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Summary

In this study the synthesis and applications of magnetic nanoparticles augmented polymeric
structures, such as microcapsules and flat sheet membrane, for the removal of heavy metal
from water resources was described in detail. Combinations of these two structures, namely
nanoparticles and polymeric network, into single entity further enhance the pollutant removal
efficiency as it capable to remove targeted pollutant through two mechanisms: entrapment by
polymeric network, follow by adsorption and catalytic reduction (Fenton reaction) by
nanoparticles. Whereas having magnetic response enables the recollection, hence recycling, of
the microcapsule by magnetophoresis. This study will focus on to understand how the colloidal
based interfacial effects, such as surface functionalization of the nanoparticles, colloid stability,
surface-to-volume ratio, contribute toward the combinatorial advantages of nanoparticles
augmented polymeric microcapsule for pollutant removal. A model system by using arsenic and
other heavy metals (especially those can be found in semiconductor industry waste water) as
targeted pollutant will be employed to test the feasibility of this idea. Since, the principle
investigate is currently pursuing his research career in the northern state of Malaysia, Penang,
where most of the semiconductor factories in the country are currently located, hence, the

model system chosen is highly relevant to the local community.




1. Introduction

In recent years magnetic nanoparticles (NPs) with sizes ranging from 1 to 100 nm have
attracted much interest in many environmental engineering related applications mainly due to
its ability to serve as nanosorbents [1] for pollutant removal from water resources [2]. Nano-
sized particles with high surface-to-volume ratio, and hence, high loading capacity, has making
it an ideal candidate as nanoagent to remove pollutants such as trichloroethylene (TCE) [3],
arsenic [4] and heavy metals [5], organic waste [6] and dye [7] out from water resources. As for
the realization of engineering applications of the magnetic NPs is concerned, the strong
adsorptive behaviour of arsenic and heavy metal onto iron oxide nanocrystalline surface (8],
together with their catalytic [6] and magnetic [2] properties, placed them in an advantageous
position to remove these compounds contaminated water.

To benefit from the aforementioned unique features of magnetic NPs for pollutants
removal from water resources, most of the strategy proposed to date, such as the one
suggested by Saha and coworkers [8], are relying on the initial exposure of pollutant to freely
suspended NPs follows with the recollection of the particles by an externally applied magnetic
field. Since the magnetophoretic forces experienced by the NPs are proportional to their
volume (see Eq. 1) [9]), hence, the re-collection of the freely suspended nanoparticles is
extremely difficult as ultra-large magnetic field gradient VB is required to generate high Fpqq to
overcome the thermal randomization energy originated from the Brownian motion of the

particles [10). This limitation makes direct collection of NPs less attractive.

F =VLA_Z_(B.V)B (Eq. 1)

mag
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In addition, more evidences have recently surfaced indicating the risk of (eco)toxicological
impacts of nanomaterials [11]. The contributing factors of nanotoxicity are still subjected to
debate; however, it is very likely due to the characteristic small dimensional effects of
nanomaterials that are not shared by its non-nanoscale counterparts with the same chemical
composition [12], or, biophysicochemical interations at the nano-bio interface dictated by
colloidal forces [13]. For either reason, the release of great amount of NPs without surface
functionalization to environment should be avoided.

In the present study, we propose the usage of magnetic NPs-polymeric microcapsule for
arsenic and heavy metal removal from water resources. The encapsulation of the NPs within
polymeric network would drastically reduce the risk associated to the nanotoxicity as the direct
physical contact of the NPs to its surrounding is minimal. In addition, the polymeric matrix acts
as a barrier to localize the magnetic nanoparticles (acting as a catalyst) and pollutants in
confined space, which subsequently would improve their physical contact and promote the
catalytic degradation of pollutants [14]. Furthermore, the microcapsules prepared would also
exhibit better catalytic stability and recyclability without loss of activity after multiple cycles of
catalytic degradation runs [15]. Due to the collective magnetophoretic forces experienced by all
the trapped NPs, we anticipated that this hybrid material would response much rapidly even at
very low magnetic field gradient compared to individual particle. Two commercially available
Fe®/iron oxides nanorods from TODA America and nanosphere from Sigma Aldrich (Fig. 1) were
encapsulated into three dimensional polyvinilydene fluoride (PVDF) polymeric networks to form
microcapsule by using phase inversion technique (Fig. 1) [16]. We used these two species of

magnetic nanoparticles because of their differences in (i) magnetophoretic behaviour [10,17],
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Figure 1. Pictorial representation showing the steps involved in phase inversion technique to synthesize magnetic
nanoparticles augmented PVDF microcapsule.

(ii) dispersibility of the particle suspension formed as rod-like magnetic nanoparticles has higher
tendency to aggregate than spherical particles, so, the colloidal stability effects on MB removal
can be tested, and also (iii) their availability in large quantity which is crucial for the engineering
applications of nanomaterials. Whereas PVDF is used as base polymer for the construction of
microcapsule due to advantages such as high purity, high mechanical strength and its high

chemical, pH and heat resistance [18].

2. Materials and Methods
2.1. Materials

Polyvinylidene fluoride (PVDF) was purchased from Solef, Solvay Solexis.
Dimethylformamide (DMF), hydrogen peroxide (35 wt.% in water) and Methylene blue (MB)
(M,,=319.8) was obtained from Merck. The Fe%/iron oxides nanosphere (with hydrodynamic

diameter ~20 nm) and nanorods (with length ~300 nm and diameter ~20 nm) [17] were



supplied by Sigma Aldrich and TODA America, respectively (Fig.1). Alternating gradient
magnetometry [17] and vibrating sample magnetometry (conducted by ARkival Technology
Corp., USA) measurements were performed at room temperature on a know amount of TODA
nanorod and Sigma nanospheres and the specific magnetization of the particles were revealed
at ~90 emu/g and 70.4 emu/g, respectively. Sodium dodecyl sulfate SDS (95% based on total
alkyl sulfate content) was purchased from Sigma Aldrich. In all experiments, deionized water
employed was produced by using Purelab Option-Q with resistivity up to 18.2 MQ-cm from a
potable water source. All the chemicals were of analytical grade and used without further

purification or treatment.

2.2. Preparation of PVDF Solution

Initially, 10 g of PVDF powder was added into a beaker containing 90 g of DMF solvent with
the sensor tip of thermometer immersed into it. After the addition of PVDF powder, this
mixture was sealed with parafilm instantaneously while subjecting to constant stirring at 180
rpm. This mixture was then heated from room temperature to 65°C with a heating rate at
10°C/min and was left under this condition with continuous heating for 70 minutes.
Immediately after this step, the solution was cooled to 40°C and was left for overnight under

constant stirring.

2.3. Preparation of Fe’/Iron oxides Nanoparticles-PVDF Solution
The NPs-PVDF solution was prepared by the addition of 0.30 g of nanoparticles into 60 g of

polymer solution but not vice versa. The mixture had a particle concentration of ~ 0.5wt%. In
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order to ensure full dispersion of NPs, direct addition of NP powder into the PVDF solution
should be avoided. Here we first dispersed the full amount of NPs into 10 g of PVDF solution
contained insides a 20 mL glass valve under intensive sonication for at least 10 minutes. This
well-mixed NPs-PVDF solution was then slowly added into the remaining PVDF solution under
sonication. All these steps are necessary to ensure the uniform distribution of nanoparticles
insides the polymeric solution. The morphology of TODA nanorods and Sigma nanospheres
employed in this research was analyzed by Phillips CM12 Transmission Electron Microscope
(TEM) with Docu Version 3.2 image analysis software (Fig. 2). The elemental composition of the
TODA nanorods and Sigma nanospheres was determined by x-ray diffraction (Bruker Axs D8

Advance) in a range of diffraction angle from 0° to 90° of 26.

Figure 2. TEM micrographs of NPs employed in this study (a) Sigma nanospheres, and, (b) TODA nanorods.

2.4. Synthesis of Fe’/Iron oxides nanoparticles-PVDF Microcapsules

The experimental setup for the preparation of Fe%/Iron oxides nanoparticles-PVDF
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microcapsules is illustrated in Fig. 3. PVDF solution was channeled through a micropipette tip at
the pumping speed of around 0.5 mL/min by Watson Marlow Peristaltic Pump followed by
drop-wise addition of this polymer solution into a coagulation bath composed of 0.5 wt%
Sodium dodecyl sulfate (SDS) in DI water for microcapsules formation. The position of
coagulation bath was adjusted manually to avoid the accumulation of microcapsules formed in
one single area. Having too many polymeric microcapsules undergoing phase inversion process
in one region will p}omote the fusion of multiple microcapsules together to form doublet,
triplet or even a clump of large polymeric clusters. This method was applied to synthesize all
three types of microcapsules employed in this study. Fe%/iron oxidés NPs-PVDF solution was
sonicated before the synthesis to promote better dispersion of NPs within the polymer solution
which subsequently leading to uniform distribution of NPs within the polymeric matrix formed.
The internal structure and the overall morphology of microcapsules formed were studied by
ZEISS Supra 55 VP Scanning Electron Microscope (SEM) imaging (Fig. 3).

To determine the porosity of the microcapsules formed, we employed the water-to-mass
ratio measurement as follow. The weight of water entrapped into the internal pores of
microcapsules was determined by heating them mildly inside an oven under 59.7°C-60.3°C and
a cabinet under room temperature as controlled sample, respectively. Those microcapsules in
oven were weighted for first two hours with five minutes interval between the measurements
and were left for overnight; after that, the same samples were weighted again at 30 minutes
interval of time for five hours. The same procedure was carried out for samples in cabinet. Both
of the samples had been left overnight again after taking the readings for five hours at 30

minutes interval, and the weight data obtained were higher than the former one. This result
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showed that microcapsules shrunk after over exposure to the air where no molecular water to
support the internal structure of microcapsules; hence, the volume of microcapsules decreased
leading to the increase of density. This experiment was carried out at the same time for PVDF,
0.5 wt.% nanorods-PVDF, 0.5 wt.% nanospheres-PVDF microcapsules in order to apply a

consistent environmental condition for accurate comparison among them.
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Figure 3. SEM micrographs of synthesized microcapsules (a) entire species of PVDF microcapsule under low
magnification showing its outer surface is occupied with small opening, (b) internal porous structure of PVDF
microcapsule, (c) internal structure of nanorods-PVDF microcapsule with its inner wall fully covered by nanorod
aggregates, and (d) internal structure of nanospheres-PVDF microcapsule with small nanosphere clusters scattered

around the inner surfaces.




3. Results and Discussion
3.1. Microcapsule characterization

In this study we chose to construct our ‘membrane’ according to microcapsule structure as

we could take full advantage of the magnetic property of the final structure and also the ease of

using it and packing it into modular type. The microcapsule showed a satisfactorily spherical

appearance as shown by SEM analysis of Fig. 3, and the averaged diameter of PVDF, nanorods-
PVDF, and nanospheres-PVDF microcapsules measured over 100 samples for each sample were
1.845+0.005 mm, 1.845+0.007 mm, and 1.800+0.006 mm, respectively. These values were very
close to the size of the PVDF microcapsule sythesized through well-established non-solvent
induced phase inversion method at ~ 1.3 mm [15]. The overall structure and size of
microcapsule formed is normally depend on the type of solution, amount of SDS surfactant
used, diameter of micropipette tip as well as the distance between micropipette tip and surface
of coagulation bath. Only under well controlled experiment the spherical structure can be
obtained.

As depicted in Fig. 3b-3d, all three species of microcapsules possess very similar porous
internal structure, suggesting the formation of three dimensional polymeric network,
regardless the presence of NPs. This characteristic porous-structure of microcapsules makes the
entrapment of pollutant molecules via diffusion possible with existing concentration gradient
across the outer layer of microcapsule as main driving force for this process to happen. After
the entrapment of pollutant molecular in the polymeric voids, these molecules adsorbed onto
the internal surface of polymer matrix, or/and, undergoing Fenton and Fenton-like reaction

catalyzed by Fe’/iron oxides NPs. However, the aggregation of nanorods (Fig. 3c) onto the
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internal surface of PVDF microcapsules, mainly due to the magnetic shape anisotropy effects
[19], suggested the need to functionalize the surface of nanorods in order to form a stable NPs
dispersion which will lead to more uniform distribution of this particle into the PVDF matrix.

