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Figure 6 Particle concentration effects on the measurement of
hydrodynamic diameter by DLS.

increases. Furthermore, since the aggregation rate has a
second-order dependency on particle concentration [69],
the sample with high MNP concentration has higher ten-
dency to aggregate, leading to the formation of large par-
ticle clusters. Therefore, the initial efforts for MNP
characterization by using DLS should focus on the deter-
mination of the optimal working concentration.

Colloidal stability of MNPs

Another important use of DLS in the characterization of
MNP:s is for monitoring the colloidal stability of the par-
ticles [70). An iron oxide MNP coated with a thin layer
of gold with a total diameter of around 50 nm is further
subjected for surface functionalization by a variety of
macromolecules [65]. The colloidal stability of the MNP
coated with all these macromolecules suspended in 154
mM ionic strength phosphate buffer solution (PBS)
(physiologically relevant environment for biomedical ap-
plication) is monitored by DLS over the course of 5 days
(Figure 7). The uncoated MNP flocculated immediately
after their introduction to PBS and is verified with the
detection of micron-sized objects by DLS.

As shown in Figure 7, both polyethylene glycol (PEG)
6k and PEG 10k are capable of tentatively stabilizing the
MNPs in PBS for the first 24 and 48 h. Aggregation is
observed with the detection of particle clusters with a
diameter of more than 500 nm. After this period of rela-
tive stability, aggregation accelerated to produce micron-
sized aggregates by day 3. Actually, the continuous
monitoring of MNP size by DLS after this point is less
meaningful as the dominating motion is the sedimenta-
tion of large aggregates [71]. For PEG 6k and PEG 10k
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that have a rather low degree of polymerization, the loss
of stability over a day or two could have been due to
slow PEG desorption that would not be expected of lar-
ger polymers. Nevertheless, PEG 100k-coated MNPs
were not as well stabilized as the PEG 6k- or PEG 10k-
coated ones, despite the higher degree of polymerization
that one might expect to produce greater adsorbed layer
thicknesses and therefore longer-ranged steric forces. In
addition to the degree of polymerization, as discussed by
Golas and coworkers [72], the colloidal stability of poly-
meric stabilized MNPs is also dependent on other struc-
tural differences of the polymer employed, such as the
chain architecture and the identity of the charged func-
tional unit. In their work, DLS was used to confirm the
nanoparticle suspensions that displayed the least sedi-
mentation which was indeed stable against aggregation.

In addition to the popular use of DLS in sizing individ-
ual MNPs, this analytical technique is also being
employed to monitor the aggregation behavior of MNPs
and the size of final clusters formed [55,73]. The study
of particle aggregates is important since the magnetic
collection is a cooperative phenomenon [74,75). Subse-
quently, it is much easier to harvest submicron-sized
MNP clusters than individual particles. Hence, a mag-
netic nanocluster with loss-packed structure and uni-
form size and shape has huge potential for various
engineering applications in which the real-time separ-
ation is the key requirement [76). Therefore, the use of
DLS to monitor the aggregation kinetic of MNPs is im-
portant to provide direct feedback about the time scale
associated with this process (55,77]. Figure 8 illustrates
the aggregation behavior of three species of 40-nm react-
ive nanoscale iron particles (RNIP), 27.5-nm magnetite
(Fe30,) MNP, and 40-nm hematite («x-Fe;O3) MNP [73).
Phenrat and coworkers have demonstrated that DLS can
be an effective tool to probe the aggregation behavior of
MNPs (Figure 8a). The time evolution of the hydro-
dynamic radius of these particles from monomodal to bi-
modal distribution revealed the aggregation kinetic of the
particles. Together with the in situ optical microscopy ob-
servation, the mechanism of aggregation is proposed as
the transitions from rapidly moving individual MNPs to
the formation of submicron clusters that lead to chain for-
mation and gelation (Figure 8b). By the combination of
small-angle neutron scattering and cryo-TEM measure-
ments, DLS can also be used as an effective tool to under-
stand the fractal structure of this aggregate [78].

DLS measurement of non-spherical MNPs

Even though, under most circumstances, a more special-
ized analytical technique known as depolarized dynamic
light scattering is needed to investigate the structural
contribution of anisotropic materials [79], it is still pos-
sible to extract useful information for rod-like MNPs by
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Figure 7 Intensity-weighted average hydrodynamic diameter for core-shell nanoparticles with different adsorbed macromolecules in
PBS. (a) Extensive aggregation is evident with PEG 6k, PEG10k, and PEG100k, while (b) bovine serum albumin (BSA), dextran, Pluronic F127, and
Pluronic F68 provided stable hydrodynamic diameters over the course of 5 days. ‘Day ¢/ corresponds to the start of the overnight adsorption of
§ macromolecules to the MNPs. Copyright 2009 American Chemical Society. Reprinted with permission from [65). )
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Figure 8 Evolution of hydrodynamic radius and MNP aggregation and gelation. (a) Evolution of the average hydrodynamic radius of
dominant size class of MNPs as a functicn of time for RNIP (Fe%Fe0,), magnetite, and hematite at pH 7.4. The particle size distribution for
RNIP and magnetite becomes bimodal at the last measured point due to gelation of aggregates. {b) Rapid MNP aggregation and subsequent
chain-like gelation: rapid aggregation of MNP to form micron-sized clusters (first regime) and chain-like aggregation and gelation of the

L micron-sized aggregates (second regime). Copyright 2007 American Chemical Society. Reprinted with permission from [73].
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Figure 9 TEM images and graph of decay rate. (a) TEM images of -FeOOH nanorads and (b) angle-dependent decay rate I" of the nanarod
Lshowing a linear trend. Copyright 2009 Elsevier. Reprinted with permission from [86].
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conventional DLS measurement [80,81]. For rod-like
particles, the decay rate in Equation 6 can be defined as
I'=g*Dr + 6Dy (14)
where in a plot of I vs g%, the value of rotational diffu-
sion Dy, can be obtained directly by an extrapolation of g
to zero and the value of translational diffusion Dy from
the slope of the curve [79]. For rigid non-interacting rods
at infinite dilution with an aspect ratio (L/d) greater than
5, Dp and Dy can be expressed using Broersma's relations
[82,83] or the stick hydrodynamic theory [84]. By
performing angle-dependent DLS analysis on rod-like -
FeOOH nanorods as shown in Figure 9a, we found that
the decay rate is linearly proportional to q° and passes
through the origin (Figure 9b), suggesting that the
nanorod motion is dominated by translational diffusion
[85]. From Figure 9b, the slope of the graph yields the
translational diffusion coefficient, Dy = 7 x 107* m%/s.
This value of Dy corresponds to an equivalent spherical
hydrodynamic diameter of 62.33 nm, suggesting that the

DLS results with a single fixed angle of 173° overestimated
the true diameter [86]. By taking the length and width of
the nanorods as 119.7 and 17.5 nm (approximated from
TEM images in Figure 9a), the Dy calculated by the stick
hydrodynamic theory and Broersma's relationship is 7.09
x 107> m%/s and 6.84 x 107> m?/s, respectively, consist-
ent with the DLS results.

Since the B-FeOOH nanorods are self-assembled in a
side-by-side fashion to form highly oriented 2-D
nanorod arrays and the 2-D nanorod arrays are further
stacked in a face-to-face fashion to form the final 3-D
layered architectures, DLS can serve as an effective tool
to monitor these transient behaviors [87]. Figure 10a de-
picts the structural changes of self-assembled nanorods
over a time course of 7 h. To monitor the in situ real-
time behavior of this self-assembly process, DLS was
employed to provide the size distribution of the
intermediate products that formed in the solution
(Figure 10b). The temporal evolution of the detected size
from 60 to 70 nm, to dual peaks, to eventually only a
single distribution with a peak value of 700 nm
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Figure 10 SEM images of the morphological evolution in the time-dependent experiments. (a) 1 h, (b) 3 h, (c) 5 h, and (d) 7 h. (e) Size

distribution of the products obtained in the time-dependent experiments was monitored by DLS with the number averaged. Copyright 2010
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indicating that all the building blocks are self-assembled
into the large aggregates within the experiment time
frame agrees well with the SEM observation (Figure 10a).
This kinetic data time scale is involved in the full assem-
bly of anisotropic nanomaterials from single building
blocks to 2-D arrays and, eventually, 3-D micron-sized
assemblies.

