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ABSTRACT: The synthesis of nanocomposite with controlled surface morphology plays a key role for pollutant removal from
aqueous environments. The influence of the molecular size of the polyelectrolyte in synthesizing silica—iron oxide core—shell
nanocomposite with open shell structure was investigated by using dynamic light scattering, atomic force microscopy, and quartz
crystal microbalance with dissipation (QCM-D). Here, poly(diallydimethylammonium chloride) (PDDA) was used to promote
the attachment of iron oxide nanoparticles (LONPs) onto the silica surface to assemble a nanocomposite with magnetic and
catalytic bifunctionality. High molecular weight PDDA tended to adsorb on silica colloid, forming a more extended conformation
layer than low molecular weight PDDA. Subsequent attachment of IONPs onto this extended PDDA layer was more randomly
distributed, forming isolated islands with open space between them. By taking amoxicillin, an antibiotic commonly found in
pharmaceutical waste, as the model system, better removal was observed for silica—iron oxide nanocomposite with a more

extended open shell structure.
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1. INTRODUCTION

Nanoparticles are one of the most prominent and promising
candidates under active pursue for environmental engineering
application. For water treatment purposes, achieving high
colloidal stability is always the main concern."” In this regard,
self-assembly of nanoparticles® has been proposed as one of the
important processes toward minimizing aggregation and
flocculation. Through this approach the building blocks,
which are composed of both nanoparticles and other
constituent materials, can be assembled into an ordered
structure via either direct or indirect interaction in a highly
controllable manner.* Guiding assembly of nanoparticles with
high precision can ensure the construction of the desired
morphology at nanoscale for various applications.”® For
instance, Liz-Marzan’s group reported that well-defined
mono- and multilayers of carbon nanotubes can be deposited
on various spherical colloids by using layer-by-layer assembly.”
In their work, the concept of directed-assembly is applied since
it is a powerful strategy to assemble the building blocks into an
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ordered and desired architecture.® Hence, by designing particles
with stimuli responsive interparticle interaction, well-defined
magnetic core—shell particle can be organized into ordered
structure due to the guided interaction.

In agreement with the definition of directed-assembly, a
polycation such as poly(diallydimethylammonium chloride)
(PDDA) serves as a bridging agent, permitting iron oxide
nanoparticles (IONPs) to be attached onto the like-charged
silica colloid template for triggering guided assembly via
straightforward electrostatic interactions. From the chemical
point of view, this implies that PDDA plays a role as a bridging
agent to control the localization of IONPs onto the colloidal
surface.” In terms of a geometrical view, the PDDA adlayer acts
as a scaffold for IONPs to be arranged onto a precoated silica
template, forming core—shell morphology with fractal
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Figure 1. Schematic diagram showing the major steps involved in directed-assembly of silica—PDDA—IONPs nanocomposite. Negatively charged
silica colloid is surface functionalized with cationic polyelectrolyte PDDA first and later subjected to the attachment of negatively charged IONDPs.
Low MW PDDA forms a more compact polyelectrolyte layer, and high MW PDDA tends to form a more extended layer.

structure.'® In a nutshell, the directed assembly of core—shell
nanoparticles with magnetic and catalytic properties can be
developed with a versatile technique by relying on surface
charge reversal of the building blocks employed.

By combining silica colloids, polycationic PDDA, and IONPs
into one unified nanostructure with core—shell morphology
would allow the end users to take full advantage of the unique
properties of each constituent materials.'’ It is important to
mention that silica colloids play a key role as an anchoring
platform for the attachment of flexible polyelectrolyte, which
further allows the incorporation of IONPs. In fact, the inert
mesoporous silica colloids are surface-modifiable, so the
adsorption of other species of nanomaterials can be carried
out easily.'” Attachment of IONPs onto the highly colloidal,
stable silica colloids not only could prevent the self-
agglomeration of magnetic nanoparticles in solution but at
the same time maintain their high surface area-to-volume
ratio.”> Moreover, the confinement of IONPs onto the
polyelectrolyte-modified silica colloid reduces the direct
exposure of bare IONPs to environment, where the small
dimension of IONPs tends to induce nanotoxicity.'*"
Furthermore, the polyelectrolyte network that surround the
silica colloids, forming an open matrix, provides an additional
capture zone to accommodate incoming targeted pollutant
from the aqueous environment. In general, due to the
cooperative nature of the magnetophoresis,'®'” silica—
PDDA—-IONPs core—shell structure not only embraces the
catalytic property of bare IONPs but at the same time enhances
the ma%netophoretic separation rate compared to that of bare
IONPs.' "