As for the comparison between the nanorod and nanosphere PVDF microcapsules is
concerned, nanospheres tend to form smaller clusters scattered all over the internal surface of
microcapsules with each cluster composed of limited number of individual nanospheres (Fig.
4d). The extent of agglomeration that leads to the formation of NP clusters, however, is not
that severe compared to the case of nanorods. This condition is mainly due to the existence of
poly(vinyl pyrrolidone) layer that serves as the steric barrier around the Sigma nanosphere.
Nevertheless, this result gives a strong indication suggesting the need for surface
functionalization of the NPs prior to their encapsulation into PVDF-network. This step will
increase the surface-to-volume ratio of NP, with respect to the microcapsule, that is needed to

fully realize its potential for catalytic degradation.

3.2. Test of concept study by using simple organic dye as targeted pollutant

Here Methylene Blue (MB) is chosen as the modelled pollutant at the initial state of our
project to test the feasibility of our idea due to its ease of detection by colorimetric method. As
clearly depicted in Fig. 4a, the process of MB removal induced by all three types of
microcapsules follow a similar trend with rapid initial uptake rate within the range of 0.09-0.22

mg/min and gradually reached a steady state for extended period.
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Figure 4. The comparison of MB removal efficiency by using (a) three types of freshly synthesized microcapsules,
and (b) the dispersion of nanorods, and nanospheres particles only. For MB degradation processes upto 24 hours
by using NPs-microcapsule have resulted total removal percent of 94% for PVDF, 86% for nanospheres-PVDF
microcapsules, and 70% for nanorods-PVDF microcapsules. (c) The discolourization of MB caused significant color

transition from initial dark blue (100ppm) to light blue. The arrow indicates the collected NPs-PVDF microcapsules.

After the degradation of MB, the NPs augmented microcapsules still retained their
magnetic properties and can be easily collected by a NdFeB permanent magnet with a surface
magnetic field of ~5500 Gauss (Fig. 5¢). The collection was rapid and instantaneous over a
distance of few centimeters suggesting the strong magnetic coupling between the magnetic
NPs residing within the PVDF microcapsule.

The average void volume of PVDF, nanorods-PVDF and nanospheres-PVDF microcapsules at
room temperature is 0.45 cmalg, 0.48 cma/g, and 0.46 cm3/g, respectively. In this work, all the
PVDF solution prepared was based on the same weight percent of PVDF solution (10 wt% PVDF
powder in DMF solvent), and the void volume analysis shows that all three types of
microcapsules having very similar internal void space to microcapsules weight irrespective to

the presence of NPs. Since the porosity difference among these three microcapsules is
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negligible thus it cannot account for the variation witnessed in their capability to remove MB as
illustrated in Fig. 5a. Here we hypothesized that there are two main factors contribute to the
observation in Fig. 5a in which the fresh PVDF microcapsules out performed NPs-PVDF
microcapsules. Firstly, the available surface area of PVDF matrix for MB adsorption plays an
important role in this rate determining step. It is clearly shown in the SEM micrographs (Fig. 4c,
and 4d) that the nanorods and nanospheres randomly covered up certain portion of the
internal surface area of PVDF matrix, hence, slightly reduced the available sites for MB
adsorption. If this scenario is true, the total available internal surfaces to accommodate MB
should be more in PVDF-only microcapsules compared to both nanospheres-PVDF and
nanorods-PVDF microcapsules. This is the main reason for PVDF-only microcapsule out
performed both nanospheres-PVDF and nanorods-PVDF microcapsules in MB removal. For
freshly synthesized microcapsule, it is very likely that the electrostatic interaction between the
MB molecules and the PVDF matrix plays a vital role in MB removal. PVDF is negatively charge
due to its largest electronegativity of fluorine [20,21) which favorable attracted positively
charged MB molecules [22]. After the adsorption, the Fenton and 'Fenton-like reactions would
be the next immediate step contributes to the MB removal after its partitioning into the PVDF
matrix. Fenton and Fenton-like reactions are well known as production methods of free
hydroxyl radicals via the presence of Fe together with oxidants (e.g. H,0,) [23,24]. The
produced free hydroxyl radicals (*OH) degrade the organic pollutants such as dyes by breaking
the benzene ring [25,26] and relevant molecules in the structures to simple substances [39].

Hence, the successive adsorbed MB molecules on sorption sites are further degraded.
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3.3 Heavy metal and arsenic removal

We further tested the feasibility of using the synthesized microcapsule for heavy metal
and arsenic removal. For this purpose we chose cadmium (Cd) as one of the modelled heavy
metal pollutant as it has been pervasively found in the waste water from local semiconductor
industries. Our results have indicated that Nanosphere-PVDF microcapsule exhibit great
advantages compared to nanoparticle alone (and also PVDF microcapsule) in removing a As(lll)
and As (IV) with removal capacity of 254 umol/g and also 258 pmol/g. For the case of Cd, we
manage to removal almost 99.5 % of Cd in water which translated into a removal capacity of
534.23 pumol/g. This value is almost 20% higher than the typical removal capacity of magnetite
nanoparticle reported in literature and we are still working on to understand the mechanism

involved [27].
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Figure 5. Separation efficiency achieved by using PVDF-microcapsule, nanosphere-only and Nanosphere-PVDF

microcapsule in removing As(l11), As(IV) and Cd from aqueous environment.
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4, Conclusion

We have successfully synthesized magnetic NPs-polymeric microcapsules and demonstrated the

engineering applications of this hybrid material on removing methylene blue (MB), As (III), As

(IV) and Cd from aqueous environment. The true advantages of using this hybrid materials for

environmental applications compared to freely suspeﬁded nanoparticles are (i) the risk associated

to nanotoxicity has been greatly reduced and (ii) the catalytic and magnetic stability achieved

after the encapsulation of Fe%/iron oxide nanoparticles into polymeric network.
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This study presents the surface interactions and macromolecular properties of magnetic responsive
polyethersulfone (PES) membranes in relation to their potent antifouling behavior. Polyelectrolytes,
polyanion poly(sodium-4-styrene-sulfonate) (PSS) and/or polycation poly(diallyldimethylammonium
chloride) (PDDA), were alternately adsorbed on the surface of a PES microfiltration membrane using
the polyelectrolyte multilayer modification method. Subsequently, the magnetic responsive Fe;04 func-
tional layer was end-capped to the polyelectrolytes-assembled-PES membrane. By using a quartz crystal
microbalance with dissipation (QCM-D), the viscoelastic properties (AD) and adsorption kinetics (Af) of
the adsorbed adlayers were investigated. The QCM-D results demonstrated an exponential growth of
Fe304 nanoparticles on the polyelectrolytes-assembled-PES polymer. The changes in the dissipation
factor (AD) show greater motional freedom of the deposited multilayers (PSS, PDDA and Fe;0,4) on the
surface of the PES, where the surface morphology for the PES-Fe;0, membrane was elucidated using
FESEM/EDS. In this study, the synthesized magnetic responsive PES-Fe;04 membrane demonstrated sig-
nificantly improved permeability and selectivity. The membrane was shown to have a higher resistance
to fouling based on the actuation motions of the magnetic nano-colloid under an oscillating external
magnetic field. Subsequent exposure to a twisting effect promoted the detachment of humic acid from
the membrane.
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1. Introduction

Membranes used for potable water production have remarkably
progressed over the past few years due to compact design of the
membrane module, lowered energy consumption, and reliable
effluent quality [1,2]. Nevertheless, membrane fouling caused by
the deposition of fouling materials on the membrane remains a
critical issue in all applications of water filtration processes and
is the dominant factor that restricts the widespread application
of membranes. Membrane fouling generally reduces performance
by declining filtrate flux, resulting in increases of the operating
and replacement costs. Hence, several approaches to mitigating
membrane fouling have focused on changing the feed stream
conditions (e.g., pH, ionic strength, flocculation and coagulation
processes) |3,4], developing chemical cleaning technologies [5]

* Corresponding author. Tel.: +60 4 5996412; fax: +60 4 5941013.
E-mail addresses: chsclow@usm.my, siewchun@gmail.com (S.C. Low),
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and modifying the membrane surface to alter the surface charge,
roughness and membrane hydrophilicity [2,6.7].

Under water treatment, humic acid (HA), which is an important
precursor to trihalomethane and haloacetic acids, has been consid-
ered one of the most significant foulants among many potential
natural organic matter (NOM) in both surface and ground water
[8.9]. A number of studies about membrane fouling have focused
on the role of several important properties of HA solutions
[8,10-12]. For example, membrane fouling increases with decreas-
ing pH or increasing ionic strength (e.g., increasing the electrolyte
concentration or adding of divalent cations) of HA solutions
[8.10,12]. The existence of the divalent cations in the feed stream,
such as Ca®*, increases membrane fouling due to the formation of
the HA divalent cation complex, as observed in many studies using
various types of membranes [8,12]. However, these types of
research approaches are labor intensive and normally require
tedious analysis of the feed stream before filtration processes.

In general, hydrophilic membranes exhibit lower levels of
fouling and increased flux reversibility at their surfaces [2]. Thus,
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many approaches have improved the hydrophilicity of membranes,
including blending hydrophilic polymers in the casting dope and
modifying the membrane surface through polymerization, poly-
electrolyte adsorption, plasma modification or chemical modifica-
tion such as sulfonation [6,13-17]. However, the polymer chain
undergoing chemical modification sometimes becomes highly
swollen, leading to a decrease in the effectiveness of the mem-
brane’s mechanical properties [18].

The use of nanoparticles in the manufacturing of membranes
allows the formation of inorganic polymer composites with
specific functionalities, contributing to better membrane perfor-
mances with increasing permeability, selectivity, and a higher
resistance to fouling. In particular, the beneficial effects of nano-
particle-based membranes on the mitigation of membrane fouling
have been reported from many research groups [7,19-22]. The
integration of nanoparticles into the polymeric matrix can be
achieved by various techniques, such as polyelectrolyte multilayer
modification (PEM), self-assembly through covalent attachment or
blending within the casting dope [7,23-25). A few studies that uti-
lized the magnetic properties of Fe30, in synthesizing the magne-
tite composite membranes have successfully demonstrated the
separation of specific substances by altering the magnetic intensity
{26,27]. In our study, we have targeted of different approaches in
which we deposited Fe;0, onto the membrane surface. The actua-
tion motion of the magnetic nano-colloids was created at the
membrane surface by the oscillating external magnetic field
sources, which in turn promoted the detachment of the foulants
from the membrane surface.

Quartz crystal microbalance with dissipation (QCM-D) monitor-
ing measurement is a surface sensitive technique that provides real
time information by measuring the changes in mass and viscoelas-
tic/structural properties at the deposited layer surface. This tech-
nique has been used to characterize the surface adsorption
kinetics of thin film layers and offers the opportunity to analyze
the surface interactions of the nanoparticle-polymer in real time
[28,29). Few reports have presented the effectiveness of the
QCM-D technique in evaluating the adsorption and viscoelastic
properties of foulants (organic and inorganic) on different types
of membrane surfaces [30-32). For example, Hashino and
co-workers [32] utilized the QCM-D technique to analyze the
adsorption of foulants, such as sodium alginate (SA), bovine serum
albumin (BSA) and humic acid (HA), on a cellulose acetate butyrate
(CAB) membrane. Based on the QCM-D measurement, the mass
adsorbed on the quartz crystal calculated using the Sauerbrey
equation showed that the adsorbed BSA (approximately 3.3 mg/
m?) was much greater than those of SA and HA (approximately
0.2 mg/m?) [32]. In our studies, QCM-D technology was used to
investigate the interaction affinity between functionalized magne-
tite nanoparticles (F-MNPs) or modeled foulant (e.g., HA) with a
specific surface. The QCM-D is used to rule out the deposition con-
tributions of F-MNPs on different modified polyethersulfone (PES)
membrane surfaces. Besides, it has also been utilized to study the
adsorption and detachment of HA from the membrane surfaces, in
order to investigate the antifouling mechanism in presence of
F-MNPs.