Conclusion

Dynamic light scattering is employed to monitor the
hydrodynamic size and colloidal stability of the magnetic
nanoparticles with either spherical or anisotropic struc-
tures. This analytical method cannot be employed solely
to give feedbacks on the structural information; however,
by combining with other electron microscopy tech-
niques, DLS provides statistical representative data about
the hydrodynamic size of nanomaterials. In situ, real-
time monitoring of MNP suspension by DLS provides
useful information regarding the kinetics of the aggrega-
tion process and, at the same time, gives quantitative
measurement on the size of the particle clusters formed.
In addition, DLS can be a powerful technique to probe
the layer thickness of the macromolecules adsorbed onto
the MNP. However, the interpretation of DLS data in-
volves the interplay of a few parameters, such as the size,
concentration, shape, polydispersity, and surface proper-
ties of the MNPs involved; hence, careful analysis is
needed to extract the right information.
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Magnetic nanoparticles (MNPs) have been proposed as one of the effective tools for pollutant removal
from aqueous environment. In most of the new strategies investigated, which involved the use of MNPs,
the ability to reharvest back this nanomaterial by an externally applied magnetic field is always being
emphasized. In this short communication, we discuss the challenges associated to the magnetic separa-
tion of MNPs from its suspending media through magnetophoresis under low magnetic field gradient. We
highlight the major constraints, such as thermal energy, Stokes drag and gravitational pulling, which
influence the successful separation of MNPs from aqueous environment by low gradient magnetic sepa-
ration (LGMS). Dimensionless numbers are introduced to provide a more quantitative comparison
between the aforementioned constraints with magnetophoresis at low field gradient. Finally, we focus
our discussion on the role of (1) guided/self-assembly approaches and (2) on-site LGMS strategy as the
most practical routes of using MNP for water remediation.
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1. Introduction

In last decade, we have observed a booming of research findings
on the huge potential of magnetic nanoparticles (MNPs) in remov-
ing dangerous pollutants, such as arsenic [1], heavy metals [2],
chlorinated compounds [3], and also organic dyes [4] from water
resources. One of the great advantages of this MNP based water
treatment technique is the recollection ability of MNPs, which
can be easily achieved by using a hand held permanent magnet
[1.4], after the hazardous compound was adsorbed onto the parti-
cle surfaces. The underlying principle behind this separation tech-
nique is remarkably straightforward. It relies on the simple fact
that the magnetic materials experience magnetophoretic force in
the presence of magnetic field gradients and thus these materials
can be physically separated out from the surrounding fluids by a
magnetic source. In addition, MNPs can also be employed to impart
a magnetic dipole moment to biological cells, through immobiliza-
tion on the cell surfaces, which subsequently leading to magne-
tophoretic separation of biological substances [5].

The rapid magnetophoretic separation of MNPs under low
magnetic field gradient (VB < 100 Tesla/m), as observed by others
is very likely through field-induced reversible aggregation of
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particles [6]. Under this scenario, the particle clusters formed
would migrate to the region where the magnetic field gradient is
the highest. Along its migration pathway, the moving MNP clusters
collide with each other and integrated into larger aggregates with
higher magnetophoretic velocity [6,7]. This mechanism is the key
factor for successful separation of MNPs in real time and revealed
the opportunity for the implementation of low gradient magnetic
separation (LGMS) for engineering applications.

In contrast to conventional industry practice in which high gra-
dient magnetic separation (HGMS) is normally being employed,
the design rules for LGMS is ill-defined and poorly understood.
Moreover, the key parameters involved for implementation of
LGMS in water treatment technology are also not being fully ex-
plored yet. Recently, Mandel and Hutter have briefly discussed
the problems related to MNPs separation [8]. They raised an inter-
esting point in which the use of ferrofluid as a nanoemulsion pro-
vides better alternative for water treatment purpose compared to
easily agglomerated MNP suspension. However, the liquid-liquid
interface between the nanoemulsion and the aqueous media can
be the major barrier toward the full realization of this noble idea.
Nevertheless, the key question here is how the nanosized magnetic
particles can be used effectively for water treatment, and more
importantly, the recollection of these particles from their suspen-
sion. It is the purpose of this paper to illustrate some general rule
of thumbs related to the separation of MNPs under low field
gradient.
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2. Underlying problems associated to LGMS

It is often being illustrated that by introduction of a magnetic
field, the separation of MNPs from aqueous environment can be
made possible in real time as shown in Fig. 1. Even though, the sep-
aration time involved is very feasible for practical usages at lab
scale, the possibility for this kind of setup to be fully implemented
for water treatment purposes is as good as none. By taking the
example of a cylindrical NdFeB magnet, the magnetic field B, along
its symmetry axis as a function of the distance x away from the
magnet pole face can be estimated quite accurately by following
equation [9]:

Xx+L X

g, - 1)
2l o2+ VELR

where R is the radius of the cylinder, L is the length of the cylinder,
B, is the remanence or residual induction of the magnetic material.
For a grade N50 NdFeB, B, is about 1.45 Tesla. This calculated B, has
a very good match with experimentally measured results [10] and
for the permanent magnet shown in Fig. 1, with a dimension of
R=0.7cm and L=1.5 cm, its magnetic field B, decay rapidly from
the magnet pole face (Fig. 2). Once, the MNPs has been released into
environment for water treatment purposes, there is no such magnet
or magnetic separation devices/strategies can be employed to cope
with the length scale involved, up to kilometers, in re-harvesting
them back. For an example, according to Eq. (1), in order to generate
an appropriate field gradient to achieve LGMS at separation dis-
tance of 1 km (x=1000 m) would require a cylindrical NdFeB mag-
net (at the same aspect ratio of the magnet shown in Fig. 1) with
radius of 140 m and length of 300 m.

This analogy bring out an important message in which for any
in situ water treatment technology that involved the usages of
MNPs, it is misleading to emphasize on its magnetic separation.
Once being released into the environment there is no way for
MNPs to be re-harvested back, at least not by magnetic separation.
Thus, it is more appropriate for the implementation of MNPs under
the setting of a on-site treatment facility. Under this context, the
application of LGMS as a downstream separation unit can be both
economical and technological feasible [5]. For engineering applica-
tion, the (a) inhomogeneous field gradient and (b) complex distri-
bution of magnetic field lines in three dimensional space of a
permanent magnet can be extremely challenging to be properly
integrated into a LGMS system.

3. Transport behaviors of MNPs due to “nanosize effects”

By taking non-interacting particles assumption, at magnetic
field B, the magnetophoretic force F,;qz needed to induce separation
of spherical MNPs is [11,12]:

Faag = 3 77%(M - V)B @

where rp; and M are the radius and the magnetization (per unit vol-
ume) of the MNP, respectively. By equating the Frqe with viscous
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Fig. 2. Magnetic field B, extended out from a cylindrical NdFeB magnet with radius
of 0.07 m and length of 0.015 m. B, is calculated by using Eq. (1).

drag force (Farag=67NTpe - Umag) experienced by a sphere [13], the
magnetophoretic velocity tmag can be calculated as

2r2
Umag = g—;; (M-V)B (3)

where # is the viscosity of the suspending medium. For the case of
very weak magnetic field, Eq. (2) can be further simplified to [14]:

AyVy
Yo (VB)B 4)

where pp is the vacuum permeability, V, is the particle volume
(Vp = 4mr}, /3) and Ay is the different in magnetic susceptibility be-
tween the particle and the fluid. Eq. (4) raised an interesting obser-
vation, in which the Fy,eg experienced by a nanoparticle is not only
dependent on the magnetic field and field gradient but the volume
of the MNP involved is equally important. For any design purposes
which involved transport behaviors of MNP, knowing the value of
Umgg is vital as various transport phenomena analyses can be per-
formed [15].

