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ABSTRACT

Iron oxide (Fe,0,) magnetic nanoparticles (MNDPs) is the most promising draw solutes (DS) that have
been studied during the past years. They gained their reputation because of the unique properties
they possess, such as large surface area to volume ratio, magnetic properties, and the easiness of
surface functionalization. Two samples of MNPs (MNPs-1 and MNPs-2) were synthesized by co-pre-
cipitation of ferric and ferrous ions in alkaline solution depending on certain parameters including
pH, temperature, Fe?*/Fe** molar ratio, mixing rate, adding base to the reactants (and vice versa), and
using N, gas. Tri-sodium citrate (TSC) was selected to functionalize the MNPs surface because of the
carboxylate groups that it possesses. Hydrophilic citrate-coated magnetic nanoparticles (cit-MNPs)
were obtained. The performance of cit-MNPs as DS was investigated by applying them in forward
osmosis (FO) process with the use of cellulose triacetate (CTA) membrane. TSC was applied as DS to
investigate the efficiency of cit-MNPs in comparison with it. Also, two types of salts were chosen for
comparison with cit-MNPs, sodium chloride (NaCl) and sodium formate (HCOONa). The highest
water fluxes obtained from MNPs-1, MNPs-2, TSC, NaCl and HCOONa at 2 g/1 were 34.77, 2841,
25.27,24.6 and 30.67 LMH, respectively. All the results demonstrated that citrate-MNPs-1 performed
better as DS.

Keywords: Forward osmosis; Draw solution; Citrate-coated magnetic nanoparticles; NaCl; Sodium

formate

1. Introduction

Water shortage and lack of safe drinking water are the
most serious challenges of the 21% century. The rapidly
growing population and the accelerating increase in the
standards of living have put stringent pressure on water
and energy resources [1]. Looking for low energy consump-
tion process for water production has been very urgent as
the water crisis is the second worldwide concern [2]. Mem-
brane processes are used for purification of polluted water
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resources, and that can strongly contribute to mitigation
of water shortage. The recently resurgent forward osmosis
process is one of the most important membrane processes
which recognized as promising approach to water treat-
ment applications [3] due to their low energy consump-
tion, low membrane fouling tendency and high selectivity
[4]. FO process has the potential to become a sustainable
alternative to conventional membrane processes [5]. It has
been studied in a variety of research fields including, desali-
nation for potable [6] and non-potable [7] water purposes,
water treatment [8], wastewater treatment [9], pharmaceu-
tical applications [8], food processing [10], osmotic power
generation [11], and pre-treatment for RO desalination [12].
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Choosing appropriate DS for the FO process is of key
importance. An effective DS should generate enough
osmotic pressure, its reverse flux should be minimal, would
not degrade the membrane chemically nor physically, with
low molecular weight, be easily and economically recycled
and separated from the permeate to obtain purified water
and to be reused, and also it should be nontoxic, stable
and affordable [13]. Many types of draw solutes have been
used in FO process to investigate their efficiency, such as
inorganic salts [14], organic solutes [15,16], hydrogels [17],
polyelectrolytes [18], or solvents with a switchable polarity
[19,20]. However, the use of many types of these DS in FO is
limited due to many reasons, such as relatively low osmotic
pressure, the difficult and energy consuming separating
processes from the permeate, the formation of toxic thermo-
lytic products, and the inability to reuse the materials [21].

Magnetic nanoparticles have drawn a lot of attention in
many applications during the past years due to their unique
characteristics, such as large surface area to volume ratio,
magnetic properties and easy surface functionalization. The
properties of nanoparticles are remarkably different from
small molecules and their chemistry and synthesis imposes
that they be considered more like complex mixtures than
small molecules [22]. The magnetic properties of MNPs
enable the manipulation of these particles by applying an
external magnetic field. Ling et al. [23] and Ge et al. [24]
have developed hydrophilic MNPs as DS in FO process
by taking advantage of the aforementioned characteristics.
They used magnetic separator to collect MNPs and easily
separate them from the permeate to obtain pure water as
well as to reuse them efficiently which minimizes the over-
all cost of the operation. MNPs are also can be collected by
conventional membrane processes such as nanofiltration
(NF) or ultrafiltration (UF) [25,26]. FO membranes can inter-
cept MNPs entirely because the pore size of the membrane
is smaller than the size of the particles [23]. Ling et al. used
hydrophilic MNPs to desalinate both seawater and brack-
ish water and they believed that MNPs can be a promising
technology to reclaim water from wastewater [25].