In this study, we aimed to quantify the adsorption of PSS-coated
Fe304 nanoparticles (F-MNPs) on the surface of PES membranes
using QCM-D measurements in the presence of precursors com-
prising different combinations of polyelectrolytes (e.g., polyanion
PSS and polycation PDDA). Moreover, before end-capping the F-
MNPs to the surface of the PES membrane, the F-MNP colloids were
dispersed in two different types of dispersants, i.e., deionized (DI)
water or PSS solution. The effect of dispersant type on the deposi-
tion of F-MNPs on the surface of the PES mermnbrane was also elu-
cidated. To prove the functionality of this magnetic responsive
nano-composite membrane, filtration studies were carried out at

conditions with or without an external magnetic field. Both the
permeation and rejection performances for the HA foulant were
discussed.

2. Materials and methods
2.1. Materials

The magnetite nano-colloid iron oxide Fe;0; was supplied by
NanoAmor (Houston, Texas, USA). PSS (average MW approximately
70,000 Da) and PDDA (MW 100,000-200,000 Da, 20% aqueous
solution) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Flat sheets of PES microfiltration membranes with a 0.1 pm
pore size were obtained from Koch (Wilmington, Massachusetts,
USA). PES polymer (Ultrason E6020P with MW 58,000 Da) was
supplied by BASF (Ludwigshafen, Germany) and was used as the
model polymeric membrane material which coated on the quartz
crystal cell for QCM-D analysis. The solvent N-methyl-2-pyrroli-
done (NMP) was purchased from Merck (Darmstadt, Hessen, Ger-
many). Humic acid purchased from Sigma-Aldrich (St. Louis, MO,
USA) was used as the organic foulant. 1 M of NaOH (Merck, Darms-
tadt, Hessen, Germany) and 1 M of HCl (analytical reagent grade,
37%: obtained from Fisher Scientific) were used for pH adjustment.
All the chemicals were used as received without further purifica-
tion or modification.

2.2. Functionalization of nanoparticles

PSS dissolved in DI water (0.02 mol L~') was prepared and ultr-
asonicated to promote good dispersity and dissolution of the PSS
polymeric solution. Similarly, a suspension with 25060 mgL™" of
Fe30, was prepared in DI water and ultrasonicated to break the
existing aggregates. pH of Fe;04 suspension and PSS solution were
adjusted to 3.5 before the former was added drop-wise into the lat-
ter solution. The physisorption of PSS on Fe;0, via electrostatic
attraction was allowed to occur for 1 day on an end-to-end rotating
mixer with a mixing rate of 40 rpm. The F-MNPs were then
separated from the PSS solution with a permanent magnet and
pre-washed to remove excess PSS from the F-MNPs before the final
dispersion in DI water or PSS solution. The bare nanoparticles
(Fe30,) started to flocculate from their initial hydrodynamic
diameter of approximately 306 nm to form the larger clusters up
to approximately 2600 nm (data not shown). However, after the
bare Fe;0, particles were functionalized with PSS, the cluster size
dramatically reduced to approximately 145 nm.

Dynamic light scattering (Zetasizer Nano ZSS00-Malvern
Instruments Ltd., UK) was used to determine the hydrodynamic
size and zeta potential of F-MNPs and polyelectrolytes (PSS and
PDDA, pH 3.5). A light scattering from a laser beam of =633 nm
was operated at backscattering mode at angle 173°. The hydrody-
namic diameters of Fe;04 and its size distribution profile in func-
tion of time were monitored by dispersing 7.2 uL of the
magnetite suspension (2500 ppm) into 3 mL of DI water. All of
the samples were measured in triplicate to confirm the reproduc-
ibility of the results.

2.3. Quartz crystal microbalance with dissipation (QCM-D)

The QCM-D measurements were performed using the AT-cut
quartz crystals mounted in an E1 system (Q-sense, Goteborg, Swe-
den). Quartz crystals coated with gold were obtained from
Q-sense, Sweden. A comparable PES membrane surface (1% (w/v)
PES solution in NMP) was spin coated on the surface of the quartz
crystal cell to study the dynamic adsorption of F-MNPs, the precur-
sors (PDDA and PSS) and HA onto the PES membrane surface. The
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PES coated quartz crystal cell was then inserted into the QCM-D
chamber, where the polymer coated side was faced to the flow-
through liquid. All QCM-D measurements were conducted under
flow-through conditions via a digital peristaltic pump (Ismatec,
IDEX) operating in sucking mode at a constant flow rate of
50 uL min~' and a temperature of 25 °C. Frequency and dissipation
shift as a function of time induced by the addition of PSS/PDDA/F-
MNPs/HA solutions were recorded.

2.3.1. Adsorption kinetics of F-MNPs

The dynamic adsorption of F-MNPs (either dispersed in DI
water or PSS solution) and of the polyelectrolytes precursors
(polyanion PSS and/or polycation PDDA) on the PES surface was
monitored using QCM-D. The different combinations of the mag-
netic responsive PES membrane are shown in Fig. 1. All masses
adsorbed of the multilayers for each combination (Fig. 1) were
modeled based on viscoelastic model in QTools provided by Q-
sense.

2.3.2. Monitoring of HA adsorption and cleaning from the membrane
surfaces

The adsorption and desorption (cleaning process) of HA foulant
from the surfaces of the magnetic responsive PES-Fe;0; mem-
branes and the unmodified neat PES membranes were investigated
using QCM-D. The HA foulants (25 ppm) were first allowed to flow
across the modeled PES membrane surface via digital peristaltic
pump operating in suction mode at a constant flow rate of
50 pL min~" at temperature of 25 °C for 2 h. Subsequently, cleaning
process (desorption of HA from the quartz crystal cell) was carried
out by flow through the DI water, utilizing the same pump suction
flow rate of 50 pL min~' for 30 min. Both the adsorbed and des-
orbed masses of HA from the quartz crystal surface were calculated
using QTools software, as described by the Sauerbrey equation
[33]:

of = - Am (1)

where Af refers to the changes of frequency (Hz), Am refers to the
changes of mass adsorbed (HA) per surface area of the quartz crystal
cell (ng cm™2), n is the overtone number (n = 3 in this study) and Cis
the mass sensitivity constant of the QCM-D (C=17.7 ng cm~2 Hz™!
at f=4.95 MHz).

2.4. Development of magnetic responsive PES membrane

A flat microfiltration PES membrane that served as the support
layer was placed on a glass plate fitted onto the vacuum chuck of
the spin coater (Interscience G3P-8, USA). Subsequently, the poly-
electrolyte solutions (PSS and PDDA) at 0.02molL™" were
alternately deposited onto the PES membrane. The negatively

afghe
=

charged PSS solution served as the first deposition layer on the
PES membrane surface through the hydrogen bonding and hydro-
phobic interaction [7], followed by the positively charged PDDA
solution. The third and top functional layer was the magnetic
responsive F-MNPs. All deposited layers were spin coated at a spin-
ning rate of 3000 rpm with a rotation time of 8s. The fluid was
spun off the edges of the substrate until a desired homogeneous
thin film magnetophoretic polymer was formed.

The top surface morphology and cross section of the neat PES
and modified magnetic responsive PES membranes was analyzed
under field emission scanning electron microscope (FESEM, Quanta
FEG 450, and Netherlands). Using the same sample in FESEM, the
quality of the dispersion and existence of Fe304 particles on the
membrane surface and top layer on cross section of membrane
were analyzed using energy dispersive spectroscopy (EDS, Quanta
FEG 450, and Netherlands).

2.5. Membrane filtration and rejection performances

Approximately 0.1 g of humic acid powder was dissolved in 2L
of DI water to serve as the organic foulant in the aqueous feed.
Prior to the filtration study, HA feed solution (50ppm) was
adjusted to pH 8.0 by using 1 M of NaOH or HCl solution. For the
filtration study, the membrane was placed in a 25 mm diameter
dead-end stirred cell (Model 8010, Millipore Corp., Bedford, MA)
with an effective membrane area of 4.1 cm? connected to an ultra-
pure grade nitrogen-pressurized 1 L solution reservoir. The reser-
voir and stirred cell were initially filled with DI water. The pure
water fluxes (Jp) for all neat and modified membrane were mea-
sured at the constant low pressure of 10 psi, where a quasi-steady
flux was achieved (usually within 30 min). Only those membranes
with deviation in Jo less than 10% from the median value (neat PES
membrane Jo=27 Lm™2h~! and composite magnetite membrane
Jo=21Lm™2h~") were used for further experiments. The reservoir
and stirred cell were then replaced by the HA solution to carry out
the fouling study. To study membrane fouling, the filtration was
carried out for 12 h at an applied pressure of 10 psi. The accumu-
lated permeate mass which will be used to calculate the filtration
flux (J) was read by a computer-recorded electronic balance
(FX3000i AND, USA) at an interval time of 20 s. The concentrations
of HA obtained from the accumulated permeate were then mea-
sured using a UV-Vis spectrophotometer (Pharo 300 Spectroquant,
Merck Millipore) at the wavelength of 254 nm.

To investigate the effectiveness of the magnetic responsive PES
membrane for potent antifouling behavior, an in-house fabricated
magnetic field rotator connected to a magnetic source and a PLC
controlled rotator was used, as shown in Fig. 2. During the filtra-
tion processes, the PLC controlled rotator was set to change the
position of the magnet field source every 20 s. The introduction
of the magneto-induced rotation motions aligned the F-MNPs in

Fig. 1. Schematic of the different combinations. Deposition of F-MNPs (a) without precursor, (b) coated with the precursor of polycation PDDA, and (c) coated with the

precursors of polyanion PSS and polycation PDDA.
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Fig. 2. Schematic diagram for the dead-end filtration cell, showing the positioning
of the magnetic field source controlled by a PLC rotator. The magnetic bar setup can
be arranged by either pointing the north poles to or away from each other.

a single direction at the specific interchange position. Subse-
quently, promoting the magnetophoretic actuation of F-MNP col-
loids on the membrane surface further detached the foulants
from the membrane surface.

3. Results and discussion

3.1. Quantitative measurement of the adsorbed F-MNP composite film
on different PES modified membranes

Prior to the end-capping of F-MNPs to the PES membranes, the
F-MNP colloids were first dispersed in either DI water or PSS solu-
tion to ensure the mono-dispersity of the F-MNP composite film on
the membrane surfaces. As per an earlier hypothesis, the presence
of free polyelectrolyte (PSS) molecules in the F-MNP suspension is
expected to assist in the higher adsorption of the F-MNP colloids
onto the surface of the PES membrane, due to the electrostatic
interactions. However, the experimental outcomes exemplified
another way. For all assembled multilayer conditions (illustrated
in Fig. 3a-c), change in both frequency and dissipation were
observed for the lower mass deposition of the F-MNP composite
layer when the F-MNP colloids were dispersed in the PSS solution
(conditions 1a-c) compared with the F-MNP colloids dispersed in
DI water (conditions 2a-c).