In particular, polymer is widely exploited as an attractive
building block in fabricating hybrid composites such as
cellulose nanocrystals®® and nanotubes.”' Considerable efforts
have been made in recent years to pursue composite materials
of different morphologies and explore their application.””
Altering polymer molar mass can be one of the strategies in
constructing complex polyelectrolyte layers and multicomposite
films with open shell structure that is suitable for environmental
engineering applications.”>** We hypothesized that the
incorporation of IONPs into this open shell structure would

greatly enhance the pollutant removal capability of silica—
PDDA—IONPs core—shell nanocomposite. The degree of
voidness of this open structure, after the incorporation of
IONPs, can be adjusted through the use of polyelectrolyte with
different molecular weight. However, to the best of our
knowledge, the study of directed-assembly silica—IONPs core—
shell nanoparticle with open shell matrix driven by the
attachment of polyelectrolyte with different molecular weight
is not well-established. Thus, questions concerning the role of
conformation change of polyelectrolyte in dictating the shell
structure still need to be further investigated. It is the purpose
of this study to synthesize silica—PDDA—IONPs nano-
composite with open shell morphology and to demonstrate
its feasibility for environmental engineering applications.

The work described herein was intended to introduce an
approach toward fabricating controlled surface morphology of
magnetic core—shell nanoparticles via different polyelectrolyte
molecular weight and to explore the impacts of the as-
synthesized nanocomposite for water treatment purposes. In
order to define and investigate the development of silica—
PDDA—IONPs nanocomposite, a comprehensive set of
characterization techniques are explored. For instance, the
evolution of the silica—PDDA—IONPs nanocomposite, from its
building blocks, is monitored and characterized using dynamic
light scattering (DLS) (Malvern Instruments, Zetasizer Nano-
ZS) and quartz crystal microbalance with dissipation (QCM-D)
(Q-Sense El, Sweden). Transmission electron microscopy
(TEM) (JEOL, JEM-20CX) and atomic force microscopy
(AFM) (Park System, XE-100) are used in conjunction to
further explore the surface properties of the nanocomposite
formed. Last, but not least, the possible leaching of iron from
the synthesized nanocomposite is analyzed by inductively
coupled plasma-optical emission spectrometry (ICP-OES)
(PerkinElmer Optima 7300 DV with autosampler model S10).

There has been very little to almost no evaluation of
engineering usage related to the different surface morphology
accounting for variation in the open shell structure. In this
study, we employed the antibiotic amoxicillin (AMX) as the
model system to test our hypothesis. AMX is a broad-spectrum
P-lactam antibiotic that belongs to the penicillin group, which is
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Table 1. Hydrodynamic Diameter with Polydispersity Index (PDI) for All of the Building Blocks and Nanocomposite As
Measured by DLS and Their Associated Electrophoretic Mobility and {-Potential®

system component hydrodynamic diameter (nm)

1 silica 234.7
low MW PDDA 96.7
silica—low MW PDDA 255.3
IONPs 62.2
silica—low MW PDDA—IONPs 352.1

2 silica 234.7
high MW PDDA 193.5
silica—high MW PDDA 299.2
IONPs 62.2
silica—high MW PDDA—IONPs 440.8

3 AMX 0.8°

PDI {-potential (mV) electrophoretic mobility (um cm/V s)
0.025 —-57.0 —4.460
0.909 +34.4 +2.695
0.041 +51.0 +3.989
0.151 —-16.4 —1.284
0.307 +28.2 +2.208
0.025 —-57.0 —4.460
0.966 +44.1 +3.460
0.083 +56.6 +4.423
0.151 —-16.4 —1.284
0411 +29.4 +2.310
0.981 +0.578 +0.045

“All measurements were made with a Malvern Instruments Zetasizer Nano-ZS. The solution pH was in the range of 6.3—6.8. bThe size of amoxicillin
is reported as an averaged number and is different from other values, which are reported as average intensity. The purpose of this variation is to
enable the direct comparison of amoxicillin size to the existing value (reported as 1.3 nm) in the literature.>*

generally used in veterinary medicine as well as human
prescription medicine.”® Toxic effects of the AMX remaining
in wastewater toward algae and aquatic microorganisms are
massively reported.”®”” Therefore, considerable effort has to be
allotted for removing AMX from the environment. By taking
AMX as our modeled system, the capability of open shell
silica—PDDA—IONPs nanocomposite for pollutant removal
can be tested.