The magnetic properties of MNPs depend on their size
and their size may be influenced by many factors, such as
pH of the solution [27,28], (Fe**/Fe*") molar ratio, type of
iron salts (chlorides, nitrates, sulfate... etc.) [29], tempera-
ture of the reaction [30], presence of oxygen [31,32,33], and
mixing rate [34]. The nanoparticle size in turn influences the
osmotic performance of the DS because small size particles
provide large surface area and subsequently more coating
substance will be obtained per volume which means higher
osmotic pressure and as a result higher flux. However, the
small size also reduces the magnetic properties [35] which
makes the recovery of smaller diameter MNPs unsatisfac-
tory because their diameters jump out of the range that the
magnetic field can capture [23]. Magnetic nanoparticles,
magnetite (Fe,O,) in specific, can be synthesized by various
methods, including: ultrasound irradiation [36], sol-gel [37],
thermal decomposition [38] and co-precipitation [39,40].

Co-precipitation is the most commonly used method. It
is simple, inexpensive and effective chemical path to pre-
pare MNPs. It can be explained as the co-precipitation of
ferric and ferrous ions in alkaline solution. Chemical co-pre-
cipitation can yield high-purity, fine particles of single and
multicomponent metal oxides and the reaction is fast. Fe,O,

crystals can be seen directly after mixing alkaline with the
iron salts [41].

The zeta potential can be defined as the electrostatic
potential at the boundary dividing the compact layer and the
diffuse layer of the colloidal particles [42]. It is a measure of
the stability of nanoparticles (NPs) suspensions. The higher
electric charge on the surface of the NPs the more they will be
stable and safe from being agglomerated in solution and that
ensures easy redispersion because of the strong repulsive
forces among particles [43]. As a rule of thumb, absolute zeta
potential values over 30 mV give good stability and over 60
mV excellent stability, while about 20 mV sustain only short
term stability. Values in the range -5 mV to +5 mV indicate
fast aggregation [44,45]. MNPs are known to have the ten-
dency to aggregate to minimize their surface energy due to
their ultra-small size and large surface area. However, NP
dispersions can be stabilized by the use of a suitable surface
coating. Also the surface coating can function the NPs with
new properties, such as high osmotic pressure in case the
coating material have hydrophilic groups [25].

Citrate is one of the products from the tricarboxylic acid
cycle (TAC), a normal metabolic process in the human body.
It is chiefly used as a food additive, usually for flavor or as
a preservative, and in drugs too. It is recognized as safe for
use in food and drugs by all main international food reg-
ulatory agencies. Citrate possess three hydrophilic-COOH
groups; therefore, it can easily bind to iron oxide through
chemisorption process [46]. The chemisorption can assure
electrostatic stabilization of the interaction forces prevent-
ing the agglomeration susceptibility of the MNPs [47]. By
binding to the surface of MINPs, citrate acts as a surfactant
to form a stable dispersion of MNPs in aqueous solution,
and at the same time endows the particle surfaces with car-
boxylate functional groups which enhances the interaction
between water and MNPs [48].

In the current work, magnetic nanoparticles were syn-
thesized and coated with trisodium citrate (TSC) to obtain
cit-MNPs. Cit-MNPs efficiency as draw solutes were inves-
tigated in FO process with the use of CTA membrane. Their
efficiency was compared to the efficiency of trisodium
citrate salt alone. Also, a comparison is made with two dif-
ferent salts (organic and inorganic), sodium chloride and
sodium formate.

2. Experimental Work
2.1. Materials

Hydrochloric acid (HCl, 37%) from ROMIL-SA, iron(III)
chloride anhydrous (FeCl,, 297%) from Sinopharm Chem-
ical, iron(Il) sulphate heptahydrate (FeSO,7H,O, 98%),
Tri-sodium citrate dihydrate (Na,C,H,O,-2H,O) and Sodium
formate (HCOONa, 98%) from BDH Chemicals (England),
Sodium hydroxide (NaOH, 99%) from Applichem GmbH
(Germany). The distilled water used in all experiments was
produced from GFL - Gesellschaft fiir Labortechnik water

distillation unit (Germany).