Since the particle size is in nanometer range, its motion is heav-
ily influenced by thermal energy and viscous drag; hence, conven-
tional dimensionless number analysis can be very helpful to
characterize the flow behavior. Table 1 summarized some of the
useful dimensionless numbers which are familiar to the chemical
and mechanical engineers and can serve as an effective way to
rationalize the transport behavior of MNPs under magnetophore-
sis. By using the value of B and VB as shown in Fig. 2 and hydrody-
namic radius of the MNPs (Fig. 1) at 150 nm as determined by
dynamic light scattering (DLS), the Reynolds (Re), Péclet (Pe) and
Froude (Fr) numbers with respect to the separation distance x from
the pole surface of NdFeB magnet can be calculated (see Fig. 3a).
Here we used the mathematical equations presented in Table 1
for the calculation of each dimensionless number and according
to Eq. (3) the MNPs would typically having a magnetophoretic
velocity within the range of 0.5 pm/s to around 9000 pm/s. As

qug=

1.5 min 2.0 min 4.0 min

Fig. 1. Magnetophoretic collection of iron oxide MNPs with ~150 nm hydrodynamic radius in real time.
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Table 1

Usefu! dimensionless number for characterization of MNP flow behaviors under magnetophoresis.

Dimensionless number Equation® Physical interpretation
Reynolds number, Re Re = 8U=al Re defined the ratio of inertia to viscous force, as
g Re » 1, magnetophoresis dominated

Re <« 1, viscosity deminated
Péclet number, Pe Pe = "_3;! Pe defined the ratio of inertia to diffusion, as

Pe >» 1, magnetophoresis dominated

Pe < 1, diffusion dominated
Froude number, Fr Fr= ﬂ;l‘ Fr defined the ratio of inertia to gravitational pulling

Fr > 1, magnetophoresis dominated
Fr < 1, gravitational pulling dominated

2 where | is the associated characteristic length scale, and for magnetophoresis study is concerned, it is typically taking as the diameter of MNP, p is the density of MNP and
here we assumed it is purely magnetite with density of 5.2 glem?, D iis the diffusivity of MNP and can be calculated by using Stokes-Einstein equation, and g is the acceleration

due to gravity.
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Fig. 3. Reynolds (Re), Péclet (Pe) and Froude (Fr) numbers calculated at (a) separation distance x from surface of a cylindrical NdFeB with varying B and VB values as shown in
Fig. 2 and (b) different radius of MNPs at B=0.049Tesla and VB= 6.62 Tesla/m. Broken line indicate the dimensionless number at one, so, above this point the
magnetophoretic flow of the MNP dominates viscous drag, thermal randomization and also gravitational pulling.

clearly depicted in Fig. 3a, under this setup there presents a critical
distance at around x=15mm in which magnetophoresis of a
spherical MNP dominates other disturbances, such as Brownian
motion, viscous drag and gravitational pulling. Below this separa-
tion distance, all three calculated dimensionless numbers are
greater than unity. The shaded area above the broken line in
Fig. 3a defines the effective operation region where the magne-
tophoretic collection could occur deterministically. In fact, this is
the same area in which magnetic field B decayed drastically with
respect to the separation distance x as shown in Fig. 2. The aver-
aged magnetic field gradient VB within this zone at around
54.67 Tesla/m certified the nature of this process as LGMS. Detailed
spatial resolution revealed by this dimensionless number analysis
provides useful information for the design of LGMS system.

In general, the migration of MNPs under LGMS as shown in
Fig. 1 is a complex interplay between magnetophoresis, viscous
drag and random Brownian motion in which all these phenomena
scale differently with the particle size. By taking B=0.049 Tesla
and VB=6.62 Tesla/m at critical separation distance of 15 mm,
the Reynolds (Re), Péclet (Pe) and Froude (Fr) numbers can be cal-
culated (see Fig. 3b) for MNPs with different radius. For magneto-
phoresis to play a dominant role, by having all three dimensionless
numbers to be greater than one, MNP with radius between 140 nm
and 180 nm is required. By taking the superparamagnetic size limit
of magnetite (Fe;0,4) particles at around r=17.5nm [16] gives
dimensionless number of Re = 0.0013, Pe = 0.0002 and Fr=0.0011,
respectively. These very low values of Re, Pe and Fr numbers im-
plied that the magnetophoretic motion of the MNP at this size
would be overwhelmed by viscous drag, thermal energy and also

gravitational pulling. This examination is contradicting with the
surprised results as observed by Yavuz and coworkers [1]. In di-
rectly, it has suggested the cooperative nature of the magnetopho-
resis and can also be generalized to our observation in Fig. 1.

At very high concentration in which the non-interacting parti-
cles assumption is not longer valid and magnetophoresis become
concentration dependent [G], Eq. (3) alone is not suffice to estimate
Umag accurately. Under this scenario, a more sophisticated mathe-
matic analysis such as the one suggested by Faraudo and Camacho
is needed to estimate the separation time by taking into account
the field induced aggregation of MNPs during the magnetophoresis
{6,17]. For cooperative magnetophoresis, it is estimated that the
recorded velocity can be 65 times higher than those predicted by
conventional method [18]. Nevertheless, the dimensionless num-
ber analysis is still an easy route to provide quick feedback for
checking the relation among important physical properties rele-
vant to magnetophoresis of MNPs under LGMS as long as the Umpqg
can be estimated reasonably. More importantly, it also gives a use-
ful approach to rationalize the complex interplay between the
magnetophoresis with thermal energy, Stokes drag and gravita-
tional pulling that eventually dictates the success or failure of
LGMS in harvesting MNPs.

4. MNPs for engineering applications

For environmental engineering applications are concerned,
MNP is typically being surface functionalized by macromolecules.
This step is taken to mitigate the nanotoxicity associated to its
small dimension {19], and to maintain its colloidal stability in
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suspension [20]. However, just recently our group has revealed the
conflicting role of colloidal stability in suppressing the magnetoph-
oretic separation of MNPs [21,22]. After achieved good dispersibil-
ity, the polyelectrolyte coated iron oxide MNP become extremely
difficult to be magnetophoretically separated out from its suspen-
sion even with the introduction of very high magnetic field gradi-
ent VB>1000Tesla/m [22]. This in turn would suppress the
cooperative effect as discussed in previous section and also prevent
the chaining of MNPs that ultimately contribute to the rapid mag-
netophoresis [G]. The huge time lag and low efficiency observed
might posed a serious challenge for the effective use of surface
functionalized MNPs in any applications that required rapid
separation.

It is obvious that MNPs cannot be a standalone nanoagent for
most of the water treatment technology that required good colloi-
dal stability and achieving rapid magnetophoretic separation while
maintaining its other important properties, such as high specific
surface area, catalytic activity, low nanotoxicity and etc. We antic-
ipated that MNPs need to be combined with other components to
fully realize its potential for water treatment applications. The
integration of MNPs into polymeric microcapsule can be a feasible
solution [23,24]. Other guided/self-assembly approaches, such as
magnetoliposomes [25], pickering emulsion [26], templated-struc-
ture like silica-MNPs and activated carbon-MNPs [27.28], can also
be a viable option. For the development of next generation MNP-
enhanced nanomaterials for water treatment applications, the syn-
thesis proceduce employed should be cost effective, environmental
friendly and can produce large amount of nanomaterials within
reasonable time frame. In addition, the magnetophoretic property
should also be emphasized. This feature is necessary to ensure full
recovery of the MNPs from treated water.