2. MATERIALS AND METHODS

2.1. Materials. All the reagents utilized in this work were of
analytical grade and used as received without further purification.
Ethanol (absolute), sodium hydroxide (NaOH), and hydrogen
peroxide (H,0,, 100 volumes >30%w/v) were bought from Fisher
Scientific (M) Sdn. Bhd. Ammonia solution (25%) was supplied by
Merck. Poly(diallydimethylammonium chloride) (PDDA) with the
low molecular weight of 100 000—200 000 and high molecular weight
of 400 000—500 000 were provided by Aldrich Chemistry. Tetraethy-
lorthosilicate (TEOS, 98%), magnesium chloride (MgCl,), iron(III)
chloride (FeCly, 98% pure, anhydrous), and iron(II) chloride (FeCl,:
4H,0, 99%) were obtained from Acros Organics. Amoxicillin
trihydrate and sodium dodecyl sulfate, approximately 95% based on
total alkyl sulfate content, were purchased from Sigma-Aldrich. In all
experiments, Milli-Q water was employed from PureLab Option-Q
with resistivity at 18 MQ-cm from a potable water source.

2.2. Preparation of Silica—PDDA—IONPs. The pictorial
representation of silica—PDDA—IONPs nanocomposite synthesis is
shown in Figure 1. The procedure described here was implemented for
the development of silica—PDDA—IONPs nanocomposite by using
either low or high molecular weight PDDA as the intermediate layer,
where the detailed preparation methods can be found in our previous
publication.'® Submicron-sized, monodispersed silica colloids were
synthesized via the Stober process by mixing ethanol, TEOS, and
ammonia in a volume ratio of 30:1:3 and magnetically stirring at 500
rpm for 2 h.*® The synthesized silica colloids were then subjected to
three cycles of washing before PDDA attachment. In the subsequent
step, these silica colloids were surface-functionalized by cationic PDDA
with mass ratio of 1:8 in order to promote full coverage of silica
colloids with PDDA. It is worthwhile to note that the PDDA was
introduced at 500 times in excess of the estimated amount needed to
form a monolayer in order to ensure full coverage of the silica surface
with PDDA molecules. The formation of this cationic PDDA layer on
silica colloids would promote the subsequent attachment of the
negatively charged IONPs, leading to the formation of a nano-
composite with a silica core and IONPs shell as the final structure.

As IONPs synthesis, we used a coprecipitation method with the
ferric (Fe**) and ferrous (Fe?*) ratio at 2:1.* In short, the ferric
chloride and ferrous chloride powders were mixed in deareted Milli-Q

water before being heated to reflux while being stirred with a magnetic
stirrer. Once the temperature of the reaction mixture reached 70 °C,
2.5 M NaOH was added, and the reaction continued stirring
magnetically for another 30 min before the black precipitate was
collected using a permanent magnet. This reaction is carried out under
continuous aeration with argon gas. Lastly, the ratio of added IONPs
to polyelectrolyte-functionalized silica colloids surface area was
maintained at around 126 mg/m® for the final construction of
silica—PDDA~IONPs nanocomposite, regardless of which PDDA was
used (either low or high). Hence, the absolute amount of IONPS
available in either suspension to carry out the function as catalyst is
roughly equal. All of the solutions of the synthesized nanoparticles
were prepared in a final concentration of 0.01 g/mL for further usage.

In our study, all the electrophoretic mobility measurements were
conducted with a Malvern Zetasizer Nano-ZS series. Later, we
calculated the (-potentials of all nanoparticles/nanocomposite we
synthesized upon the basis of the Helmholtz—Smoluchowski
approximation. This approach is more universal and straightforward
for the ease of comparison among the nanomaterials we synthesized
with different surface morphology. For a more realistic approximation
of the {-potential exhibited by a hairy nanostructure, such as silica—
PDDA and/or silica—PDDA—IONPs nanocomposite, we refer the
readers to Ohshima’s soft particle approximation.®® There is no pH
control during the DLS and zeta potential measurements in which all
the background solutions are 0.1 mM NaCl with pH at around 6.3—
6.8.

Since the attachment of subsequent components onto the silica
colloid is mainly driven by electrostatic interaction, the detected (-
potential changes from silica colloid to silica—PDDA and finally silica—
PDDA—IONPs confirmed the successful formation of the final core—
shell structure from its building blocks (as shown in Figure 1). Both
results on {-potential and electrophoretic mobility of nanomaterials at
each stage of synthesis are summarized in Table 1. Freshly synthesized
silica colloids, by using the Stiber process, were initially negatively
charged with a {-potential at —57.0 mV. The addition and attachment
of low or high molecular weight PDDA (as binding agents) on silica
colloids were accompanied by surface charge reversal with detected (-
potential at +51.0 and +56.6 mV, respectively. This inversion of
surface charge could serve as the best evidence that PDDA charge had
completely overcompensated the silica anion. Further exposure of
IONPs to these PDDA-decorated silica colloids would lead to the
formation of silica—PDDA—IONPs nanocomposite due to the
attachment of negatively charged IONPs. The final structure of
silica—PDDA—IONPs, constructed with either low or high molecular
weight PDDA as binding agent, was positively charged with net {-
potential at +28.2 and +29.4 mV, respectively. These results elucidated
that the immobilization of IONPs into the regime of silica—PDDA had
suppressed the highly positively charge PDDA layer. In fact, the excess
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of polyelectrolyte charge is believed to provide extra stabilization for
the nanocomposite formed.