The larger Af; frequency shift in Fig. 3a-c at condition 2 (dis-
persed in DI water) indicated a greater mass adsorbed of F-MNPs
on the membrane surface. The large mass of deposited mono-
dispersed F-MNP colloids might respond better to the magneto-
induced actuation motions. When the F-MNP colloids were
dispersed in PSS solution, a lower frequency shift or mass deposition
of F-MNPs was observed, indicating a poor deposition of the F-MNP
thin film composite on the membrane surface (for all multilayer
conditions in Fig. 3a—c). This result is likely because an adsorption
competition existed between the F-MNP colloids and the free
PSS polyelectrolytes at the top surface layer of the PES coated
quartz crystal. As shown in Table 1, both the F-MNPs and the free
PSS polyelectrolytes were negatively charged. In fact, the free
PSS polyelectrolyte has the highest negative charge density at
-63.4+341mV compared with the F-MNP colloids at
—40.53 +0.81 mV. Hence, it is possible toinduce a higher adsorption
affinity to the surface of the PES-coated quartz cell for the free PSS
polyelectrolytes. In contrast, fewer adsorption sites were available
for the F-MNP colloids to attach to, which contributed to the lower
deposition mass.

To explain the competitive adsorption phenomenon existing
between the F-MNP colloids and the free PSS polyelectrolytes,

additional adsorption kinetic analyses for the free PSS polyelectro-
lytes were carried out. For the analyses, the PES-coated quartz cell
is first coated with a layer of polyanion PSS, followed by the subse-
quent adsorption of a layer of polycation PDDA. The AD versus Af
plots (Fig. 4) show differences between not only the amounts of
adsorption for both F-MNPs dispersed agents (DI water and PSS
solution) but also the viscoelastic characteristics of the film
adsorbed. The adsorption kinetic analysis clearly noted limited
adsorption capabilities for the F-MNP colloids dispersed in PSS
(Fig. 4b). The frequency shift of F-MNP colloids dispersed in PSS
was smaller (approximately 15 Hz, Fig. 4b3) compared with that
of the F-MNP colloids dispersed in DI water (approximately
350 Hz, Fig. 4a3) at the 3rd layer Af; F-MNP adsorption step. Inter-
estingly, the trend of the AD3 versus Af; profiles for the pure PSS
solution without the presence of F-MNPs (Fig. 4b, gray line) was
shown to be similar to that of the F-MNPs dispersed in the PSS
solution (Fig. 4b, black line), demonstrating a similar adsorption
and desorption mechanism was took place. This observation shows
that only PSS polymer was adsorbed to the membrane surface
instead of the F-MNP colloids. Based on the analysis up to this
point, DI water was selected as the dispersant to disperse the F-
MNP colloids before end-capping to the modified PES membrane.

As for the interaction effects of the PSS and PDDA precursors to
the adsorption of F-MNPs, three different precursor layers were
examined, as referenced earlier in Figs. 1 and 3 of the QCM-D
adsorption frequencies (conditions a-c). The quantitative masses
adsorbed of the F-MNPs on each of these conditions were calcu-
lated based on the viscoelastic model, as presented in Fig. 5. Each
small plateau in the figure represents the particular adsorption
layer (PSS then PDDA then F-MNPs) that obtained continuously
throughout the QCM-D analysis. The results showed that when
neither polyanion PSS nor polycation PDDA was deposited, the
lowest mass of F-MNPs (approximately 18 mg/m?) was adsorbed
on the PES surface (Fig. 5a). In the absence of strong polyelectro-
lytes, the interaction between the F-MNP colloids and the PES
membrane was weakly retained via weak hydrogen bonding and
hydrogen-hydrogen interactions [7]. Consequently, less adsorbed
F-MNP colloids was observed.

The presence of polyelectrolyte precursors (Fig. 5b and c) on the
PES membrane before the final end-capping of the F-MNPs contrib-
uted to the greater mass adsorption of F-MNPs to the quartz cell. In
comparing a single coated layer of polycation PDDA (Fig. 5b) with a
bilayer coating of polyanion PSS and polycation PDDA (Fig. 5c), the
latter bilayer combination contributed to a greater mass adsorbed
of F-MNPs (approximately 126 mg/m?) compared with the former
single coated PDDA layer (approximately 77 mg/m?). In the latter
bilayer combination, the PSS precursor first interacted with the
PES surface via hydrophobic interactions [34] followed by the
assembly of polycation precursor PDDA through strong electro-
static interactions. The multilayer (PES — PSS — PDDA) formed a
strong “polycation blanket” with a strong positively charged outer-
most layer on top of the membrane surface [35]. Thus, the nega-
tively charged F-MNP colloids were able to firmly deposit on the
top surface of the model membrane (approximately 126 mg/m?).

As compared with only a single layer of weakly adsorbed PDDA
on a PES surface (PES — PDDA), the interaction between the pre-
cursor PDDA and PES was maintained through hydrophobic inter-
actions. Thus, a physically lower binding strength to the membrane
decreased the number of positive binding sites available on the
membrane surface. Consequently, this resulted in a reduced attrac-
tion for negatively charged PSS-functionalized MNPs and resulted
in fewer attachments of F-MNP colloids to the membrane (approx-
imately 77 mg/m?). These results have shown that the use of poly-
electrolyte multilayer modification (PEM) increases the adsorption
of F-MNPs to the surface of the PES membrane. It is expected that
additional polyelectrolyte layers would produce a continuous film
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Fig. 3. The frequency (gray line) and dissipation (black line) changes for the 3rd overtone as a function of time during adsorption of composite film F-MNPs dispersed in (1)
PSS solution and (2) DI water on different PES-coated crystal cells: (a) PES-coated quartz cell without polyelectrolyte precursor, (b) PES-coated quartz cell coated with
polycation PDDA precursor, and (c) PES-coated quartz cell coated with pelyanion PSS and then polycation PDDA precursors. The overall deposition mass was represented by

the frequency changes (JAf}).

Table 1
Zeta potential measurement for the polyanion (PSS) and polycation (PDDA)
polyelectrolytes and the magnetite nanoparticles (F-MNPs).

Polyelectrolyte Zeta potential (mV)
Average Standard deviation
PSS -63.40 341
PDDA +63.83 3.76
F-MNPs -40.53 0.81

with an increased surface charge (positively charged in this study)
and additional ion-exchange sites for the adsorption of F-MNPs
[15.34,36]. However, only a single bilayer of PSS/PDDA was applied
in current study in order to reduce the overall membrane thickness
and compactness for minimum membrane transport resistance,

A rinsing step with DI water was performed to confirm the
binding strength of F-MNPs to the membrane surface. During the
rinsing step, DI water was perfused across the F-MNP-capped PES
membrane for 1 h, as illustrated in Fig. 5a—c. The results showed

almost no detachment of F-MNPs from all coated surfaces and a
slight increase of the overall mass. This mass increase was most
likely due to swelling within the PEM layer (alternate adsorption
of PSS and PDDA) on the porous support PES matrix [37,38]. The
formation of the layer through ionic crosslinking between polyions
may increase the porosity of the film enabling an increased adsorp-
tive capacity for free water molecules [39]. The amount of swelling
was dependent on the degree of ionic crosslinking within the layer
[34] and also on the ion charge at the layer end [37].

3.2. Antifouling behavior of magnetic responsive PES membranes

Based on the QCM-D measurements, two precursor layers
(PSS + PDDA) which help in increasing the final deposition of mag-
netite nanoparticles gave the highest deposition of F-MNPs
(126 mg/m? in Fig. 5¢) on the membrane surface. The high deposi-
tion of F-MNPs is expected to provide better actuation motions of
F-MNPs, which promote the detachment of foulant from the mem-
brane surface. Thus, membrane filtration performance tests were
carried out to investigate the antifouling capability of the magnetic
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responsive PES membrane (composite layer consisted of PSS, PDDA on the membrane surface. FESEM micrographs (Fig. 6) clearly show
and F-MNPs), in removal of humic acid foulants. Firstly, two pre- the dispersion of the F-MNP colloids on the membrane surface. As
cursor layers (PSS + PDDA) followed by F-MNPs were spin-coated  shown in the FESEM micrographs, the smooth surface of the neat
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PES membrane (Fig. 6a) was altered to a relatively rough surface
for the magnetic responsive PES membrane (Fig. 6b). Homogenous-
ly distributed white dots (F-MNP colloids) were found on the
membrane surface.

EDS analysis was used to confirm the existence of Fe304 on the
magnetic responsive PES membrane. As shown in Fig. 6, Fe-ele-
ment was not detectable on surface of the neat PES membrane
but detected on surface of the magnetic responsive PES-Fes04
membrane. 0.22 Fe-at.% was found on the membrane surface
(Fig. 6b) but only 0.06 Fe-at.% was discovered when scanned

through the membrane cross sectional area (Fig. 7b, spectrum area
1 that representing the composite layer). These findings have con-
firmed that the F-MNPs were not penetrated into the substructure
of MF membrane, but well distributed on surface of the thin com-
posite layer. In fact, the homogenous distribution of these Fes04
(Fig. 6) on the membrane surface are believed to help in aligning
the magnetic responsive F-MNPs in the same direction when an
external magnetic field is applied. Magneto-induced rotation
motions were induced when opposing magnetic field were alter-
nately applied. This magneto-induced rotation further promotes
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the magnetophoretic actuation of the F-MNP colloids, promoting

) i The membrane filtration performances were evaluated by the
the detachment of humic acid foulants from the membrane i
surface.

separation of HA foulants from the aqueous feed solution. The
extent of membrane fouling was observed for the (1) neat PES
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membrane without magnetophoretic rotation, (2) neat PES mem-
brane with magnetophoretic rotation, (3) magnetic responsive
PES-Fe30, membrane without magnetophoretic rotation and (4)
magnetic responsive PES-Fe;04 membrane with magnetophoretic
rotation. As shown in Fig. 8, the neat PES membranes with or with-
out magnetophoretic rotation was significantly fouled after 12 h of
filtration. The filtrate flux for both neat membranes was reduced to
approximately 48% of the initial flux. This fouling was due to a con-
centrated polarization resulting from agglomerated clusters of HA
on the surface of the nearly neutrally charged porous PES matrix. In
contrast, the PES-Fe;0, membrane without magnetophoretic rota-
tion showed a better antifouling capacity compared with the neat
PES membrane. The membrane was also superior in the filtration
flux, where the permeation after 12 h declined to approximately
57% of the initial flux. The observed better antifouling properties
for the PES-Fe30, membrane were attributed to the end-capped
F-MNP composite layer. The additional magnetic composite film
increased both the negatively charged density and hydrophilicity
of the PES membrane, making them less susceptible to fouling.

By intreducing the magneto-induced rotation motion, the mag-
netic responsive PES-Fe30, membrane showed excellent antifoul-
ing ability. With the presence of magnetophoretic actuation of the
Fe30; at the top magnetic composite layer, the filtrate flux was 72%
of the initial flux after the same testing period of 12 h. Because of
the existence of the magnetite colloids (Fe;0,4) on the membrane
surface, the negatively charged and hydrophilic modified PES-
Fe;0, membrane, which was originally susceptible to the fouling,
showed greater resistance to fouling because of the externally
applied magnetic field and subsequent actuation of the magnetic
nano-colloids. This is an important and significant result that
shows the antifouling capacity of the magnetic responsive PES-
Fe304 membrane. The magnetophoretic actuation mode imposes
a torque around the colloid. This induces a twisting effect on the
magnetic nano-colloids that promotes the detachment of foulants
from the membrane. This detachment assists in reducing the polar-
ization concentration on the membrane surface and prolongs the
life-span of the membrane.

QCM-D was used to quantitatively determine the mass interac-
tions between the HA foulants and the membrane surface. The HA
mass adsorbed (Fig. 9) was calculated using the Sauerbrey equa-
tion based on the QCM-D measurement data. The amount of HA
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Fig. 9. Adsorption and desorption of HA on a modified PES-Fe;04 and an
unmodified neat PES membrares as a function of time.

adsorbed on the neat PES membrane (approximately 85 ng/cm?)
was slightly higher than that on the PES-Fes0; membrane
(approximately 63 ng/cm?). This result may be due to the increased
negative charge density and hydrophilicity properties of the thin
film Fe30,4 composite layer that makes the membrane less vulner-
able to fouling. In Fig. 9, a wavy curve was observed when the HA
solution was perfused across the PES-Fe;0, membrane. It is sus-
pected that there is a simultaneous adsorption and desorption of
HA molecules at the membrane surface. As discussed earlier, only
weakly interacting forces exist between the HA foulant and the
modified PES-Fe;0, membrane due to the electrostatic repulsion
and hydrophilicity properties of the membrane. This could explain
the weak deposition of HA molecules (less susceptible to fouling)
on the modified PES-Fe30, membrane (Fig. 8). The initial fouling
on the surface of the PES-Fe30; membrane could be due to the
rough surface of the membrane. This rough surface may increase
the absolute surface area for foulants to adhere to.