5. Conclusion

A more localized usages of MNP for water treatment purpose,
such as in an on-site treatment facility, should be implemented
in order to take full advantage of its magnetophoretic property.
The idea of releasing enormous amount of MNPs into environment
for water treatment purpose and magnetophoretically re-collect-
ing this nanomaterial back is highly unrealistic. Cooperative phe-
nomenon during the MNP magnetophoresis has greatly
complicated the mathematical analysis on predicting the MNP
velocity. In addition, the contribution of colloidal stability of MNPs
toward LGMS is critical and should not be overlooked in any engi-
neering applications. Dimensionless number calculation provides a
fast and reliable analysis on the flow behavior of the MNPs under
magnetophoresis. This analysis also related important physical
properties associated to the magnetophoresis of MNPs under low
field gradient. There are still many interesting opening questions
related to magnetophoresis of MNPs {29]. More research efforts
are needed in developing a practicable guided/self-assembly ap-
proach and efficient LGMS process for full utilization of MNPs in
environmental engineering applications.

Acknowledgements

This material is based on the work supported by Research
University (RU) (Grant No. 1001/PJKIMIA/811219) from Universiti
Sains Malaysia (USM), Exploratory Research Grants
Scheme (ERGS) (Grant No. 203/PJKIMIA/6730013) from the Minis-
try of Higher Education of Malaysia, and eScience Fund (Grant No.
205/PJKIMIA/6013412) from MOSTI Malaysia. JKL and SWL are affil-
iated to the Membrane Science and Technology Cluster of USM. JK
Lim thanks Lee R. More and Maciej Zborowski from Cleveland Clinic
and Sara A. Majetich from Carnegie Mellon University for discussion
related to Fig. 2.

References

[1] CT. Yavuz, |.T. Mayo, W.W. Yu, A. Prakash, J.C. Falkner. S. Yean, L. Cong, H.]J.
Shipley. A. Kan, M. Tomson, D. Natelson, V.L. Colvin, Low-field magnetic
separation of monodisperse Fe;04 nanocrystals, Science 314 (2006) 864-967.

[2] W. Yantasee, CL. Wamer. T. Sangvanich, RS. Addleman. T.G. Carter, R].
Wiacek. G.E. Fryxell, C. Timchalk, M.G. Warner, Removal of heavy metals from
aqueous systems with thiol functionalized superparamagnetic nanoparticles,
Environ. Sci. Technol. 41 (2007) 5114-5119,

[3] Y. Liu, T. Phenrat, G.V. Lowry, Effect of TCE concentration and dissolved
grourdwater solutes on NZVI-promoted TCE dechlorination and Ha evolution,
Environ. Sci. Technol. 41 (2007) 7881-7887.

[4] B. 5aha, S. Das, J. Saikia, G. Das, Preferential and enhanced adsorption of
different dyes on iron oxide nanoparticles: a comparative study, J. Phys. Chem.
C. 115 (2001) 8024-8033.

[5] P.Y. Toh. S.P. Yeap, LP. Kong, BW. Ng, CJ.C. Derek, AL Ahmad, JK Lim,
Magaetophoretic removal of microalgae from fishpond water: feasibility of
high gradient and low gradient magnetic separation, Chem. Eng. J. 211-212
(2012) 22-30.

[6]) G. Cuevas, ]. Faraudo, J. Camacho, Low-gradient magnetophoresis through
field-induced reversible aggregation, J. Phys. Chem. C. 112 (2008) 945-950.

[7] M. Benelmekki. C. Caparros. A. Montras, R. Goncalves, S. Lanceros-Mendez,
L1LM. Martirez, Horizontal low gradient magnetophoresis behavior of iron
oxide nanoclusters at the different steps of the synthesis route, J. Nanopait.
Res. 13 (2011) 3199-3206.

[8] K. Mandel, F. Hutter, The magnetic nanoparticle separation problem, Nano
Today 7 (2012) 485-487.

[9] V.Schaller, U. Krdling, C. Rusu, K. Peterssen, }. Wipenmyr, A. Krozer, G, Wahnstrom.
A. Sanz-Velasco, P. Enoksson, C. Johansson. Motion of nancmeter sized magnetic
particles in a magnetic field gradient, J. Appl. Phys. 104 (2008) 093918,

[10] JK. Lim. CJ.C. Derek, S.A. Jalak, P.Y. Toh, N.H.M. Yasin, BW. Ng. A.L. Ahmad,
Rapid magnetophoretic separation of microalgae, Small § (2012) 1683-1692,

{11] G.D. Mgeser, KA. Roach, W.H. Green. T.A. Hatton, P.E. Laibinis, High-gradient
magnetic separation of coated Magnetic nanoparticles, AIChE J. 50 (2004)
2835-2848,

{12]) G.P. Hatch. RE. Stelter. Magnetic design considerations for devices and
particles used for biological high-gradient magnetic separation (HGMS)
systems, ). Magn. Magn. Mater. 225 (2001) 262-276.

[13] M. Zborowski, L. Sun, L.R. Moore, P.S. Williams, ]J. Chalmers, Continuous cell
separation using novel magnetic quadrupote flow sorter, . Magn. Magn. Mater.
194 (1999) 224-230.

[14] N. Pamme, A. Manz. On-chip free-flow magnetophoresis: continuous-flow
separation of magnetic particles and agglomerates, Anal. Chem. 76 (2004)
7250-7256.

[15] J.K. Lim, DX. Tan. F. Lanni, R.D. Tilton, S.A. Majetich, Optical imaging and
magnetophoresis of nanorods, J. Magn. Magn. Mater. 321 (2009) 1557-1562.

[16] DJ. Dunlop, Magnetite: behavior near the single-domain threshold, Science
176 (1972) 41-43.

[17] J. Faraudo, ). Camacho, Cooperative magnetophoresis of superparamagnetic
colloids: theoretical aspects, Coltoid Polym. Sci. 288 (2010) 207-215.

[18] ].S. Andreu, ). Camacho, J. Faraudo, M. Benelmekki, C. Rebollo, LLM. Martinez.
Simple analytical model for the magnetophoretic separation of superparamag-
netic dispersions in a uniform magnetic gradient, Phys. Rev. E 84 (2011) 021402,

[19]) A. Verma, F. Stellacci, Effect of surface properties of nanoparticle-cell
interactions, Small 6 (2010) 12-21.

[20] P.L Golas. S. Louie, G.V. Lowry. K. Matyjazsewski, R.D. Tilton. Comparative
study of polymeric stabilizers for magnetite nanoparticles using ATRP,
Langmuir 26 (2010) 16850-16900.

[21] S.P. Yeap. P.Y. Toh, AL Ahmad. S.C. Low, S.A. Majetich. K. Lim, Colloidal
stability and magnetophoresis of gold-coated iron oxide nanorods in biological
media, J. Phys. Chem. C. 116 (2012) 22561-22569.

[22] S.P. Yeap, A.L. Ahmad, B.S. Ooi, J.K. Lim, Electrosteric stabilization and its role in
cooperative magnetophoresis of colloidal magnetic nanoparticles, Langmuir
28 (2012) 14878-14891.

[23] AF. Ngomsik, A. Bee, M. Siaugue, V. Cabuil, G. Cote, Nickel adsorption by
magnetic alginate microcapsules containing an extractant, Water Res. 40
(2006) 1848-1856.

[24] LP. Kong, XJ. Gan. A.L. Ahmad, B.H. Hameed, ER. Evarts, BS. Ooi, J.K. Lim,
Design and synthesis of magnetic nanoparticles augmented microcapsule with
catalytic and magnetic bifunctionalities for dye removal, Chem. Eng. J. 197
(2012) 350-358.

[25] M. Gonzales. KM. Krishnan, Synthesis of magnetoliposomes with
monedisperse iron oxide nanocrystal cores for hyperthermia. J. Magn. Magn.
Mater. 293 (2005) 265-270.