2.2. Preparation of citrate-coated magnetic nanoparticles

Magnetic nanoparticles Fe,O, were synthesized by the
co-precipitation of ferric and ferrous ions in alkaline solu-
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tion under different preparation conditions, according to
the literature [49,50]. In the first method, MNPs-1 were
prepared by using nitrogen only to deoxygenate the dis-
tilled water used for dissolving Fe?* and Fe®* salts and not
throughout the whole process of synthesis of MNPs. The
process happened at room temperature and the iron salts
solution was added to the base. In the second method,
MNPs-2 were prepared at 80°C without the use of nitro-
gen at any point during the process. The base was added
to the iron salts solution. Then, both synthesized MNPs-1
and MNPs-2 were coated with TSC (Fig. 1 shows the
structural formula) to obtain cit-MNPs-1 and cit-MNPs-2,
respectively according to literature [48]. The citrate works
on stabilizing MNPs by providing hydrophilic functional
groups to their surface. 4 g of bare MNPs dispersed in 200
mL of distilled water, and 4.85 g of tri-sodium citrate dihy-
drate dissolved in 10 mL of distilled water were added
together with vigorous and continuous stirring at 95°C for
60 min. The resulting solution was centrifuged at 10,000
rpm for 30 min to remove the reaction solvent. The super-
natant was removed and the precipitate was redispersed
in 200 mL of distilled water and ultra sonicated for 20 min.
The resulted product was cit-MNPs. The precipitate of cit-
MNPs was isolated from the supernatant then dried using
dryer at 50°C for 4 h.

2.3. Characterization of Citrate-Coated MNPs

The prepared MNPs were characterized with XRD
to verify the magnetite phase and also to determine the
crystalline size. They were also characterized by SEM,
according to former paper, which images showed spheri-
cal particles shape. Fourier transform infrared FTIR anal-
ysis were performed on cit-MNPs using a IRPrestige-21
Fourier-transform infrared spectrophotometer/ shimadzu,
Japan (scan range from 7800 to 350 cm™) to confirm that the
MNPs were coated with citrate. The spectra were obtained
by pressing MNPs into KBr pellets. The zeta-potential of
the MNPs was measured with Zeta potential Analyzer,
Zeta Plus/ Brookhaven, USA (zeta potential range: —150
to +150 mV) to prove the hydrophilicity of the synthesized
cit-MNPs by estimating their stability. AFM, SPM-AA3000
Angstrom Advanced Inc., Scanning Probe Microscope, USA
was used to determine the average particle size and the
particle size distribution of MNPs. The osmotic pressure of
the draw solutions was measured using KNAUER, K-7400

H H

Na

Fig. 1. Structural formula of TSC dihydrate.

Semimicro Osmometer, Germany. This device uses the tech-
nique of freezing-point depression to measure osmolality
(mOsmol/Kg), which is the concentration of a solution
expressed as the total number of solute particles per kg.

2.4. Forward osmosis process

A lab-scale FO unit assembled in the laboratory of
Chemical Engineering Department/University of Baghdad
was used in the experiments. Fig. 2 illustrates a picture of
the FO unit. Cellulose triacetate (CTA) membrane (Hydra-
tion Technology Innovation (HTI), USA) was used as FO
membrane with FO mode (where the support layer of the
membrane faces the draw solution and the active layer
faces the feed solution). On each side of the membrane,
side stream mode identical two cell parts were designed in
a side stream configuration with a rectangular channel of
14 cm length, 10 cm width and 0.5 cm depth. Draw and feed
solutions where co-currently flowing through the channel
of the cell and their velocities were maintained at 3 L/min
during the FO testing with 0.2 bar inlet pressure at the feed
side. The water permeation flux (J , L-m™>h, abbreviated
as LMH) was calculated from the change in volume of the
feed solution as below.

AV

Jo = mn

@

where AV (L) is the permeated water collected during spe-
cific time At (h) in the FO process run, and A is the mem-
brane effective surface area (m?).

During all experiments, the temperature range was
(38-42°C), and distilled water was used as feed solution
(FS). The prepared cit-MNPs was used as draw solu-
tion. Two concentrations for each type of cit-MNPs were
applied, 0.5 and 2 g/L. The cit-MNPs draw solution was
prepared by dissolving certain amounts of the MNPs in
water according to the desired concentration. The reverse
flux of MNPs during FO tests observed to be almost negli-
gible and this is consistent with Ling et al. [23]. To investi-
gate the efficiency of cit-MNPs as DS, 2 g/L of standalone
citrate salt was applied in FO for comparison. Also, to
compare the performance of cit-MNPs as draw solute with
other conventional draw solutes, NaCl and HCOONa
were used with 2 g/L concentration of each salt, and each
one in a different run.