This observation (weak attachment of HA molecules to the
membrane surface) was investigated by DI water washing
steps. The cleaning efficiency for HA molecules attached to the
PES-Fe;0, membrane was excellent (approximately 96% of HA
molecules were detached) compared with that of the neat PES
membrane (approximately 34% of HA molecules were removed).
This explains the stronger hydrophobic-hydrophobic interaction
of the HA molecules with the neat PES membrane compared with
the weak interaction existing between HA molecules and the elec-
trostatic repulsion of the PES-Fe30, membrane, as explained
earlier.

In terms of rejection performance, the PES-Fe;0, membrane
showed a relatively higher rejection (81%) compared with that of

Table 2
HA rejections after 12 h humic acid-fed microfiltration at 50 ppm HA feed solution
adjusted to pH8.

Rejection, R (%)

Average Standard
deviation
(1) Neat PES membrane (without external 74.97 0.29

magnetic field)
(2) Neat PES membrane (with external magnetic 74.93 0.85

field)

(3) PES-Fe30, membrane (without external 77.18 0.24
magnetic field)

(4) PES-Fe304 membrane (with external 80.92 0.72
magnetic field)
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the neat PES membrane (75%, Table 2). The presence of F-MNPs
capped to the membrane surface increased the surface negative
charge that created an electrostatic repulsion between the charge
moieties on F-MNPs and HA. The end-capped F-MNPs on the mem-
brane surface likely constricted the membrane pores, resulting in
narrow pore size distribution at the membrane surface, which con-
tributed to higher HA rejection. In regards, the integration of the
magnetite colloids into the membrane surface showed greatest
mitigation effect towards the membrane fouling without compro-
mising the rejection performance.

4. Conclusion

Fe;0, functionalized by PSS was successfully end-capped to PES
membranes with the precursor polyelectrolytes PSS and PDDA
present between the functional F-MNP layer and the supporting
PES membrane. In this study, the magnetophoretic actuations of
Fe;0, colloids deposited on the surface of the PES-Fes0, mem-
branes were evaluated for the potent antifouling behavior. The
presence of the hydrophilic and magnetophoretic characteristics
of the Fe;0,4 functional layer showed a significant reduction of
membrane fouling by humic acid. The QCM-D results also demon-
strated a good interaction between the F-MNP colloids and PES
membrane in the presence of the polyelectrolytes PSS and PDDA.
The overall filtration performance of this magnetic responsive
PES-Fe;04 membrane demonstrated an excellent permeation that
suppressed membrane fouling (maintained at approximately 72%
of the initial flux after 12 h of filtration) with a rejection perfor-
mance of up to 81%. The reduced membrane fouling was due to
the existence of the actuation motions of Fe304 nano-colloid under
an oscillating external magnetic field which exposed to a twisting
effect, promoting the detachment of HA from the membrane
surface.
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ABSTRACT

Silica colloid-polyelectrolyte-iron oxide nanocomposite with both magnetic and catalytic properties has
been synthesized via layer-by-layer assembly. Dynamic light scattering (DLS) and electrophoretic mobil-
ity measurements were employed to monitor the evolution of these structures from silica colloid to silica
colloid-polyelectrolyte-iron oxide composite. In addition to DLS, transmission electron microscope was
used to investigate the morphology of nanostructure synthesized at each stage. The final structure
formed show good colloidal and catalytic stability and real time magnetophoretic response under low
magnetic field gradient. Here we demonstrated the potential environmental engineering application of
this nanocomposite by taking organic dye, Methylene Blue (MB) and Methyl Orange (MO), as our model
system. The experiment was conducted by testing the capability of nanomaterials synthesized at each
stage, namely silica colloid, polyelectrolyte-functionalized silica colloid (silica-PDDA), and silica
colloid-polyelectrolyte-iron oxide composite (silica-PDDA-IOMNPs), for dye removal. By taking into
account the electrostatic interactions between the dye molecules and the as-synthesized nanomaterials,
we verified that silica colloid-polyelectrolyte-iron oxide composite is superior for pollutant removal
from aqueous environment mainly due to its catalytic property. We rationalized our finding by
performing (1) Langmuir and Freundlich adsorption analysis, and, (2) pseudo-first-order and pseudo-
second-order kinetic study for-all three species of aforementioned nanomaterials. The reusability of
silica-PDDA-IOMNPs nanocomposite was tested by subjecting this nanomaterial for multiple cycle of
dye removal process. This hybrid material remained catalytically active after six months of storage.
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1. Introduction

Magnetic nanoparticle has been used extensively for biological
[1-4] and environmental [5.6] applications mainly due to its un-
ique catalytic and magnetic properties with extremely high sur-
face-to-volume ratio [6]. Iron oxide magnetic nanoparticles
(IOMNPs) are sometimes used solely, without further modification,
to remove heavy metals from industrial wastewater [7]. However,
pure inorganic magnetic iron based nanoparticle can easily form
large aggregate driven by inter-particles van der Waals and mag-
netic attractions, and hence negate the benefits associated to its
nanoscopic dimension [8). In addition, the nanotoxicity exhibited
by IOMNPs [9] has also discouraged the large scale implementation
of this nanomaterial for environment remediation. Therefore, sur-
face modification of IOMNPs is necessary to promote colloidal sta-
bility of the particles suspension formed and also minimize
nanotoxicity effect in order to enhance its functionality for tar-
geted application [10). The most popular way to achieve this target
are either surface modified IOMNPs with organic [11,12] or inor-
ganic material [13.14] or integrating the IOMNPs into polymeric
matrix [15]. In former case, the IOMNPs remained as an individual
particle, whereas in later scenario, the particles are artificially
coagulated into loosely packed polymeric matrix. Nevertheless, in
all these cases the IOMNPs retained both its magnetic and catalytic
properties, which are crucial for environmental engineering related
application. In this article, we proposed the assembly of IOMNPs
with layer-by-layer approach [16] onto silica colloid which served
as nanotemplate and use this nanostructure for water treatment
purpose. Cationic polyelectrolyte was employed as binding agent
to promote the attachment of IOMNPs onto the silica colloid. The
final nanocomposite composed of silica colloid as the inner core
coated with polyelectrolyte and IOMNPs as outer-shell.

There present numerous chemical routes for the synthesis and
surface medification of silica colloid and all these aspects contrib-
ute to the versatile use of silica colloid for engineering applications
[17]. Silica alone is widely used in water remediation [18,1 9| where
it served as adsorbent to remove Basic Blue 3 and Astrazone
Blue(Basic) dyes respectively from textile effluent. Moreover, sur-
face functionalization of silica colloid by decorating its micro or
meso-porous channels andjor the external particle surface with
various functional groups has significantly enhanced its effective-
ness for environmental application [20,21]. Combining silica colloid
and IOMNPs into one unified nanostructure offers attractive archi-
tecture for water remediation. Silica is widely chosen as material to
functionalize IOMNPs due to its stability, possible reuse and relative
rapidity in reaching equilibrium, high mechanical resistance and
high surface area [22]. Deposition of silica shells on IOMNPs has
been successfully carried out by different procedures [23,24]. On
the other hand, embedding IOMNPs into silica matrix for
wastewater treatment by taking advantage of its high surface areas
and pore volumes has also being developed [13]. But the direct
deposition of iron compounds on silica template is much more
difficult [25]. There were some studies about the method of
repetitive heterocoagulation to synthesize composite of silica
core-repetitive magnetic/silica-shell [26] and developing Fe30a
nanoparticle/polyelectrolyte multilayer assembly on colloidal silica
[27).

Even though the design and synthesis of silica-core with mag-
netic-shell composite has been widely discussed in literature, to
best of our knowledge, there are no any illustrations about the
environmental engineering application of this composite material.
There are several advantages to incorporate the IOMNPs onto silica
colloid. Firstly, due to the cooperative nature of the magnetophore-
sis [28,29], these nanccomposite should be less susceptible to the
thermal randomization energy compared to individual particle

[30) and experienced much greater magnetophoretic force to over-
come the viscous drag {31,32]. These scenarios would enable rapid
magnetic collection of nanocomposite which composed of mag-
netic particles clusters after their usages for water remediation.
Furthermore, the confinement of IOMNPs onto the surface of silica
colloid mitigates the particles aggregation problems and also
reduces the direct exposure of IOMNPs to environment. Thus, les-
sen the nanotoxicity of [IOMNPs associated to its small dimension
{33). In addition, since the IOMNPs are artificially immobilized
onto the silica colloid with loosely bound polyelectrolyte matrix,
we anticipated that the deprivation of catalytic active sites of
1I0OMNPs can be minimized. Subsequently, this open matrix struc-
ture allows the full utilization of catalytic capability of the nano-
composite formed for degradation of targeted poliutants.

In this work, positively charged Methylene Blue (MB) and nega-
tively charged Methyl Orange (MO) dyes are chosen as modeled
pollutants to test the aptitude of our as-synthesized silica colloid-
polyelectrolyte-iron oxide composite for water remediation. In
addition to ease of detection by colorimetric method, both MB
and MO were selected as our model system due to their similarity
in molecular structure (Fig. 1) and, obvious charge differences. By
having very similar molecular structure, both MB and MO mole-
cules would have comparable transportation behaviors. This fea-
ture allowed us to neglect the differences associated to their
transport properties while comparing separation efficiency of these
molecules in our dye removal experiments. Whereas, the charge
differences between MB and MO provide us a unique opportunity
to test the critical role of electrostatic interactions for pollutant re-
moval by the silica colloid-polyelectrolyte-iron oxide composite
via adsorption and catalytic degradation. We anticipated that elec-
trostatic interaction would have much adverse effect on the former
mechanism and is less influential on the latter case. In addition, MB
andfor MO have been widely used in textile, printing, food, and
pharmaceutical industries [34,35], and hence, industrial effluents
containing these molecules need to be treated effectively to prevent
further deterioration of our water resources. By investigating the
feasibility of synthesized nanoparticles in dyes removal, the degra-
dation of other organic pollutants from contaminated water can be
readily carried out by using advanced oxidation process in this het-
erogeneous catalytic reaction system. In fact, the advanced oxida-
tion process [36] is a promising method which has been used in
various emerging heterogeneous Fenton system to treat contami-
nants in wastewater, for example colorants [37-40], herbicide
[41], insecticide [42] as well as pharmaceutical waste [43,44).

2. Materials and methods
2.1. Materials

All the reagents employed in this work were of analytical grade
and used as received without further purification. Ethanol
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Fig. 1. The structural formula for (a) positively charged Methylene Blue (MB) and
(b) negatively charged Methyl Orange (MO).
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(absolute) and Hydrogen peroxide (H20,, 100 volumes >30%w/v)
were obtained from Fisher Scientific (M) Sdn. Bhd. Ammonia solu-
tion (25%), Methylene Blue (MB, 319.86 g/mole) and Methyl Or-
ange (MO, 32734g/mole) were supplied by Merck.
Tetraethylorthosilicate, (TEOS, 98%) was purchased from Acros
Organics. Poly(diallyldimethylammonium chloride), (PDDA, low
molecular weight with average molecular weight, M,, ~ 100,000~
200,000 and 20 wt% in water) was purchased from Aldrich Chem-
istry. Iron oxide nanopowder (Fe;04, 20-30 nm, 98 + % purity) was
obtained from Nanostructured & Amorphous Materials Inc. In all
experiments, deionized water was employed from Purelab Op-
tion-Q with resistivity at 18 M2 cm from a potable water source.