[26] A. Kaiser, T. Liu, W. Richtering, AM. Schmidt, Magnetic capsules and pickering
emulsions stabilized by core-shell particles, Langmuir 25 (2009) 7335-7341.

{27} W. Zhao, J. Gu, L. Zhang, H. Chen, ]. Shi, Fabrication of uniform magnetic
nanocomposite spheres with a magnetic core/mesoporous silica shell
structure, J. Am. Chem. Soc. 127 (2005) 8916-8917.

[28] M. Schwickardi. S. Olejnik, E.L. Salabas, W. Schmidt, F. Schiith, Scalable
synthesis of activated carbon with superparamagnetic properties, Chem.
Commun. (2006) 3987-3989.

[29] J. Faraudo, |.S. Andreu, J. Camacho. Understanding diluted dispersion of
superparamagnetic particles under strong magnetic fields: a review of
concepts. theory and simulation. Soft Matter 9 (2013) 6654-6664.



LLI
Z
N ~'s
=
Q
(aa]
|l
L
=

AUSTRALIA

7




Evaluation of Film Structure and Adsorption Kinetics of Magnetically
Responsive PES Membrane for Potent Antifouling Behaviour

Q.H.Ng', J. K. Lim!, B. S. Ooi, A. L. Ahmad’, S. C. Low!

!School of Chemical Engineering Campus, UniversitiSains Malaysia, Seri Ampangan, 14300
NibongTebal S.P.S. Penang, Malaysia, chsclow@eng.usm.my

This study presenting surface forces and macromolecular properties of magnetically
responsive polyethersulfone (PES) membranes in relate to their potent antifouling behaviour.
The functionalized superparamagnetic iron oxide (Fe3Oy) nanoparticles were end-capped to
the surface of PES membrane, to provide magneto-induced rotation motions of the magnetic
nano-colloids in 3-dimensional space, with the help of an external magnetic field (magnetic
rod). In the present work, alternate adsorption of polymers, poly(sodium 4-styrene sulfonate)
(PSS) and/or polycation poly(diallyldimethylammonium chloride) (PDDA) to the surface of
PES ultrafiltration membrane is carried out by a layer-by-layer self-assembly method and
then end-capped with the functionalized magnetite nanoparticles. By used of a quartz crystal
microbalance with dissipation (QCM-D), we investigated the structural properties and
adsorption kinetics of multilayers which composed of different polyelectrolyte pairs that
deposited to the surface of PES coated gold crystal cells. The combined measurement of
shifts in frequency (A{) and changes in the dissipation factor (AD) provides information about
the viscoelastic properties of the adsorbed adlayers and the surrounding bulk liquid
environment. The frequency change (Af) results demonstrated that the exponential growth
trend of Fe3O4 nanoparticles on PES polymer gradually becomes dominant with the
sequential deposition of polyelectrolyte PSS and PDDA. Meanwhile, the observed changes in
dissipation factor (AD) indicated the adherence of the multilayer polymers (PSS, PDDA and
Fe304) to the surface of PES is comprises of a large degree of motional freedom. Atomic
force microscopy (AFM) and field emission scanning electron microscopy (FESEM)
measurements pointed out the roughness and surface morphology of the multilayers, which
may be controlled by the assembly conditions that modify the layer structures and
subsequently the polyelectrolyte chain conformation. Furthermore, present study
demonstrated that such magnetically responsive nano-composite membrane could
significantly improved the flux and rejection performances based upon the rotational motions
of the magnetic nano-colloid under an oscillating external magnetic field, which in turn
reduces the fouling by colloids presented in aqueous feed.

Key Words: QCM-D, membrane fouling; magnetophoretic actuation; water treatment
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H1.0 INTRODUCTION

Over the past few decades, the usage of membrane for potable water production has progressed remarkable due to the
compact design of the membrane module, lower energy consumption, and reliable effluent quality. However, membrane
fouling still remains as a critical issue in many applications of water filtration processes that restricts the widespread
application of membranes. In water treatment, humic acid (HA) has been considered to be one of the most significant
foulants among many potential natural organic matter (NOM) in both surface and ground water (1, 2). Previous studies of
HA fouling were focused on the role of several important factors in humic acid solutions (2, 3). For an example, the
membrane fouling increases with the decreasing of pH or increasing of ionic strength of HA solution (2, 3), as observed in
many studies dealing with various types of membranes. However, this kind of research approach is labor intensive, and
normally requires tedious analysis for the feed stream before the filtration process.

In general, hydrophilic membranes exhibit lower level of fouling and increased flux reversibility at their surfaces (3, 4).
Many approaches have been taken to improve the hydrophilicity of membranes, including the blending of the hydrophilic
polymers and the surface modification of membrane (5-7). However, the polymer chain undergoing chemical modification
sometimes becomes highly swollen, leading to the low membrane’s mechanical properties (8). As solution, the integration of
nanoparticles into the membrane matrix allows both control of the membrane fouling and the ability to produce specific
functionalities to the membrane (9, 10). Generally, this composite membrane can be produced through polyelectrolyte
multilayer modification (PEM) method, phase inversion techniques, self-assembly through covalent attachment or blending
with a polymer casting solution (11-13).

The Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) technology is a surface sensitive technique
which gives real time information about the deposition of the thin surface layers by measuring the changes of mass and
viscoelastic properties at a surface. It has been used to evaluate the surface adsorption kinetic and offers the opportunity to
analysis the nanoparticle-surface interactions in real time (14, 15). Serious of reports have presented the membrane fouling
using QCM-D technique and proved its effectiveness in assessing the adsorption and viscoelastic properties of the foulants
(organic and inorganic) onto the membrane surfaces (16-18).



In present study, we aimed to quantify the adsorption of F-MNPs onto the PES membrane surfaces in different
dispersants (DI water and PSS) at condition with or without PSS and PDDA as precursors through QCM-D measurement.
First, the MNPs were functionalized using PSS polymer and flocculation studies for the nano-colloids were carried out.
Then, different membrane surfaces functionalities in adsorptive fouling by common organic foulants (HA) were elucidated.

M2.0 EXPERIMENTAL

2.1 Materials

The magnetite Fe;04 was supplied by NanoAmor (USA). PSS and PDDA polyelectrolyte were purchased from Sigma
(St. Louis, USA). Ultrafiltration PES membrane with molecular weight cut-off 20,000 was obtained from GE Osmonics
(USA). In this study, PES polymer supplied by BASF was used as the model membrane using in QCM-D measurement. The
solvent N-methyl-2-pyrrolidone (NMP) and humic acid used as the membrane foulant were purchased from Merck
(Germany) and Aldrich (Switzerland), respectively. NaOH (Merck, Germany) and HCI were used for pH adjustment.

22 Functionalization of nanoparticles

A suspension with 2500ppm of Fe;O, was prepared using deionized water and ultrasonicated to break the existing
aggregates. Similarly, PSS solution (0.00412 g/mL) were prepared and ultrasonicated to promote good dispersity of
polymeric solution. Both colloids suspension and PSS solution were adjusted to pH 3.5 before the former was added drop
wise into the latter solution, where the physisorption process was allowed to occur for 1 day. The PSS-coated nanoparticles
(F-MNPs) were then separated using a permanent magnet and pre-washed before final dispersion in deionized water or PSS.
Dynamic light scattering (Zetasized) was used to determine the size distribution and colloidal stability of naked Fe;O4 and
functionalized Fe;O4 in suspension. The measurement was performed at an angle of 90° under a light source of 650 nm, and
the calculation was based on the assumption of spherical particles in Brownian motion and single scattering.