Fig. 2. FO unit with cit-MNPs as draw solution.
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3. Results and discussion
3.1. Characterization of citrate-coated MINPs

To prove the formation of magnetite phase, X-ray dif-
fractometer (XRD) was used. The patterns of x-ray diffrac-
tion of MNPs-1 and MNPs-2 indicated a highly crystalline
structure for magnetite (Fe,O,). According to Scherrer’s
equation, the crystalline size of MNPs-1 and MNPs-2 were
14.3 nm and 13.8 nm, respectively.

FTIR spectra was performed to confirm that surface
functional groups from citrate have been attached to the
iron oxide surface. Fig. 3 shows the FTIR spectra of the
functionalized MNPs-1 and MNPs-2. The strong Fe-O
absorption bands around 600 cm™ verifies that the main
phase of the synthesized nanoparticles is Fe,O,. This char-
acteristic peaks can be attributed to the lattice absorption
of iron oxide [51]. A large and intense band from 3230 to
3450 cm™ (for cit-MNPs-1) and 3450 cm™ (for cit-MNPs-2)

E sHimanzu
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(c)

: “ ‘?e)

could be ascribed to the structural OH groups as well as
to the attendance of non-dissociated O-H groups of citrate
and traces of water [47]. Two new absorption peaks at 1388
and 1587 cm™ (for cit-MNPs-1), and 1377 and 1585 cm™ (for
cit-MNPs-2) appear in the FTIR spectra of cit-MNPs, which
are distinctive of the carboxylate functional group [52]. The
vibrational mode appearing at 1388 and 1377 cm™ (afore-
mentioned) can be attributed to the symmetric stretching of
a citrate COO~ group. The peak at 1600 cm™ is assignable to
the C=0 vibration in citrate switches to an intense band at
about 1587 and 1585 cm™ for cit-MNPs-1 and cit-MNDPs-2,
respectively [53]. This confirms the binding of citrate to the
surface of magnetite by chemisorption of carboxylate ions.
The results of AFM showed that cit-MNPs-1 and cit-
MNPs-2 are convergent in size with (69.54) and (66.08) nm,
respectively. Fig. 4 illustrates AFM picture of cit-MNPs-1,
cit-MNPs-2 and the particle size distribution of both. The
surface charges of the cit-MNPs-1 and cit-MNPs-2 were

[ sHimanzu

EsHmanzu

Fig. 3. FTIR spectra for (a) pure TSC (b) MNPs-1 (c) cit-MNPs-1 (d) MNPs-2 (e) cit-MNPs-2.
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Fig. 4. AFM (a) image and particle size distribution of cit-MNPs-1 (b) image and particle size distribution of cit-MNPs-2.

measured by zeta potential analysis and the results gave
values of (-33.67) and (-20.75) mV, respectively. From these
results we can predict better performance for cit-MNPs-1
than cit-MNPs-2 because the latter has less absolute zeta
potential value, which means less stability and faster
agglomeration. The osmotic pressure was measured by the
osmometer for all the cit-MNPs samples used in experi-
ments of this work. All the results were either out of range
or freeze before the measuring time out (error). This might
be because this type of devices are not designed to measure
the osmotic pressure of such colloidal solutions of MNPs,
while it can measure the osmotic pressure of brine solutions
(ionic solutions). The osmolalities of the 2 g/L TSC, NaCl
and HCOONa solutions measured by the osmometer were
23, 68 and 56 mOsmole, respectively.

3.2. Performance of citrate-coated MINPs as draw solute

Two concentrations of both cit-MNDP-1 and cit-MNDPs-2
were applied in the experiments, 0.5 and 2 g/L. Each exper-
iment duration lasted for 3-4 h with feed and draw solu-
tions flow rate of 3 L/min. Distilled water was used as
feed solution through all experiments. Figs. 5 and 6 show
the FO water flux as a function of time for cit-MNPs-1
and cit-MNPs-2. From both figures, we notice that the flux
decreases with time and the decline in the curve is stron-
ger during the first two hours than the last two hours. This
can be attributed to the dilution happens to the DS through
time as a result of the mixing of the permeate water with it.

7.5

6.5

5.5

Flux, LMH

45 ——0.5g/
4 -2 g/l
3.5

0 30 60 90 120 150 180 210 240 270
Time, min

Fig. 5. Water flux as a function of time for cit-MNPs-1.
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Fig. 6. Water flux as a function of time for cit-MNPs-2.
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Fig. 7. Water flux as a function of time for cit-MNPs-1, cit-MNPs-2
and TSC.
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Fig. 8. Water flux as a function of time for NaCl.