2.2. Preparation of silica colloid-polyelectrolyte-iron oxide composite

The pictorial representation of major steps involved in silica
colloid-polyelectrolyte-iron oxide composite synthesis was shown
in Fig. 2.

2.2.1. Synthesis of silica colloids

Submicron sized, monodispersed silica colloids were
synthesized via modified Stéber process [45] to serve as a submi-
cron template for the assembly of surface functionalized IOMNPs
via layer-by-layer assembly with the introduction of polyelectro-
lyte layer(s) between them. In this method, ethanol, tetraethoxy-
orthosilicate and ammonia with ratio 30:1:3 were mixed and the
reaction mixture was allowed to magnetically stir continuously
for 2 h. At the end of reaction time, the initial colorless reaction
mixture turned milky and the silica colloids were obtained as
sediment by centrifugation at 3500g for 25 min to remove the
excess reactants (see Fig. S1(a) in Supporting Information). The
silica colloids were redispersed in deionized water and were cen-
trifuged again with the same speed for 3 times in order to get pure
silica nanoparticles before suspending in 1.0 mM NacCl solution.

2.2.2. Synthesis of polyelectrolyte-functionalized silica colloids

Since silica colloids are negatively charged with zeta potential
of —65.3 mV, cationic PDDA was introduced to decorate silica col-
loids surface and promote charge reversal. For PDDA attachment,
initially 0.01 g/mL of PDDA solution was prepared and was ultraso-
nicated for at least 60 min to assist their dissolution as well as to
promote good dispersity of the polyelectrolyte solution. The PDDA
concentration is chosen to make sure the available polyelectrolyte
molecules are at least 500 times excess the estimated amount
needed to form monolayer on the silica surface. Later silica colloids
were added in the PDDA solution in mass ratio of 1:7.5 under
intense ultrasonication. The mixture was left overnight on an
end-to-end rotator mixer with rotational speed at 40 rpm to pro-
mote full attachment of the PDDA onto silica colloids. Then, the
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polyelectrolyte-functionalized silica colloids were separated out
as white precipitate from the solution after subjected to centrifu-
gation at 3500g for 25 min (see Fig. S1{b) in Supporting Informa-
tion). The nanoparticles obtained went through three repeated
deionized water redispersion/centrifugation cycles in order to get
pure polyelectrolyte-functionalized silica colloids before transfer
to 1.0 mM NaCl solution.

2.2.3. Synthesis of silica colloid-polyelectrolyte-iron oxide composite

The silica colloid-polyelectrolyte-iron oxide composite was
fabricated by using purchased IOMNPs. The ratio of IOMNPs weight
to PDDA-coated silica nanoparticles surface area was approxi-
mately 126.29 mg/m? Later, 1.0 mL of 0.01 g/mL polyelectrolyte-
functionalized silica colloids was added drop-by-drop into
500.0 mL IOMNPs solution and this process was carried out under
sonication in order to maximize the dispersity of IOMNPs. The mix-
ture was then transferred to centrifuged tubes and left for 1 day on
an end-to-end rotator mixer with rotational speed at 40 rpm. This
step is necessary to promote full attachment of the negatively
charged IOMNPs onto the polyelectrolyte-functionalized silica col-
loids. The silica-polyelectrolyte-iron oxide nanocomposite formed
was collected by centrifugation at 10,000g for 10 min. The
retantate was dispersed into deionized water by ultrasonication.
For full removal of freely suspended IOMNPs, this centrifugation
and washing steps were repeated for 2 more times. As a result, a
novel silica-polyelectrolyte-iron oxide nanocomposite exhibiting
catalytic and magnetic bifunctionalities was obtained.

2.3. Decolorization experiments

The stock solution for MB and MO were first prepared at the
concentration of 10,000 mg/L. Depends on the need of each exper-
iment, the working concentration were obtained by dilution using
deionized water. The decolorization experiments were carried out
using nanoparticles synthesized at each stage, namely silica
colloids, polyelectrolyte-functionalized silica colloid (silica—-PDDA)
and silica colloid-polyelectrolyte-iron oxide nanocomposite
(silica~-PDDA-IOMNPs nanocomposite). In this work, all the exper-
iments were conducted by adding 1.0 mL of silica colloid and
silica-PDDA with concentration at 0.01 g/mL to 9.0 mL dyes solu-
tion whereas 1.0 mL of 0.01 g/mL silica-PDDA-IOMNPs nanocom-
posite was added to solution containing 0.5mL of H,0, and
8.5 mL of dyes solution in order to make up the right particle con-
centration. It is worth to note that there is no pH control was per-
formed during the decolorization experiment. With the presence of
H,0,, the reaction mixture was in the pH range of 6.47-6.56. The
solution pH would influence the degradation kinetic of the dyes
molecules [46,47], conformation change of the PDDA network
|48.49] and also the surface charge of the IOMNPs [50,51]. Hence,

Silica-PDDA.-IOMNPs
nanocompaosite

Fig. 2. Schematic diagram showing the major steps involved in layer-by-layer assembly of silica-PDDA-IOMNPs nanocomposite.
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the role of pH in dictating the removal mechanism is a complex
interplay of these three factors. The mixture was placed in a
capped glass vial and left on an end-to-end rotator mixer with
rotational speed at 40 rpm. Upon the completion of each experi-
ment, for non-magnetic particle suspension, such as silica and sil-
ica-PDDA, centrifugation at 3500g were conducted to separate the
particles out from the suspension. Whereas, for silica-PDDA-10M-
NPs nanccomposite, a neodymium boron ferrite (NdBFe) cylindri-
cal magnet with surface magnetization at ~6000 Gauss (Ningbo
YuXiang E&M Int'l Co., Ltd.) was employed to harvest the particles
out from the suspension. The time dependent magnetophoresis
curve of silica-PDDA-IOMNPs nanocomposite under the influence
of NdBFe magnet was evaluated before and after the decolorization
work. Fig. S2 in Supporting Information revealed that the
nanocomposite remained magnetically responsive after the usage
and registered similar magnetophoretic collection rate and time.
The remaining concentration of dye in the supernatant was
determined calorimetrically with solution depletion method.

2.4. Measurement of dye concentration

The absorbance of dyes was analyzed using UV-vis spectropho-
tometer (Shimadzu Company, UVmini-1240) with the maximum
absorbance wavelength, Ama for MB at 666 nm and for MO at
480 nm. Prior to the measurement, calibration curves were con-
structed by using the standard MB and MO solution with a known
concentration to obtain absorbance-concentration profile. The in-
stant concentration of dyes in the reaction mixture at different
reaction times was determined by measuring the absorption inten-
sity at respective wavelengths and with calibration curves.

The amount of dye adsorbed on nanoparticles at a predeter-
mined time t, q; (mg/g), was determined using solution depletion
method with following equation:

(G -GV
m

1)

The dye removal percentage (#) can be calculated by the follow-
ing equation:

q=

g={C2C) - ~ G 100% @)
0

where C, and C; is the dye concentration (mg/L), at initial and in-

stant time, t (min), V is the volume of solution (L) and m is the mass

of nanoparticles used (g).

2.5. Characterization of the synthesized nanoparticles

The size distributions of the nanostructures at each stages of
synthesis were determined by dynamic light scattering (DLS)
(Malvern Instruments, Zetasizer Nano-ZS). The CONTIN algorithm
was employed to fit the light scattering intensity autocorrelation
function to provide an intensity-weighted distribution of hydrody-
namic diameter (see Table 1). By using the same analytical
instrument, we measured the electrophoretic mobility of the silica
colloid before and after surface modification. We then calculated
the zeta potential of the nanostructures formed at each stages of

Table 1
Zeta potential and hydrodynamic diameter of different nanoparticles measured by
Zetasizer Nano-ZS (Malvern Instruments).

Zeta potential (mV) Hydrodynamic diameter (nm)

Silica colloids -65.3 253.6+1.59
Silica-PDDA +58.3 277.5+3.13
Cluster of IOMNPs —6.6 297.6+ 104.13
Silica-PDDA-IOMNPs  +25.8 392.9+51.86

synthesis in 1.0 mM NaCl by Helmholtz-Smoluchowski limit (see
Table 1). Transmission electron microscope (TEM) (JEOL, JEM-
200CX) was employed to verify the structure evolution of the par-
ticles at different phases of synthesis (see Fig. 3).

3. Results and discussion
3.1. Characterization of the synthesized nanoparticles

The morphology of nanoparticles involved at each stage of
silica-PDDA-IOMNPs nanocomposite synthesis was revealed by
TEM (Fig. 3). As illustrated in Fig. 3a, the silica colloids are spherical
in shape with polydispersity index of 0.016 and having an averaged
diameter at around 260.9 +1.9 nm (comparable with hydrody-
namic diameter of 253.6 % 1.6 nm measured by DLS). Fig. 3b shows
TEM micrograph of IOMNPs with diameter at around
20.0 + 76.5 nm. However, the hydrodynamic diameter of IOMNPs
measured by using DLS is 297.6 + 104.1 nm. Therefore, the size
mismatch observed for IOMNPs between the measured hydrody-
namic diameter using DLS and the TEM image analysis suggested
that the IOMNPs aggregated into small clusters when dispersing
in the aqueous environment for DLS measurement. This is consis-
tent with our previous observations, in which without surface
modification, electrostatic repulsion alone is insufficient to over-
come the flocculation inducing forces, such as van der Waals and
magnetic dipole-dipole interactions between the IOMNPs [31].
Under this scenario, the attachment of IOMNPs onto silica colloids
need to be carried out instantaneocusly after their full dispersion
into the working media and the entire process should be con-
ducted under intense sonication. Fig. 3c and Fig. 3d shows the
physical appearance of silica-PDDA-IOMNPs nanocomposite after
the attachment of IOMNPs. The inevitable clustering of IOMNPs
due to van der Waals and magnetic forces on the surface of a
silica-PDDA could be visualized in Fig. 3c. Due to the excessive
wetting and drying nature of the silica~PDDA-IOMNPs nanocom-
posite on TEM grid, the particles looked aggregate extensively as
shown in Fig. 3d.

In all cases, we prolonged DLS monitoring on these silica-PDDA-
IOMNPs nanocomposite and bare IOMNPs at 10.0 mg/L to compare
the colloidal stability of these two suspensions (Fig. 4), individual
TOMNPs flocculated into large clusters in aquecus solution. Initially,
the bare IOMNPs appeared as small clusters with average hydrody-
namic diameter of 245.3 nm and the clusters continue to flocculate,
forming larger clusters with higher hydrodynamic diameter. This
flocculation tendency of the bare IOMNPs was attributed to both
the long-range van der Waals and the magnetic attraction [45].
By construction of silica-PDDA-IOMNPs nanocomposite, the aggre-
gation is mitigated and the colloidal stability is promoted. As seen
from Fig. 4, the average hydrodynamic diameter of silica-PDDA-
IOMNPs nanocomposite was almost constant over the entire time
course of 5 h. In addition, the particle stability of nanocomposite
in real-life environment was demonstrated by anticipating
1.0 mM NacCl and 10.0 mM NaCl as the background medium. In fact,
the electrolyte condition of 1-10 mM NaCl indeed represents the
groundwater condition [52). From Fig. S3 in Supporting Informa-
tion, nanocomposite retained colloidal stability even in high ionic
strength environment.