In addition, TEM micrographs shown in Figure 2 revealed the
surface morphology of the nanoparticles synthesized at each stage and

Figure 2. TEM micrographs of (a) silica colloids, (b) IONPs, (c)
silica—low MW PDDA—IONPs, and (d) silica—high MW PDDA—
IONPs.

also confirmed the successful fabrication of the nanoparticles. The
sizes of silica colloids, IONPs, silica—low MW PDDA—IONPs and
silica—high MW PDDA-IONPs determined from TEM and DLS
analysis are compared and tabulated in Table S1 in the Supporting
Information. There is good agreement for the size of silica colloids in
terms of 228.0 + 1.9 nm measured by TEM and 234.7 + 0.7 nm
measured by DLS. However, the hydrodynamic size analyzed by DLS
of IONPs, silica—low MW PDDA—IONPs, and silica—high MW
PDDA was apparently greater than the actual size denoted by TEM
(see Table S1 in Supporting Information). In this case, the
interpretation of DLS data may involve the interplay of various
factors, such as electroviscosity, surface roughness, and shape
irregularity, which are believed to be responsible for the large size
differences between DLS and TEM.*' Besides, the particle shrinkage
due to sample drying for electron microscopy imaging may contribute
to the small particle size observed by TEM compared to DLS.

Apart from that, the colloidal stability of the synthesized IONPs and
silica—PDDA—IONPs nanocomposite was monitored across the
averaged hydrodynamic diameter over a time course of 500 min
using DLS. The concentration of the analyzed solutions was 10 ppm.
The recorded average hydrodynamic diameter of the respective
synthesized nanoparticles was maintained at a certain range, depicting
the good colloidal stability of the as-synthesized nanoparticles in
suspension (see Figure S1 in the Supporting Information). We
anticipated that the size mismatch between the IONPs and silica
colloid® and the colloidal stability of both nanomaterials are the
determining factors for the successful formation of a well-defined
core—shell structure. Besides, the magnetophoretic response of
synthesized IONPs as well as silica—PDDA—IONPs nanocomposite
(either low or high MW PDDA) was examined in terms of the
suspension opacity rate under the influence of a NdBFe cylindrical
magnet. Figure S2 in the Supporting Information demonstrated that
both silica—PDDA—IONPs are more magnetically responsive than
IONPs.'® In addition, time lapse images in Figure S3 of the Supporting
Information are the best illustration showing the superior magnetic
collectability of nanocomposite compared to bare IONPs. This
improvement in magnetic response compared to that of bare IONPs
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is attributed to the cooperative nature of magnetophoresis.”'”

Furthermore, this nanocomposite also experienced much lesser
thermal randomization energy but greater magnetophoretic force
compared to individual IONPs.'® All these factors contribute to a high
magnetic separation rate with reduced collection time of the
synthesized nanocomposite, which qualified it as a good candidate
for on-site water treatment applications.>

2.3. Preparation of Bilayers with QCM-D. The PDDA
polyelectrolyte solution was prepared at a concentration of 0.009 g/
mL. For QCM-D measurement, the IONPs solution was diluted to 1
X 107° g/mL. The AT-cut piezoelectric quartz crystal coated with thin
silica electrodes was first cleaned in a 2% (w/v) sodium dodecyl sulfate
(SDS) solution for 30 min, rinsed under a stream of running Milli-Q
water, and then blow-dried with nitrogen gas before mounted with
extra care into the cleaned flow cell. The flow cell was also thoroughly
rinsed with 2% SDS and Milli-Q water before placing it into the
chamber holder. The working solutions were degassed through
ultrasonication for 10 min and stored in a water bath at 27 °C, which is
exactly 2 °C above the experimental temperature, before use. In
addition, the adsorption solution was prepared on a weekly basis. The
measurement was begun with the injection of Milli-Q water through
the silica-coated quartz crystal until a steady baseline was achieved.
The PDDA and IONPs solution was consecutively introduced into the
system at a constant flow rate of 20 ,uL/min to monitor their
adsorption behavior. After PDDA adsorption was complete, an excess
of nonadsorbed or loosely bound PDDA was first removed by rinsing
with Milli-Q water before switching to IONPs solution. A similar step
was conducted for either low or high molecular weight PDDA solution
when constructing the first layer on the silica-coated quartz crystal.
The response of frequency and dissipation factor of the crystal sensor,
corresponding to the deposition of PDDA and IONPs, was monitored
at nth harmonics (n = 1, 3, 5, 7, 9). In our QCM-D experiment, the
ratio of dissipation shift to frequency shift was considerably large (see
the discussion below). This feature accounted for the viscoelastic
property reported in the studies of protein and DNA films.>>>® Hence,
theoretical analysis of the collected data is carried out by using a Voigt-
based model. The Sauerbrey relation is invalid here to deduce the
effective thickness of the viscoelastic film on the crystal surface.