Another explanation is that the decrease in the efficiency of
cit-MNPs ascribed to the agglomeration happens to them
over time. Also, the flux increases with the increase of con-
centration of the DS because osmotic pressure of the DS
increases which means higher driving force. On the other
hand, the performance of cit-MNPs-1 is observed to be bet-
ter than the performance of cit-MNPs-2. This can be ascribed
to the higher stability of the first type which is confirmed
by the zeta potential measurements. Fig. 7 shows a com-
parison between cit-MNPs and TSC salt at concentration of
2 g/L. The results prove that cit-MNPs perform better as DS
in FO process than TSC alone due to the large surface area
to volume ratio, which endows MNPs with higher osmotic
pressure, and hence better performance as DS. Cit-MNPs
can be regenerated by applying external magnetic field and
reused.

Sodium chloride and sodium formate were used as
DS in FO process. Figs. 8 and 9 show the water flux as a
function of time of NaCl and HCOONa, respectively, at 4
different concentrations for each salt. The same behavior as
in Figs. 5 and 6 can be seen here. Furthermore, NaCl gave
higher water flux than HCOONa due to higher solute dif-
fusion coefficient and lower molecular weight of NaCl that
gives higher osmotic pressure, i.e., higher driving force. To
compare the performance of cit-MNPs as DS with these two
salts, 2 g/L of each was selected as DS concentration. Fig. 10
shows the FO water flux of NaCl and HCOONa in compar-
ison with the same concentration of both types of cit-MNPs.
Obviously, cit-MNPs-1 is more efficient than all other types
at the same conditions. The highest water flux obtained
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Fig. 9. Water flux as a function of time for HCOONa.
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Fig. 10. Water flux as a function of time for cit-MNPs-1, cit-
MNPs-2, NaCl and HCOONa.

Table 1

Water fluxes of different used draw solutions (time = 3 h)
Draw solution Water flux (LMH)

2(g/1)

Cit-MNPs-1 34.77
Cit-MNPs-2 28.41
NaCl 24.60
HCOONa 30.67

from cit-MNPs-1, cit-MNPs-2, NaCl and HCOONa are 7.14,
5.42,5.57 and 6.54 LMH, respectively. However, cit-MNPs-2
and NaCl had nearly the same water flux during the first
two hours. Then, a sharp decline in the flux is observed in
NaCl performance during the next hour. This means that cit-
MNPs-2 conserve a more uniform and stable performance
than NaCl and kept giving more flux during the third hour.
On the other hand, HCOONa gave better performance than
cit-MNPs-2 until the last 30 min where it gave less flux than
cit-MNPs-2. By aggregating the water fluxes through 3 h
run, we obtain the results showed in Table 1.

4. Conclusions

In this study, MNPs have been synthesized by co-pre-
cipitation method under different preparation conditions,
and coated with tri-sodium citrate (TSC). Cit-MNPs-1 and
cit-MNPs-2 were obtained with particle size of (69.54) and
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(66.08) nm, respectively. The zeta potential measurements
were (-33.67) and (-20.75) mV for cit-MNPs-1 and cit-
MNPs-2, respectively. Cit-MNPs-1 performed better than
cit-MNPs-2 as DS in FO process because of their higher
stability dispersion. Both are more efficient than TSC alone.
On the other hand, cit-MNPs-1 showed higher water flux
in comparison with NaCl and HCOONa. In spite of the
fact that cit-MNPs-2 gave lower flux than HCOONa, they
showed equal fluxes at the fourth hour of the run. Cit-MNPs
conserve a more uniform performance than conventional
salts as DS. The water fluxes of the used draw solutions in
the current work were in the following order:

cit-MNPs-1 > HCOONa > cit-MNPs-2 >TSC > NaCl

Recommendations
For future work, we recommend the following:

1. Study the efficiency of cit-MNPs as DS in FO pro-
cess for longer runs like 5 or 6 hours of operation
to investigate their performance after this period of
time.

2. Study the efficiency of cit-MNPs with different types
of feed solutions such as seawater, heavy metals or
oily waste water.

3. Investigate the effect of cit-MNPs on membrane
fouling.

4. Study different DS recovery processes, such as mag-
netic field or UF, and their effect on the efficiency of

MNPs after recycling.

Symbols

J,  — The water permeation flux (L-m™*h', abbreviated
as LMH)

AV — The permeated water volume (L)

At — The time during which the permeate water col-
lected (h)

A — Membrane effective surface area (m?)
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