As seen from Table 1, the synthesized silica colloids yield zeta
potential of —65.3 mV in 1.0 mM NaCl. The presence of PDDA poly-
electrolyte on the outmost layer of silica colloids caused a reversal
of zeta potential to +58.3 mV. On top of that, the orientation of the
adsorbed polyelectrolyte on silica particle surface is most probably
appeared as trains, loops and tails which has been well-investigated
by the Fleer's group [53.54]. This adsorbed layer of cationic PDDA
serves as the binding agent to facilitate the attachment of

»
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Fig. 3. TEM micrographs of (a) silica colloids, (b) IOMNPs and IOMNPs covered on (c) one and (d) four PDDA coated silica colloid.
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Fig. 4. Colloidal stability is conducted by studying the changing of averaged
hydrodynamic diameter of silica-PDDA-IOMNPs nanocomposite and bare IOMNPs
over predetermined time where the data were collected every 3 min for total 5h
run.

negatively charged IOMNPs with zeta potential at —6.6 mV. After
silica-PDDA-IOMNPs nanocomposite was formed, the entire struc-
ture registered a positive zeta potential value at +25.8 mV even
though the outmost area of this structure is occupied by negatively
charged IOMNPs. This result indicated that IOMNPs have integrated
into polyelectrolyte-silica matrix which subsequently suppressed
the highly positive charged PDDA intermediate layer resulting in
a net loss of zeta potential of silica-PDDA-IOMNPs nanocomposite
from +58.3mV to +25.8 mV. Thus, the drastic surface charge
changes as observed at each stage of synthesis suggest successful
attachment of PDDA and IOMNPs onto the silica colloid forming a
three-layers-composite. The synthesized nanocomposite can be
collected by external magnet in much more rapid manner than

. the bare IOMNPs as illustrated in Fig. 5. It can be seen from Fig. 5

that there was a rapid collection and obvious clearance of silica—-
PDDA-IOMNPs nanocomposite suspension within the first minute
of magnetic separation, whereas the solution of bare IOMNPs was
still remained as brownish suspension even after 4 min exposure
to a permanent magnet. The snap shot shown in Fig. 5 is a perfect
illustration of the magnetic superiority of nanocomposite over bare
IOMNPs. Since in the nanocomposite, the IOMNPs are artificially
assembled on the surface of silica colloid, the cooperative magne-
tophoretic force imposed on this structure is greater than the ther-
mal randomization and viscous drag experienced by it [30].

3.2. Removal of MB and MO from aqueous environment

Concentration of MB and MO dyes at 5.0 mg/L was used to test
our hypothesis of using silica, silica-PDDA and silica-PDDA-IOM-
NPs nanocomposite as dye decolourization agents. The temporal
evolution of the dye removal efficiency of these three species of
nanomaterial within two days was shown in Fig. G.

Silica colloids, used as a nanotemplate for further construction
of silica-PDDA-IOMNPs nanocomposite, exhibited negative sur-
face charge which can be confirmed from the electrophoretic
mobility measurement (Table 1). This highly negative charged sil-
ica colloids managed to remove positively charged MB with 86.64%
efficiency (Fig. 6a and Fig. S1(c) in Supporting Information) com-
pared to only 4.91% removal of negatively charged MO within
the same time interval (Fig. 6b and Fig. S1(e) in Supporting
Information). This observation is mainly due to the electrostatic
interaction between the negatively charged silica colloids and
dye components as illustrated in Fig. 7a. The large discrepancy of
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Fig. 5. Comparison the collection rate of (left) bare IOMNPs and (right) silica-PDDA-IOMNPs nanocomposite by a NdFeB magnet within 4 min. Both suspensions were
prepared with concentration at 500 mg/L. The crystal clear solution formed at the end of magnetic collection for silica-PDDA-IOMNPs suspension also directly proved that

both the silica colloid and IOMNPs have been integrated into one unified structure.
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Fig. 6. Dye removal percentage of different as-synthesized nanoparticles used in (a)
MB and (b) MO.

MB and MO removal by silica colloid suggested that electrostatic
interaction plays an important role in dictating the adsorption-dri-
ven removal mechanism. Negatively charged silica colloids at-
tracted and adsorbed positively charged MB but repelled MO
with the same charge.

Silica colloids were then surface modified by the attachment of
cationic PDDA. After the coating process, silica-PDDA turned out to
be positively charged due to the outer PDDA shell formed on silica
colloids. This highly charged silica-PDDA in turn can remove neg-
atively charged MO (48.32%) (Fig. 6b and Fig. S1(f) in Supporting
Information) better compared to MB (10.68%) (Fig. 6a and
Fig. S1(d) in Supporting Information). Compared to the 86.64% re-
moval of MB by oppositely charge silica colloids, there is only
48.32% removal of MO by silica-PDDA. We suspect that the

underlying silica layer do play an important role in causing low
percentage removal of MO by silica-PDDA structure. Even though
there presents an extended layer of PDDA coating on the surface of
silica colloid, as revealed by DLS measurement (see Table 1 for
hydrodynamic diameter increment after PDDA attachment), this
layer has limited capability to register oppositely charged MO into
its matrix. The localized neutralization of charge after adsorption
of MO onto PDDA layer(s) would cause the incoming MO to suffer
higher resistant as the repulsion from underlying silica layer is
more pronounced. This scenario is totally different from the case
of MB adsorption onto bare silica colloid, in which the incoming
MB can diffuse into mesoporous channel of silica and adsorbed
on the inner surface of silica pore.

Apart from that, the removal of MB by silica-PDDA registered a
none-zero value at 10.68% implied that, besides electrostatic, there
is other interaction involved between MB and silica-PDDA even
though they are both cationic. This observation lead us to believe
hydrophobic interaction may also happened between hydrocarbon
portion of dye molecule and non-polar part of PDDA [55]. Under this
context, Seo and coworkers [56] discussed the contribution of
electrostatic, hydrophobic and hydrogen bonding interaction on
the sorption behavior of hydrogels and MO. In addition, Nandini
and Vishalakshi [57] reported that reversal of metachromasy in
MO-polyion complexes by adding alcohols/urea suggested the
involvement of hydrophobic forces in polymer-dye interaction. As
reported by both groups, the binding of dye molecules is primarily
electrostatic force which is further reinforced by hydrophobic inter-
action. Therefore, the charge density and the flexibility of polyelec-
trolyte in terms of hydrophobicity of non-polar part and the
bulkiness of the polar-part play vital role in polyelectrolyte-organic
dye interaction. However, their work revealed that the electrostatic
force is still the principal contributor to the dye removal. This is in
consistent with our experiment results where the removal efficiency
of MO (48.32%) is higher compared to MB (10.68%) by silica-PDDA.

Introduction of negatively charged IOMNPs into the positively
charged silica-PDDA colloid has greatly suppressed the overall
net surface charge of the final structure formed. At almost neutral
pH, this silica-PDDA-IOMNPs nanocomposite exhibits a zeta
potential value of +25.8 mV (as shown in Table 1). In this case,
100% removal of MB and MO was achieved by using silica-
PDDA-IOMNPs nanocomposite (see Fig. 6) where at the end of

the dye removal experiment, initial blue color of MB and orange
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Fig. 7. Schematic diagram showing the electrostatic interactions and mechanisms involved for MB and MO removal by (a) silica colloid, (b) PDDA coated silica colloid, and (c)
silica-PDDA-IOMNPs nanocomposite. For processes which are mainly driven by adsorption, such as (a) and (b), electrostatic play an important role in either promote or
suppress the MB and MO removal depends on the charges of adsorbate (here dye molecules) and adsorbent (silica colloid and PDDA coated silica colloid). For silica-PDDA-
IOMNPs nanocomposite, process (c), the influence of electrostatic interaction is negligible as Fenton-reaction dominating the removal mechanism.

color of MO will be completely decolorized. This scenario leads us
to believe that both MB and MO have to be adsorbed onto
silica-PDDA-IOMNPs nanocomposite, before Fenton reaction took
place. According to Xue and coworkers, Fenton-like reaction is a
surfaced-mediated process where the adsorption of H,0, onto
the surface of magnetite affected the whole reaction rate [58].
The proposed mechanisms required MB to be first adsorbed onto
Fe304/FeM,,0, before being decomposed by hydroxyl radical in a
heterogeneous catalytic reaction [59]. At this point, the underlying
mechanisms involved for the removal of both MB and MO by sil-
ica-PDDA-IOMNPs nanocomposite is unclear. Howeuver, it is quite
certain that the dye molecules were adsorbed first before catalyti-
cally degraded via surface-mediated Fenton and Fenton-like
reaction facilitated by IOMNPs within the nanocomposite. As a
result, silica-PDDA-IOMNPs nanocomposite recorded the highest
removal percentage for both MB and MO (see Fig. 6). This result
also makes silica-PDDA-IOMNPs nanocomposite a superior
candidate for water treatment purposes as its performance is
independent of the charge of targeted pollutant.

From Fig. 8, it can be seen that without H,O; (only dye and
silica-PDDA-IOMNPs nanocomposite), dye removal by silica-
PDDA-IOMNPs nanocomposite is significantly lower. In the
presence of H;0,, both MB and MO were completely removed by
silica-PDDA-IOMNPs nanocomposite of different loading. Higher
silica-PDDA-IOMNPs nanocomposite loading leaded to faster
degradation of dye components to achieve 100% removal
efficiency. In consistent with Fig. S4 presented in the supporting
document, we believe that the dominant mechanism for dyes
removal of silica-PDDA-IOMNPs nanocomposite is catalytic degra-
dation rather than adsorption. Nevertheless, adsorption does play a
minor role as up to ~20% of dyes removal can still be achieved
without the addition of H20, (see Fig. 8).

The lifespan of the as-synthesized silica~PDDA-IOMNPs
nanocomposite was determined by repeating dye degradation for
five runs with identical reaction conditions. To further ascertain
the storage stability of the as-synthesized silica-PDDA-IOMNPs
nanocomposite, the recycled dye degradation experiment was per-
formed with the silica-PDDA-IOMNPs nanocomposite which have
been stored for six months after its synthesis (see Fig. S4 in
Supporting Information). Both MB and MO have been completely
removed by the recycled silica-PDDA-IOMNPs nanocomposite.
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Fig. 8. Dye removal percentage of silica-PDDA-IOMNPs nanocomposite used in (a)
MB and (b) MO.

This result implies that the silica-PDDA-IOMNPs nanocomposite
has excellent reusability and can be used repeatedly for water
treatment purposes.

3.3. MB and MO removal by adsorption

Adsorption isotherms are derived to relate the amount of solute
adsorbed per unit mass of the adsorbent with the concentration of
adsorbate in bulk solution at equilibrium condition. Although there
are many well-established isotherms, none of them is found to be
perfectly fitted the experimental data under all given conditions
due to the complex nature of silica~-PDDA-IOMNPs structure
formed. Therefore, careful evaluation of adsorption isotherm is
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Fig. 9. Langmuir and Freundlich adsorption isotherm plots of (@) silica, (#) silica-PDDA and ( 4 silica-PDDA-IOMNPs nanocomposite in MB and MO dyes removal.

Table 2
Langmuir, Freundlich isotherm model constants with regression coefficient, separation factor, adsorption intensity and favorability.
Langmuir Freundlich
Qeexp Qe.cat Q b R R Ge.cal Ke . R 1n
(mg/g) (mglg) (mg/g) (Lmg) (mgfg) (mglg (mg/L)~"")
Silica colloids MB 3168 31.56 3247 0.86 099 0023 Favor 42.28 1449 092 029 Favor
MO 9.00 7.26 =317 -0017 091 629 Un-favor 6.79 0.016 095 163 Un-favor
Silica-PDDA MB 6.83 637 1138 0031 094 039 Favor 6.40 0.69 099 060 Favor
MO 9.81 9.75 20.79 0022 092 048 Favor 1047 0.61 099 077 Favor
Silica-PDDA-IOMNPs  MB 15.13 141 1.44 1337 098 00010 Favor 7.57 4.85 057 035 Favor
MO 9.87 5.12 839 0.44 083 0043 Favor 6.03 492 013 0.6 Favor

needed based on (1) the relevancy of underlying assumptions, and
(2) mathematically well fitted data. Langmuir and Freundlich mod-
el will be tested in this work as both of them have been widely
used in solid-liquid adsorption system This analysis might not be
physically valid due to the underlying assumption of both models
but it does provide us a quantitative way to scrutinize the perfor-
mance of silica-PDDA-IOMNPs nanocomposite in dye removal
compared to just silica and silica-PDDA colloid.