2.4. Amoxicillin Removal Test. The reaction mixture, composed
of AMX and tested silica—PDDA—IONPs, was left on an end-to-end
rotating mixer with rotational speed at 40 rpm for 6 days to achieve
the highest possible removal efficiency for comparison between silica—
PDDA and silica—=PDDA—IONPs of concentration 0.01 g/mL. After
the reaction period, the nonmagnetic silica—PDDA nanoparticles were
separated out from the suspension by using centrifugation at 10 000g.
Silica—PDDA—IONPs nanocomposite, on the other hand, was
separated out from the supernatant by using a neodymium boron
ferrite (NdBFe) cylindrical magnet with a surface magnetization at
~6000 G (Ningbo YuXiang E&M Int'l Co., Ltd.). For the removal
test, 20 ppm of AMX was used as the initial concentration, and the
subsequent changing of AMX concentration in supernatant upon
completion of each experiment was monitored by UV—vis
spectrophotometer (Agilent Technologies, Cary-60) at a maximum
wavelength of 274 nm.*’ In all these AMX removal experiments,
deionized water was employed as background medium with pH 6.3—
6.8, and no further pH adjustment was performed. It is worth
mentioning that there are altogether 16 intermediates could be
generated as AMX degrades under the Fenton reaction, as discussed
by Trové and co-workers.>® According to their study, there are three
possible pathways for AMX degradation, mainly involving the opening
of the f-lactam ring, decarboxylation, hydroxylation of the benzoic
ring, and several other oxidation steps.’® In fact, the major AMX
degradation byproduct was identified as AMX-penicilloic acid
produced through the opening of the f-lactam ring via hydrolysis,
which was then transformed to AMX-penilloic acid after the
decarboxylation process.sg‘40 Therefore, we monitored the temporal
concentration changes of AMX at its maximum absorbance wavelength
of 274 nm to minimize the interferences from other intermediate
compounds.
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Table 2. Film Thickness Increment for Different Combinations of PDDA Molecular Weight and IONPs with Respect to Silica

thickness increment (nm)

system component DLS QCM-D
1 low MW PDDA-silica 103 £ 2.3 52 0.5
IONPs—low MW PDDA-silica 587 £273 426 + 3.8
2 high MW PDDA-silica 323 £ 36 183 £ 3.1
IONPs—high MW PDDA-silica 103.1 + 40.1 80.6 + 4.3
It is important to note that in our experiments with the presence of S50F T 5 25
an oxidizing agent, H,O,, a mixture of AMX and H,O, was used to 0 @ 10 ©
make up the initial 20 ppm concentration as a control case. The N g,
control sample was prepared in such a way to offset the AMX removal 5 S0 1 E,_
efficiency contributed by the addition of H,O,, so that the difference in § -100F 410 8
AMX removal efficiency is only influenced by the varying amount of S _150F s ’é
nanomaterials suspension added into the system. =, 00—-,-_\/ 0 3&»
250k - ds
3. RESULTS AND DISCUSSION 5 10 15 2
3.1. Unique Features of Silica—PDDA—IONPs Nano- Time (<10’seconds)
composite. The evolution of silica—PDDA—IONPs size was 50 ® T T i =] ] 40
monitored via DLS and QCM-D, and the measurement results 0 i3 2
are summarized in Table 2. Thickness of the low and high MW T 5ol : é'
PDDA adlayer was recorded as 10.3 and 32.3 nm by DLS, as S 100k o g
well as 5.2 and 18.3 nm by QCM-D. After the attachment of E) 158l 410 =
IONPs, the detected increment in layer thickness for silica—low e amn A z
MW PDDA-IONPs and silica—high MW PDDA—IONPs was 2000 _— i
58.7 and 103.1 nm by DLS, as well as 42.6 and 80.6 nm by -2506 ; ! y 4-10
. 5 10 15 20 25 30
QCM-D. In general, these results show that the nanocomposite ) 3
size increased with the deposition of each layer during the Lirne (<00 seoands)
synthesis of core—shell particle by using different molecular 30F © ' ' ' 1
weight PDDA as well as IONPs. In fact, a systematic thickness “.3: 25k 1
increment was observed in both systems by DLS and QCM-D < 20k ]
measurements. However, in a very consistent manner (see = 15k high MW PDDA-IONPs |
Table 2), DLS always discovered a thicker adlayer compared to 2
QCM-D, which is very likely due to the particles’ curvature el 10 Tow MW PDDA-IONPs |
effect”’ We do not expect complete agreement in both a s ]
measurements, and this discrepancy in detected layer thickness 0 ! : 4
0 50 100 150 200

