

As can be seen in Fig. 10, in the first 24 h, higher fluxes
were observed and compared with the non-ionic SPIONSs.
Maximum LMH in the first 24 h for SPION@SiO,@HPG and
SPION@SiO,@HPG-CO,H were 0.12 and 0.085, respectively.
However, the ionic form of the SPIONs resulted in a signif-
icant increase in the maximum LMH during the first 24 h,
which were 0.32 and 0.43, respectively. At the end of 24 h,
the total LMH of ionic SPION@SiO,@HPG and SPION@SiO,@
HPG-CO,H were higher than that of non-ionic ones as draw
agents. It was shown that functionalizing the SPIONs with
ionic and hydrophilic terminal groups increases the water
flux due to the increase of osmotic pressure by highly disso-
ciation of Na* ion in the solution [20].

However, according to Fig. 10, contrary to non-ionic
nanoparticles, water flux has increased for the first 12 h
and then decreased. This phenomenon has not been
observed for the non-ionic SPIONs. While polyelectrolytes

don’t obey the ideal solution laws, Eq. 3 cannot be used for
these ionic compounds. Generally, the theoretical osmotic
pressure is a function of water activates of the solution
[28,30]:
I=(RT/V).In(a) 4)
In sufficiently dilute solutions, Eq. 3 will be applied while
in the case of concentrated solutions (higher molality) Eq. 4
is used. In this case, water activity could be calculated by the
following equation [31,32]:
a=n/(n+in') 5)
where 7 is the number of moles of solvent; n” is the num-
ber solutes; and i is the van’t Hoff factor. At the first hours
of the process, solute moles (n") were high whereas water
moles (1) were low. Besides, the prepared ionized SPIONS
had a significantly high van’t Hoff factor, which caused the
second term of the denominator (i.n") to be much bigger

than the first term (). Therefore, Eq. 5 could be written as
follows:

a=n/in' 6)

As a result, at the beginning of the FO process, the per-
meation of water leaded to the increase in water activity (a)
and thus enhancing the osmotic pressure and water flux
(based on Eq. 4). This flux enhancement was continued until
it reached a peak point where the DS was diluted to the level
of an ideal solution. From that point on, Eq. 3 was more prac-
tical, and thus, water flux was declined by the increase of vol-
ume of the solution in the draw agent side.

Another possible reason for initial flux increase in Fig. 10
could be the effect of agglomeration on ionic dissociation of
SPIONS. At the beginning of the FO process, the DS was too
concentrated and SPIONs were agglomerated, which forced
SPIONs molecules close together with limited molecular
movements. Therefore, the repulsive forces were not strong
enough to fully dissociate the ionic SPIONs and overcome
partial agglomerations. However, when FO process pro-
ceeded, the volume of the permeate solution increased and
resulted in a higher degree of dissociation of ionic SPIONSs.
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Fig. 10. Water flux vs. time for ionic and non-ionic of (a) SPION@SiO,@HPG and (b) SPION@SiO,@HPG-CO,H.

The higher the degree of ionic dissociation was, the higher
the van’t Hoff factor and water flux were. This gradual ionic
dissociation continued until it reaches its chemical equilib-
rium or maximum dissociation capacity. From that point
on, the further increase in permeate volume resulted in the
reduction of osmotic pressure and thus water flux.

4. Conclusion

In the present work, superparamagnetic iron oxide
MNPs were synthesized with different coatings and func-
tional groups and were considered as FO draw solute. It
has been observed that the surface engineering of SPIONs
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has increased the water flux in FO process by the addition
of more hydrophilic groups. Osmotic pressure, the main
driving force in the FO process, is contributed to the concen-
tration, molecular weight and van't Hoff factor of the draw
agent. It was reported that the size and solubility and agglom-
eration tendency of the nanoparticles are also important
affecting parameters on the water flux. It has been observed
that SPION@SiO,@HPG and SPION@SiO,@HPG-CO,H are
more suitable candidates among other reported SPIONSs to
be used in continuous applications as their osmotic poten-
tial remained relatively more constant due to their lower
agglomeration tendency. Furthermore, functionalizing
SPION@SiO,@HPG and SPION@SiO,@HPG-CO,H with -O-
Na*® and -CO, Na* terminal groups increased the LMH by
enhancing the osmotic pressure originated from the dissoci-
ation of ions and increasing the van’'t Hoff factor. Thus, the
ionized SPIONs draw agents have the attractive properties
that could introduce them as a beneficial and exclusive draw
agent in FO process due to: (i) superparamagnetism property
that allows magnetic (and facile) separation of SPIONs from
the pure water, (ii) the new ionic structure that makes the
ionic SPIONs to produce more driving force and thus more
water flux, (iii) reduce agglomeration tendency due to Na*
ions. These SPIONSs has better performance as draw agents in
FO process. Therefore, these nanoparticles are more appro-
priate to use in FO process.
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