Langmuir model assumed that monolayer coverage of adsor-
bate over a homogeneous adsorbent surface with energetically
identical of all the adsorption sites and the isotherm is given as fol-
low [60]:

_ Q.bCe

% =1+ bcC, 3)
After linearization, Langmuir isotherm is in the form of equation

as:

c. 1 C

o R T 4

7.5, *Q, @

where Q, is a constant reflecting a complete monolayer (mg/g), b is
adsorption equilibrium constant (L/mg) relating to the apparent en-
ergy of sorption, ge is the equilibrium amount of solute adsorbed
per unit weight of adsorbent (mg/g) and C, is the equilibrium adsor-
bate concentration in solution (mg/L). In addition, equilibrium
parameter R; is used to express the essential characteristics of
Langmuir isotherm. R; is defined as follow [61]:

1
T 1+bC, (3)
where C, is the highest initial concentration of adsorbate (mg/L)

used in adsorption isotherm study, and b (L/mg) is Langmuir con-
stant. The value of R; indicates the type of the Langmuir isotherm

R

to be either unfavorable (R >1), linear (R =1), favorable
(0 <Ry < 1), or irreversible (R, = 0) [61]. By plotting Langmuir linear
regression of C/q,. versus C. shown In Fig. 9, the slope and intercepl
represented the 1/Q, and 1/bQ,, respectively. The Langmuir equilib-
rium adsorption curves related the solid and liquid phase concen-
trations for dyes onto the as-synthesized nanoparticles [62].

On the other hand, Freundlich isotherm relates the liquid and
solid phase capacity at equilibrium condition based on the multi-
layer adsorption takes place at heterogeneous surface by assuming
that the adsorption sites are distributed exponentially with respect
to the heat of adsorption and the equation is given as follow [63]:

ge = KeCJ" (6)

After linearization, Freundlich model in linear form is expressed
as follow:

In(g,) = In(K¢) + (1/n) In(Ce) 0}

where K and n are Freundlich constants with Kr (mg/g (mg/L)~"/")
is the multilayer adsorption capacity of the adsorbent and n is an
empirical parameter related to the intensity of adsorption which
varies with the heterogeneity of the adsorbent. A value in the range
of 0.1 <1/n<1 represents favorable adsorption condition {G2].
Greater value of 1/n indicates that better is the favorability of the
adsorption process [62). By plotting In(g.) versus In(C.) shown in
Fig. 9, the slope and intercept represented the 1/n and In(K) respec-
tively [62]. All isotherm parameters (Q,, b, K. 1/n) corresponding to
Langmuir and Freundlich model together with regression coeffi-
cient, R? were summarized and compared in Table 2.

In the present study, for dyes removal by using silica colloids,
the R, for MB was 0.023 and for MO was 6.29, respectively,
whereas the 1/n for MB and MO was 0.29 and 1.63. In both cases,
the low R, and 1/n values of MB indicated that the adsorption of
MB onto the silica colloids is favorable whereas the adsorption of

19
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Table 3

Comparison of the pseudo-first-order, pseudo-second-order adsorption rate constants and calculated and experimental g, values with regression coefficient and nonlinear

regression chi-square.

Pseudo-first-order

Pseudo-second-order

Geexp (MB/Z)  Qercat(mglg)  ky x 10°(1/min)  R? e Ge2cot (Mgg) ka2 x 10° (g/mg/min)  R? xX’x10°
silica colloids MB 432 176 1.80 061 372 433 8.40 1.00 251
MO 0.24 0.066 0.80 0.14 047 0.24 160.00 0.99 4.30
Silica-PDDA MB 0.53 0.19 0.80 034 0.61 0.52 57.70 0.99 24.20
MO 238 0.88 2.60 0.86 2.54 239 2330 1.00 4.82
Silica-PDDA-IOMNPs MB 4,95 4.13 230 094 0.16 5.14 1.26 0.96 756.00
MO 5.33 433 0.80 0.90 0.23 5.28 1.12 097 53.60
MB MO
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Fig. 10. Pseudo-first-order and pseudo-second-order kinetic plots of (®) silica, (#) silica-PDDA and (4) silica-PDDA-IOMNPs nanccemposite in MB and MO dyes removal.

MO onto silica colloids is completely unfavorable. This observation
provided indirect hint that the electrostatic interaction played the
major role for negatively charged silica colloids to remove oppo-
sitely charged MB instead of MO with same charge. In MB removal
by silica colloids, higher R? was obtained from Langmuir isotherm
compared to Freundlich isotherm reflected that the adsorption of
MB on silica colloids can be explained via Langmuir model. This
is consistent with the underlying assumption of Langmuir iso-
therm [60] suggesting that once the MB molecule occupies a site
on silica surface, no further adsorption can take place at the occu-
pied site due to electrostatic repulsion.

In second stage, silica-PDDA nanoparticles were employed in
dyes removal test where the R, for MB and MO was 0.39 and
0.48 respectively and 1/n for MB and MO was 0.60 and 0.77
showing that the adsorption of both MB and MO was favorable
on silica-PDDA. However, higher 1/n value for MO indicated that
the MO was more favorable to the electrostatic driven entrapment
(Fig. 7b) of oppositely charged MB into PDDA open matrix. Higher
R® of MB and MO in Freundlich compared to Langmuir isotherm
indicated that the adsorption of both dyes by silica~PDDA at equi-
librium can be described using Freundlich isotherm model. This
finding is consistent with the fact that the silica-PDDA colloids
surface is more heterogenecus with the extension of polyelectro-
lyte layers allow the multilayer adsorption of dye molecules.

The Ry values for both MB and MO in dyes removal test of
silica-PDDA-IOMNPs nanocomposite were 0.0010 and 0.043,
respectively. Whereas 1/n values for MB and MO were 0.35 and
0.16. These results indicated that the adsorption of both MB and
MO was favorable. Moreover, R? from curve fitting of both dyes re-
moval by silica-PDDA-IOMNPs nanccomposite registered higher
values for Langmuir model. This result showed that the adsorption
of both dyes by silica-PDDA-IOMNPs nanocomposite in time

constraint can be illustrated better using Langmuir theory where
the dyes were adsorbed with equal activation energy as monolayer
onto homogeneous silica-PDDA-IOMNPs nanccomposite surface.
This puzzling observation should be related to the time scale for
adsorption and catalytic degradation to happen. We suspect the
catalytic degradation of dye molecules by IOMNPs prohibits the
multilayer adsorption as observed in silica-PDDA system.

3.4. MB and MO removal by reaction

In this work two kinetic models, namely pseudo-first-order and
pseudo-second-order, were used to fit the kinetic data. The equa-
tions are formulated by considering the driving force of removal
is proportional to the difference of dye removed by nanoparticles
at each time steps prior to equilibrium condition.

Pseudo-first and pseudo-second kinetic models for the dye re-
moval from aqueous solution are written as follow [64]:

4 — o - a0 ®)

d
T =ka(ge-a) ©)

where g. and g, are the amounts of solute (mg/g) per unit of dye re-
moval agent at equilibrium and at time ¢, respectively. k; is the
pseudo-first-order rate constant (1/min) and k; is the pseudo-sec-
ond-order rate constant (g/mg/min). After integration by applying
the initial conditions g,=0 at t=0 and g,=q, at t=t, a linear form
of pseudo-first-order and pseudo-second-order models are shown
as below [64]:

In(g. - q.) = In(q,) — kit (10)
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e_1 .t
q ke q.

In this manner, kinetic model is evaluated by analyzing the cor-
relation coefficient (R2) and nonlinear regression chi-square ( )
obtained from the curve fittings.

The values of the calculated and experimental of g, and rate
constants k; and k» determined from the models are presented in
Table 3 along with the correlation coefficient (R?) and nonlinear
regression chi-square (x?).

Comparing kinetic plots of pseudo-first-order and pseudo-sec-
ond-order in Fig. 10, good linearization of the experimental data
was observed for pseudo-second-order kinetic plots. It can be seen
from Table 3, all values of R? were closer to unity for pseudo-sec-
ond-order model than the pseudo-first-order model. Furthermore,
the calculated equilibrium adsorption capacity values, ge2.cal from
pseudo-second-order equation were much closer to the experimen-
tal values, ge.xp and this was confirmed by the lower values of non-
linear regression chi-square ( x°). Thereby, the results implied that
the rate of dye removal by the synthesized nanocomposite followed
pseudo-second-order kinetic model. It is worth mentioning that the
pseudo-second-order equation is more widely applicable than pseu-
do-first-order equation to most of the studied system because the
sorption capacity, rate constant of pseudo-second-order as well as
the initial removal rate can be determined from the equation with-
outany prior knowledge on the parameters involved [65]. Therefore,
as organic dye removal by Fe-based hybrid material is concerned,
the associated kinetic is better represented by pseudo-second-order
model such as those observed in the MB and MO removal by green
tea leaf-iron nanoparticles [37], MB removal by perlite [66] and
montmorillonite/CoFe,0, composite [67] as well as MO removal
by maghemite/chitosan nanocomposite films [68] and activated car-
bon/Fe;04 nanoparticle composite [69].

(1

4. Conclusion

Iron oxide magnetic nanoparticles decorated silica colloid can
be synthesized through layer-by-layer assembly with PDDA as
binding agent. At each stage of synthesis, due to charge reversal,
the nanostructure formed could remove oppositely charged dye
molecules. For simple silica colloid system, electrostatic interac-
tion is the sole contributor in dictating the removal of MB. After
surface functionalized by PDDA polyelectrolyte, the silica-PDDA
structure formed is more effective in removing MO than MB. Under
this scenario, in addition to electrostatic driven adsorption, we be-
lieve that hydrophobic interaction plays an important role for the
full functioning of silica-PDDA particles. The presence of hydro-
phobic interaction between the dye molecule and non-polar seg-
ment of PDDA is also the main reason for silica-PDDA particles
to be capable of removing MB even though there is obvious elec-
trostatic repulsion between them. The final silica-PDDA~-IOMNPs
nanocomposite formed has exhibit magnetic and catalytic dual
functionalities. This nanocomposite can be magnetophoretically
collected by a permanent magnet at much rapid rate (<1 min)
compared to the IOMNPs at same concentration. For dye removal,
silica-PDDA-IOMNPs nanocomposite has recorded a dye removal
efficiency of ~100% neglecting the charge of dye involved. This
nanoccomposite is a much versatile nanoagent for environmental
engineering application and can be repeatedly used for at least 5
times for water treatment purpose and remained to be catalytically
active after 6 months. The adsorption isotherm data for silica-
PDDA-IOMNPs nanocomposite in dye removal were weil fitted
with Langmuir model suggested that the adsorption occurred with
monolayer coverage before Fenton and Fenton-like reaction took
place to catalytically degrade the adsorbed MB and MO dyes. Dye
removal kinetic of this nanocomposite which involves electrostatic

interaction on adsorption process and further catalytic degradation
mechanism was described appropriately by pseudo-second-order
kinetic model.
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Appendix A. Supplementary material

Fig. S1: Images of silica, silica-PDDA, and removal of MB and MO
by silica and silica-PDDA respectively. Fig. S2: Magnetophoretic
collective rate of silica~-PDDA-IOMNPs nanocomposite before and
after usage. Fig. $3: Colloidal stability profile of silica-PDDA-IOM-
NPs and bare IOMNPs in electrolyte condition. Fig. S4: Removal of
MB (a) and MO (b) by using 6 months old silica-PDDA-IOMNPs
comparing with silica in MB removal and silica-PDDA in MO re-
moval respectively. Supplementary data associated with this article
can be found, in the online version, at http://dx.doi.org/10.1016/
j.cej.2013.12.095.
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