is attributed to the different surface geometry for conducting
the immobilization process.42 Besides, adsorbate flowed
through the flat silica-coated quartz crystal surface horizontally
in QCM-D. The deposition adsorbates lead to charge
overcompensation at the surface interface of the underlying
layer. This in turn causes electrostatic repulsion and limits the
adsorbates’ adsorption to only one additional monolayer, where
the excess adsorbates were removed by continuous flow of the
subsequent adsorbates, resulting in a leveling (planarization) of
the surface relief™ Conversely, DLS analyzed the hydro-
dynamic diameter of the as-synthesized nanoparticles sus-
pended in bulk solution on an ensemble average, where a three
dimensionally structured array condition is considered.** For
this reason, thinner films of adsorbates spread on the silica-
coated quartz crystal compared to films buildup in bulk
solution. As a result, thickness increment values of constructed
layers were smaller in QCM-D compared to DLS.

The adsorbed layer structure on the silica surface can be
further investigated by QCM-D to evaluate its conformation
after the adsorption. As for QCM-D measurement, both
dissipation and frequency shift were commonly monitored
simultaneously to extract the information about the viscoelas-
ticity and the structural change of the adsorbed layer.* Figure
3a,b shows typical QCM-D measurements after the injection of
PDDA and IONPs suspension. A decrease in frequency and an
increase in dissipation were detected due to the particles

16512

-Frequency (Hz)

Figure 3. QCM-D measurement of frequency (gray line) and
dissipation (black line) shift at the third overtone in the systems of
(a) low MW PDDA and IONPs and (b) high MW PDDA and IONPs,
as well as the (c) dissipation shift versus frequency shift using data
from parts a and b.

deposition on the silica-coated quartz crystal surface. Frequency
and dissipation shift generally showed different time depend-
encies. Thus, in order to relate the observed frequency and
dissipation shift, a plot of changes in dissipation against changes
in frequency (see Figure 3c) was constructed (hereafter known
as D—f plot) to eliminate time-dependency as an explicit
parameter. Direct inspection on the D—f plot recognized that
the dissipation shift increased almost linearly with frequency
shift. This linear behavior indicated that no conformational
alteration occurred during the adsorption process on the
surface.*® In addition, as suggested by Hook and co-workers, a
larger ratio of dissipation shift over frequency shift indicated the
higher flexibility of the formed adsorption layer structure. This
observation implied that the adsorbed film of high MW PDDA
and IONPs (0.17 X 107° Hz™!) was “softer” than the film of
low MW PDDA and IONPs (0.087 x 107 Hz™").3%*” All the
above results have indirectly suggested the formation of more a
extended open-shell structure for the case of high MW PDDA.
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- low MW PDDA+IONPs

nm high MW PDDA+IONPs

Figure 4. AFM images in 2D mode of the assembled films deposited on silica-coated quartz crystal in the systems of (left) low MW PDDA and

IONPs and (right) high MW PDDA and IONPs.

After confirming the progressive increment of the thickness
of the outer shell layers during the process of synthesizing
silica—PDDA—IONPs through DLS and QCM-D analysis,
AFM and TEM were further employed to provide topography
information related to IONPs particle distribution on the silica
colloid. AFM is a potent tool to characterize film surfaces at
nanometer or subnanometer resolution,*® where the localized
conformation information on the bilayer buildup can be
investigated. The top view of AFM shown in Figure 4a
indicates densely packed IONPs with relatively good uniformity
on the underlying PDDA film (low MW PDDA), with a root-
mean square roughness of 5.5 nm (see Table 3). On the other

Table 3. AFM Results of Root-Mean-Square Roughness (Rq,
in nm) of Assembled Films on Silica-Coated Quartz Crystal

low MW PDDA—IONPs high MW PDDA—IONPs
Rq 5.528 10.268

hand, Figure 4b depicts incomplete surface coverage by IONPs,
illustrating that the particles aggregated randomly on the
bottom layer of PDDA (high MW PDDA), giving rise to a
greater root-mean square roughness of 10.3 nm (see Table 3).
This scattered distribution of particle islands is attributed to the
strengthening of repulsive electrostatic interactions between the
adsorbed high MW polyelectrolyte chains.** Furthermore,
referring to TEM micrographs in Figure 2 shows that IONPs
are more evenly distributed onto the regime of silica—low MW
PDDA compared to silica—high MW PDDA. Moreover,
particle clusters were found randomly formed on silica—high
MW PDDA colloids. Hence, the two surface analyses of AFM
and TEM consistently pointed out that the immobilization of
IONPs onto silica colloid was more random, forming patchy
surface morphology by using high MW PDDA as bridging
agent.