23 Quartz Crystal Microbalance with Dissipation (QCM-D)

The QCM-D measurements were performed with AT-cut quartz crystals mounted in an E1 system (Q-sense, Goteborg,
Sweden). 1 % w/v of PES polymer dissolved in NMP was spin coated onto the gold quartz crystal (Q-sense, Sweden) and
evaporated at room temperature for 24 hours. All QCM-D measurements were conducted under flow-through condition via a
digital peristaltic pump operating in sucking mode at a constant flow rate S0—¥— pnd et 25°C. The ATR-FTIR spectra of the
commercial PES membrane and the model PES membrane coated on the quartz crystal were analyzed using Thermo
Scientific Fourier transform infrared spectrometer (NICOLET iS10, USA) to confirm the similarly of the functional groups.
Each spectrum was obtained from 32 scans with 4 cm™" resolutions at a 45° incident angle using a diamond crystal over the
wavenumber range of 4000-600 cm™.

23.1  Monitoring F-MNPs adsorption

The dynamic adsorptions of F-MNPs onto the PES surface in condition with or without precursors (PSS/PDDA) as well
as the effects of dispersants (DI water/PSS) were monitored using QCM-D, as the experimental protocols were shown in
Table 1. Adsorbed mass of F-MNPs on difference combination surface were modeled using the viscoelastic modeling in
QTools provided by Q-Sense.

Table 1 List of the different samples combination

No. Sample Precursor Dispersant of F-MNPs
1 - Uitrapure water
2 - PSS
3 PDDA Ultrapure water
4 PDDA PSS
5 PSS then PDDA Ultrapure water
6 PSS then PDDA PSS

232  Monitoring of HA adsorption/cleaning of adsorbed HA on membranes surface

The foulant (HA) analysis of the modified (PES- Fe;04) and unmodified (PES) membranes were investigated using
QCM-D through the adsorption study and cleaning of the humic acid from the membranes. After a stable baseline of the
QCM-D signal was achieved while flowing with ultrapure water, HA foulants (25ppm) were allowed to flow across the
quartz crystal surface for two hours, followed by washing using ultrapure water for another 30 min. The adsorbed mass
(&7} as well as the removed cleaning mass per unit surface of HA from the difference quartz crystal surfaces (modified
PES-Fe;0, and unmodified PES model membranes) were evaluated based on the Sauerbrey equation (19):

&f = —%&m (Eq. 1)



where n is overtone number (n=3 in this study) and C is the mass sensitivity constant of the QCM-D (C=17.7 ng*cm™*Hz"'
at £=4.95 MHz).

H3.0 RESULTS AND DISCUSSION

3.1 Stability of the functionalized MNPs and characteristics of the model PES membrane

Dynamic Light scattering (DLS) was used to measure size distribution as well as to study the flocculation kinetic of
MNPs and F-MNPs, where the colloidal suspension was diluted to 6ppm in 3.0 ml of deionized water. As shown in Figure 1,
the bare MNPs were started to flocculate from its initial hydrodynamic diameter at around 306 nm to form the larger clusters
up to ~2000 nm in size. The flocculation of MNPs was probably due to the small particles tend to agglomerate to reduce the
energy associated with high surface area to volume ratio of the nano sizes particles (20). Moreover, the large clusters formed
may also because of the exited of attractive forces from van der Waals and magnetostatic interactions within the
intermolecular MNPs (21) . Hence, surface modification/functionalization of MNPs is necessary to preserve good colloid
stability and provide a better layer dispersion of MNPs on the membrane surface.

2200

1800 « MNPs
- 1700 « F-MNPs .
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Time (minutes)
Figure 1 Flocculation kinetic profile presenting the average hydrodynamic size (d.nm) of naked MNPs and PSS coated F-MNPs vs. time
(minutes)

As shown in Figure 1, MNPs functionalized using PSS (F-MNPs) were showed to have smaller hydrodynamic size
compared to the bare MNPs at its initial stage. Moreover, the F-MNPs do not shown any obvious clustering behavior
throughout the similar measuring time scale and behaved almost constant in size (145.49 + 7.60 nm). This is a result of the
steric (osmotic and elastic) and electrostatic repulsion existed between the F-MNPs because of the adsorbed polyelectrolyte
layer that rendering the restricted intermolecular interactions among the polyelectrolyte coated particles (21), hence, enhance
the MNPs stability.bATR-FTIR was used to characterize the model PES coated on the gold crystal to confirm the similar
functionalities to those of the commercial PES membrane, as the spectra are shown in Figure 2, and the peak assignments
(22) are given in Table 2. Both commercial PES membrane and PES coated onto gold quartz crystal demonstrated the same
spectra, with the revealed characteristic vibrations at the peaks for the aromatic bands at 1576 and 1484 cm’, the symmetric
vibration of the SO, groups at 1146 cm’, the Ar-O-Ar groups at 1236 cm™, and the C-S groups at 1484 cm™’(23).
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Figure 2 ATR-FTIR spectra for commercial PES membrane and PES coated on crystal



Table 2 Possible assignments of the FTIR spectra of PES membrane

Peak (cm™) Range given in the literature (22) Assignment
1576 About 1580 Aromatic stretching vibration
1484 1460-1550 C-S stretch
1236 1275-1200 Ar-O-Ar stretching vibration
1146 1160-1120 SO, stretching

3.2 The F-MNPs adsorption onto PES model membrane

After functionalized MNPs with PSS, the F-MNPs were dispersed in either PSS or DI solution. The higher charge density
of the PSS polyelectrolyte present in the solution is expected to demonstrate higher adsorption of the F-MNPs onto the PES
polymer. However, at all conditions stated in Table 1, the adsorbed mass of the F-MNPs that dispersed in DI (conditions 1, 3
and 5) were relatively higher compared to the F-MNPs that was dispersed in PSS (conditions 2, 4 and 6). It was suspected
due to the adsorption competition existing between the F-MNPs and free PSS polymer that deposited onto the coated surface
of the quartz crystal. Thus, the average zeta potential for the polyelectrolytes and F-MNPs were evaluated, as shown in Table
3. From the Table 3, the free PSS polymer exhibited higher negative charge density compared to the F-MNPs. This is
because the neutralization of charge occurs during the functionalization of MNPs (positive charge) with PSS (negative
charge). Hence, free PSS polymer has the high affinity to adsorb onto the surface compare to the F-MNPs. In addition, of the
lower component charge density for the F-MNPs were removed easier from the surface during the washing process (24). In
regards, the F-MNPs that were dispersed in DI will be further used for the membrane fouling study by humic acid.
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Figure 3 Amount of F-MNPs in PSS or Dl adsorbed on PES spin-coated quartz crystal sensor with or without precursor
Table 3 Details on average zeta potential for polyelectrolytes and F-MNPs

Polyelectrolyte Average zeta potential (mV)
PSS -63.4013.41
PDDA +63.83+3.76
F-MNPs -40.53:0.81

As for the effects of the present of precursor on the interactions with the F-MNPs, the results (Figure 3) shows that the
lower adsorbed mass of F-MNPs on the PES surface in condition without precursor. This might because only weak hydrogen
bonding and hydrogen-hydrogen interactions between F-MNPs and the PES membrane (25). In the comparison between the
PDDA and PSS/PDDA precursors, the combination of PSS/PDDA precursors showing higher F-MNPs adsorbed mass
(125.61 mg/m®) than the sample using PDDA precursor (77.18 mg/m?). This is due to the weakly adsorption of PDDA on the
PES polymer which further caused the detachment of the PDDA together with the adsorbed F-MNPs from the PES surface.
However, with the coated PSS precursor film covered the PES surface prior to the assembly of PDDA onto the crystal cell,
the combinations (PES>PSS->PDDA) will forming a strong “polycation blanket” with a well charged outermost layer
compare the previous combination contained only a layer of PDDA onto PES coated crystal cell (PES>PDDA) (26).
Consequently, increased the adsorption of the F-MNPs on the polyelectrolyte multilayer (PES-> PSS->PDDA) was
observed. Furthermore, the additional of the polyelectrolytes layers would expect to produce a more continuous film with
increased surface charge (positive charge in this study) and more jon-exchange sites for the adsorption of F-MNPs @7,
nevertheless, the number of bilayer of PSS/PDDA was limited to 1 to reduce the membrane thickness to avoid flux decline
during the membrane application later.