3.2. Effect of Suspension lonic Strength. Basically,
PDDA with different molecular weight (MW) was attached to
the silica colloids as bridging agent to promote the
incorporation of IONPs. Hence, how well these PDDA layers
extended out from the surface of the silica colloid should

influence (1) the distribution of IONPs on the surface of the
silica colloid and (2) the stretching of the PDDA network
formed, which subsequently produce a void shell structure with
a high degree of openness. Our TEM images serve as the best
evidence to prove that the first hypothesis is valid. In order to
verify the second hypothesis, we employed divalent salt MgCl,
as background medium to vary the conformation of the PDDA
layer of the synthesized nanocomposite based on a salting out
effect. The structural change of PDDA during salt concen-
tration adjustment, between 0 (in pure Milli-Q water) and 10
mM, is mostly the combined effect of entropy along with
Coulomb interactions.>® The averaged hydrodynamic diameter
of silica—PDDA under the influence of suspension ionic
strength was then monitored by using DLS. Figure 5 shows the
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Figure 5. Averaged hydrodynamic diameter decrement of (a) silica—
low MW PDDA (A) and (b) silica—high MW PDDA (@) by varying
the ionic strength of MgCl, from 0 to 10 mM.

percent decrement of the averaged hydrodynamic diameter of
silica—PDDA as a function of the ionic strength. For instance,
in pure Milli-Q water, the average hydrodynamic diameter of
silica—low MW PDDA was 258.3 nm. By increasing the ionic
strength to 4 mM MgCl,, we observed 7.3% reduction in the
hydrodynamic diameter of silica—low MW PDDA down to
239.2 nm. On the other hand, in salt-free solution, the averaged
hydrodynamic diameter of silica—high MW PDDA was 328.8
nm. If the same ionic strength of MgCl, was applied, the
averaged hydrodynamic diameter of silica—high MW PDDA
reduced to 235.8 nm, equivalent to 28.3% shrinkage of the layer
thickness.
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Small PDDA-silica colloid contact area
influenced by the curvature effect

High MW PDDA

Large PDDA-silica colloid contact area
influenced by the curvature effect

Figure 6. Schematic diagram for the interaction of low and high MW PDDA with the silica colloid of the same dimension. The radius of curvature

effect is more pronounced for high MW PDDA.

Apparently, PDDA-coated silica colloid experienced a salting
out effect when subg'ected to an electrolyte solution composed
of a divalent salt.>’~>* This shrinkage is resulting from the
interaction between divalent salt ions and the conformation
chains of the adsorbed polyelectrolyte on silica colloids
surface.>* Strong electrostatic repulsion initially existed between
polyelectrolyte segments,> and thus, polyelectrolyte tends to
swell into extended conformation.’®*” By replacing pure Milli-
Q water with divalent electrolyte, the intersegment electrostatic
repulsion was screened by the free ionic species that exist.”®
Therefore, the addition of electrolyte has suppressed the
effective electrostatic repulsion between polyelectrolyte seg-
ments, leading to the collapse of polyelectrolyte chains onto the
silica surface.”” Divalent counterions were employed in this
study instead of monovalent counterions due to the greater
affinity of divalent ions to form a complex between two
neighboring charged monomers and to precipitate the
polyelectrolyte.>

From Figure S, at the same ionic strength level, the
decrement of averaged hydrodynamic diameter for silica—
PDDA was higher when high MW PDDA was used as binding
agent. This sharp contrast was ascribed to the different
molecular weight of polyelectrolyte that was adsorbed on the
silica colloid surface. From Table 1, the hydrodynamic diameter
of high MW PDDA at 193.5 nm is almost double the size of
low MW PDDA, with diameter at 96.7 nm. Hence, the local
interfacial contact area between low MW PDDA molecule and
silica colloid resembles a slight flatter surface compared to that
of high MW PDDA and silica colloid, mainly due to the size
mismatch (see Figure 6). Under this scenario, the overall
contact area between silica is considered greater for low MW
PDDA compared to high MW PDDA. This phenomenon is in
consistent with many other works that revealed that curvature
mismatch between two entities with different size would
influence the interacting area between them, and this effect is
more pronounced on the nanoscale.*' Our observation in
which the layer thickness is dependent on polyelectrolyte
molecular weight is opposed to the existing literature.*>®' On
top of the contribution of size mismatch between the silica
colloid and PDDA molecules discussed previously, the high
concentration of PDDA molecules we used should also play an