32 Adsorption of HA foulant on the membrane surface

QCM-D was used to study the interactions between foulants and membrane surface, as shown in Table 4. The amount of
HA adsorbed on pure PES membrane was much higher than that of the modified PES-Fe;0, membrane. This is due to the
increase of negative charge density and hydrophilicity on the surface of modified membrane that makes them less vulnerable
to fouling. Almost all foulants were washed out (95.27%) from the modified PES-Fe;0, membrane surface compared to only
33.63% of HA was removed or 56.15 ng/cm?® retained on the PES membrane surface after the washing step. There is only
weak interactions existed between the HA foulant and the modified membrane due to the impregnation of the negative
charge and hydrophilicity properties of F-MNPs to the PES membrane, thus, reduced the attachment of HA foulant which
has the similar negative charged. In contrast, the stronger attachment of HA foulant occurred when strong hydrophobic-
hydrophobic interactions occurred between the HA and the unmodified PES membrane.

Table 4 Adsorption level for HA on different membrane surface and % mass of adsorbed layer (HA) removed by pure water

Membrane Adsorbed Mass (nglcm?) % HA Mass Removed after washing
PES 84.60 3363
PES-Fe;04 63.51 95.27

However, some minor HA foulant were still deposited on the surface of the modified membrane (3 ng/cm?) due to the
higher membrane roughness by the present of the nanoparticles. However, this deposited of HA foulant (3 ng/cm®) was
negligible compare to the unmodified PES membrane (56.15 ng/cm?), showed the lower irreversible fouling occurs for the
modified PES-Fe;0, during fouling experiments.

M4.0 CONCLUSION

A good colloid stability of surface modification/functionalization of MNPs was successfully end-capped to the surface of
PES membrane. In this study, membrane modified with F-MNPs in the present of PSS/PDDA existed as the precursors
exhibited lower membrane fouling by the HA foulant, due to the present of highly negatively charge and hydrophilicity
surface. The F-MNPs modified membrane developed in this work achieved high efficiency for the removal of humic
substances up to 97.25%, which make the membrane processes more economical (longer life span of the membrane) and
more sustainable.

Acknowledgement. The authors wish to thank the financial support granted by The Institution of Higher Education ERGS
grant (6730013) and USM Membrane Cluster.
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Abstract — This research proposes to untangle the membrane fouling by introducing nanostructured magnetite
(Fe;30,) colloids into the polymeric membrane. In present study, nanostructure magnetite nanoparticles (MNPs)
were synthesized via co-precipitation method with ammonium hydroxide and sodium hydroxide as the
precipitation agents at different pH condition. The synthesized MNPs were functionalized with
poly(diallyldimethylammonium chloride) (PDDA) and then spin coated on the surface of the ultrafiltration
cellulose acetate (CA) membrane. Intrinsic properties for this nano-composite membrane, in regards to the
physical structures, surface negative charge density and the membrane filtration performance, on surface fouling
by humic acid solutions were investigated. Experimental results demonstrated that, the nano-composite
membrane has significantly reduced the humic acid fouling on the membrane surface. This could be explained
by the electrostatic interactions between negatively charged humic acid molecules and the nano-composite
membrane. Throughout the study, the results provide some fundamental insights into the physical interactions
that governing the membrane fouling during filtration.

Keywords: Fouling; Magnetite nanoparticles; Humic acids; Nano-composite membrane; Water treatment

Introduction Recently, the synthesized of nanosized magnetic

In recent years, various water treatment
technologies are actively being pursued in both
academic world and industry due to the rapid
deterioration of water quality worldwide. The stringent
regulations for drinking water quality have stimulated
the membrane filtration to become one of the best
alternatives that replacing the conventional drinking
water treatment technologies [1-3].

Fouling remains a critical issue in many water
filtration processes and serves as the dominant factor
that restricts its widespread application [3, 4]. The
fouling causes a rapid irreversible loss of flux through
the membrane which leads to the progressive
deterioration of membrane performance [5].

Periodic hydraulic backwash procedures were
usually employed in reducing the effects of fouling.
However, the used of hydraulic backwash is practical
in removing the reversible foulant. Some deposited
matter on the membrane surface and inside the pores
cannot be removed and formed the irreversible part of
fouling [6].

material have drawn much attention due to their unique
properties and potential applications in biomedical [7,
8], heat transfer enhancement and environmental
applications [9-11]. Magnetite (Fe;O4) nanoparticles
are preferred because of its high magnetic
susceptibility, non-toxic, low cost instrument and low
detection limit [12].

Currently the magnetic actuated membrane is an
improvement of the membrane process in removing the
foulant. The nano-composite membrane consist of a
highly elastic polymer matrix with embedded
nanosized of magnetic particles [13], which is sensitive
to the magnetic field. In the presence of a local
magnetic field, the magnetic membrane could be
stiffened. This will reduced the object and membrane
contact area and allowed the object to be either
relocated or released.

The aimed of the present study is to untangle the
fouling mechanism through magnetically actuated
nano-composite membrane. The research efforts were
dedicated to formularize a simple experimental
protocol for surface functionalization of the polymeric
membrane. Through electrostatic interaction between
nanostructure  magnetite  (Fe;O,) colloids and
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membrane, it provided the flexibility on the motion
control of magnetite nanoparticles on the membrane
surface. Defouling performance of the nano-composite
membrane was tested accordingly by using humic acid
substances as the foulant.

2. Research methodology

2.1 Materials

Iron () chloride hexahydrate (FeCl;.6H,0),
iron (IT) chloride tetrahydrate (FeCl.4H,0), sodium
hydroxide (NaOH) and hydrochloric acid fuming 37%
(HCL) were purchased from Merck (Darmstadt,
Germany). Ammonium hydroxide solution 28% in
water (NH,OH) and poly(diallyl-dimethyl ammonium
chloride) (PDDA) were supplied by Sigma-Aldrich (St.
Louis, MO). All chemicals used in this study were
analytical grade standards and used without further
purification.

22 Synthesis of Fe;O, nanoparticles

The magnetite nanoparticles were prepared
via co-precipitation method. 4mL of 0.5M FeCl;-6H,0
was mixed with 1mL of 1M FeCl,-4H,0 at 25°C and
stirred at stirring speed of 1100rpm. A 25mL of
NH,OH or NaOH (with pH ranging from 9 to 14) that
acted as the precipitating agent was immediately added
into the mixture and stirred for 30min. Upon the
completion of the co-precipitation process, the
synthesized magnetite nanoparticles were collected by
an NdFeB permanent magnet. Collected magnetite
nanoparticles were washed with deionized water ®I)
and centrifuged to ensure that pure magnetite was
obtained (repeated three times). The magnetites were
then sonicated to allow monodisperse of magnetite in
DI water.

23 Functionalization of Fe;0, nanoparticles

1000 ppm of magnetite nanoparticles
suspension was prepared using DI water and sonicated.
Similarly, 0.01667 g/mL of PDDA was prepared and
undergo sonication. The pH of both magnetite
nanoparticles (MNPs) suspension and PDDA solution
was adjusted to pH~8.0 to facilitate physisorption of
PDDA on MNPs via electrostatic attraction for 1 day in
rotator mixer. The PDDA-coated magnetite
nanoparticles were then collected using an Nd-FeB
permanent magnet and pre-washed before dispersed in
DI water.

24 Development of Nano-composite membrane
The nano-composite membrane was prepared
using Flat sheet CA membrane was placed onto the
glass plate and fitted onto the vacuum chuck of spin
coater. Subsequently, polymer solution containing
PDDA-coated magnetite nanoparticles was dispersed
onto the membrane surface at rotation speed of 300

rpm and rotation time of 900s until 2 homogeneous thin
film polymer was formed. The nano-composite
membrane was then air dried.

2.5 Membrane performance test

The performance of the nano-composite
membrane toward reducing the nano-composite
membranes were test. CA membranes were cut into the
dimension of 1xlcm and labeled as sample 1 and
sample 2. Both samples were immersed in humic acid
(HA) solutions for 13 hours, where the external
magnetic field (magnetic bar) was imposed to the
sample 1. The introduction of external magnetic field at
sample 1 would induce magneto rotation motions of
MNPs that bound on the membrane surface and further
removed the deposited HA molecules. After 13 hours,
the membrane samples were air dried for 24 hours prior
analyzed using ATR-FTIR.

2.6 Characterization

2.6.1 Particle size and polydispersity index of Fe;O4
nanoparticles

Average particle size and polydispersity index
of magnetite nanoparticles were determined using DLS
(Malvern Instruments Nanosizer ZS). The light
scattering intensity autocorrelation function was fitted
by the CONTIN algorithm to produce an intensity-
weighted distribution of hydrodynamic radii. For DLS
measurement, the sample was prepared by dispersed
the 0.01ml of magnetite suspension to 3.5ml of DI
water.

2.6.2 Attenuated Total Reflection  Fourier
Transform Infrared (ATR-FTIR)

The fouling level of the nano-composite
membrane was investigated using Thermo Scientific
FTIR spectrometer system (NICOLET iS10, USA).
The membranes spectra were analyzed using Diamond
crystal over wavenumber range of 4000-600 cm”’ with
32 scans at 4 cm™' resolutions.

3. Results and discussion

3.1 Synthesis of magnetite nanoparticles
Ammonium hydroxide and sodium hydroxide
were selected as the precipitation agents to synthesis
the magnetite nanoparticles under different pH
condition (from pH 9 to pH 14). It was observed that,
different precipitate colour were obtained when co-
precipitation process were carried under the different
pH conditions. Black precipitate solutions were
observed at pH 11 and pH 12 in Fig. 1 and pH 14 in
Fig. 2. These solutions were shown to have
magnetophoretic responses when imposed to the
external magnetic field (magnetic bar). In this regards,
the synthesized MNPs were magnetite responsive
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which is expected able to perform the magneto rotation
motions when bound on the membrane surface and
further detached the foulants away from the membrane
surface.

However, clear yellow solutions were observed
throughout the reaction of NH,OH at pH 9 and pH 10
in Fig. 1 and NaOH from pH 9 and pH 12 in Fig. 2.
These yellow colour solutions were the intermediate
form of solutions due to the insufficient of precipitation
agent. This intermediate forms would change if the
precipitation agent continuously added to the process
until the OH" ions sufficient to form MNPs. Knowing
that, NaOH solution contained of higher density of OH’
than NH4;OH solution with the same molarities.
However the used of strong alkaline media such as
NaOH, can caused the formation of non-magnetic iron
compound [14] such as o-FeOOH and other ion
compounds [15].

Fig. 1.‘Magnctil anopaiclc repnré at different p 0 7
ammonium hydroxide (NH,OH)

i) .

!

Fig. 2. Magnetite nanoparticle prepared at different pH of sodium
hydroxide (NaOH)

Fluctuate trends were observed for both
hydrodynamic diameter size (Fig. 3) and PDI (Fig. 4)
of MNPs when NH,OH was used as the precipitation
agent in co-precipitation process. The interesting
finding is that both highest and lowest readings were
found at the narrow pH range within pH 11 to pH 12,
respectively. MNPs showed to have the average
hydrodynamic size of 1046.4 + 200 nm at pH 11 and
only 132.1 + 0.55 nm at pH 12. PDI was also followed
the trend of hydrodynamic size where showed to be
0.798 at pH 11 and monodisperse 0.253 at pH 12. The
monodisperse of MNPs at pH 12 might due to
electrostatic interaction that leads the repulsion
between the negatively charge MNPs. MNPs carry

negative surface charge at pH higher than its point zero
charge [16, 17].

1200.0

1046.9

1000.0
800.0

sNH,;OH
sNaOH

600.0

400.0

200.0

Hydrodynamic Diameter (nm)

0.0
9 10 11 12 13 14

Fig. 3. Hydrodynamic diameter of magnetite nanoparticle synthesize
at different pH ratio and precipitation agent

0.900 4 0.798
0.800
0.700
0.600
0.500
0.400
0.300
0.200
0.100
0.000 -

Polydispersity Index(PDI)

9 10, 21002 aEin 14

pH
Fig. 4. PDI of magnetitc nanoparticle synthesize at different pH ratio
and precipitation agent

As for NaOH, MNPs were only able to produce
at pH 13 or higher. This might be due to the density of
OH ions in the NaOH solution at certain pH. It is well
known that pH value is responsible for the charge
density of OH ions, which responsible for the
formation of MNPs. NaOH solution at pH below 12
resulted to have low density of ions OH, thus,
restricted the formation of magnetic responsive
nanoparticles and maintained as intermediate form of
solutions. However, the interest was focused on pH 14
since the MNPs were magnetite responsive (black color
of solution) under this pH condition. At pH 14, the
produced MNPs appeared in small hydrodynamic
diameters of 134.2 + 2.27 nm and low PDI of 0.345.
Under the consideration of both small hydrodynamic
diameter and low PDI, both NH,;OH and NaOH were
giving the similar characteristics of produced MNPs.
However, NH,OH was selected as precipitation agent
for further study due to the lower pH condition (pH 12)
was preferred for membrane filtration process.
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32 Defouling performance of magnetite nano-
composite membrane

Membrane defouling study was carried out by
immersing the membrane sample in HA solution for 13
hours. The fouling level of HA onto membrane surface
was analyzed using ATR-FTIR spectrophotocopy, as
shown in Fig. 5. Samples 1 (membrane that exposed to
the external magnetic field) and sample 2 (membrane
that did not exposed to the external magnetic field)
showed two significantly different transmission peaks
at 1733 and 1636-1581 cm™ wavenumber respectively.
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Fig. 5. ATR-FTIR spectra for nano-composite membrane (1) with
and (2) without the introduction of external magnetic field

The peak at 1733 cm™ could be attribute to the
presence of C=0 stretching in carboxylic acid groups.
The peak at 1636 and 1581 cm’ attribute to the
presence of C=C and N-H group respectively. At peak
of 1733 cm™, sample 1 with the exposed to the external
magnetic field was found to have a stronger absorption
band and vice versa at the overlapping peak of 1581-
1636cm™. Based on these two peaks, it shows that the
membrane sample 2 contained higher number of HA
molecules that deposited on the membrane surface.
These prove that, magnetite nano-composite membrane
with the introducing of external magnetic field was
could detached the HA precipitation on the membrane
surface, thus, reduced the membrane fouling. When the
magnetic nano-composite membrane was exposed to
the external magnetic field, it will promote the
alignment of MNPs that bound onto the membrane
surface in one direction. In this regards, the magneto-
induced rotation motions within the membrane
polymer matrix were performed if two opposite
directions were take placed in sequence. The rotational
motions of the MNPs, promoted the detachment of the
HA from the CA membrane. In turn, HA could easily
remove from the MNPs and membrane surface and
reduce fouling.

4.0 Conclusion

In present study, MNPs with small particle
size and polydispersity index were successfully
synthesis by using 25mL of NH,OH at pH 12 with
average hydrodynamic diameters of 132.1nm and PDI
of 0.253. The synthsised MNPs were further stabilized
using PDDA and coated onto CA membrane to form
magnetic nano-composite membrane. The results
demonstrated high efficiency of the removal of humic
acid from the membrane surface, in the advantage that
the movement of the magnetically responses of MNPs
on the membrane surface suppresses fouling.
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