important role in causing these contradicting results.®? Besides,
smaller likewise surface curvature gave weaker interaction, and
thus, high MW PDDA appeared in a more flexi-extended
conformation on the silica surface.> This consideration is in
accordance with the study of polymer at an interface reported
by Fleer.®* Within the context of this argument, the
configuration of adsorbed polyelectrolyte on the particle
surface can best be described in terms of trains, loops, and
tails, which are determined by polyelectrolyte properties and
adsorption conditions, such as polyelectrolyte molecular
weight.64’65 These theoretical findings can thus be implemented
to explain our current observations. Under this scenario, low
MW PDDA was most probably reoriented in a relatively flat
and compact configuration upon adsorption to the silica
surface, as mandated for effective charge inversion.®* On the
other hand, the layer thickness of high MW PDDA suffered a
higher degree of suppression during the addition of divalent
salt. This situation illustrated that high MW PDDA adsorbed
on silica colloids surface may be more energetically favorable,
where more ramified structures of trains, loops, and tails
conformations existed accomépanied by extra interstitial space
for greater collapse to occur.**

The response of adsorbed PDDA layer toward the ionic
strength increment of the background medium was also studied
using QCM-D to provide complementary evidence to the DLS
measurement (see Figure 7). A drastic decrease in dissipation
shift was observed by changing the working solution from Milli-
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Figure 7. Changes in dissipation as a function of time of (a) low MW
PDDA (black line) and (b) high MW PDDA (gray line) on silica-
coated quartz crystal by changing the background medium from Milli-
Q water to 10 mM MgCl, solution at 1800 s.
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Q water to 10 mM MgCl,, indicating that the adsorbed
polyelectrolyte collapsed into a more compact structure. This
observation is consistent with our previous DLS result and has
also been reported by others.® On top of that, considerably
more pronounced decrement of dissipation shift was detected
for the high MW PDDA layer compared to the low MW PDDA
layer upon the introduction of 10 mM MgCl, solution. This
conspicuous difference was confidently interpreted as a sign of
the higher degree of openness exhibited by the adsorbed high
MW PDDA, corresponding to the greater extent of the
collapsing layer. The more extended conformation adopted by
adsorbed high MW PDDA can essentially be rationalized as the
contribution of the enhanced steric barrier and electrostatic
repulsion exhibited in longer polyelectrolyte chains stimulating
the polyelectrolyte chains to protrude outward.* The point we
want to stress here is that this circumstance became of
particular significance and a remarkable principle for the
subsequent immobilization of IONPs into the PDDA shell.

Conversely, more extended/fuzzier-structured magnetic
core—shell nanoparticles constructed with high MW PDDA
gave a branched IONPs distribution and observable scattered
IONPs aggregates on the outer surface of silica colloid. In order
to check the benefit of having such a distinctively different
structure for practical usages, we further proceed with probing
its pollutant removal capability by taking amoxicillin as our
modeled system.

3.3. Amoxicillin (AMX) Removal Test. Figure 8 shows
that it is possible to use PDDA-coated silica colloid alone to
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Figure 8. Amoxicillin antibiotic removal by IONPs (A), silica—low
MW PDDA (+), silica—high MW PDDA (X), silica—low MW
PDDA-IONPs (O), and silica—high MW PDDA—IONPs (O) in the
experiment without H,0, (Ist cycle) and in the presence of H,0,
(recycling run 2—S5), with all particle concentrations of 0.01 g/mL.

remove 4.9% (low MW PDDA) and 11.8% (high MW PDDA)
of AMX. From Table 1, the effective surface charge of the silica
colloid after the attachment of the PDDA layer is quite positive
and registered {-potential values of +51.0 and +56.6 mV for
particles coated with low and high MW PDDA, respectively.
On the other hand, the AMX molecules were detected to have a
very minor {-potential value at +0.587 mV under our working
conditions. This result was in agreement with the study done
by Goddard and co-workers reporting that AMX existed as a
zwitterion with neglé%ible positive charge approaching zero
between pH 3 and 6.”" In fact, AMX contained three ionizable
groups identified as carboxylic acid (pK, = 2.68), amine (pK, =
7.49), and phenolic hydroxyl (pK, = 9.63), and hence, AMX
can alwa;rs existed in ionized form for the entire pH range from
1 to 14.% In this study, we did not carry out any pH adjustment
and the reaction mixture was deionized water within the pH
range of 6.3—6.8, which is higher than the pK, of the carboxyl
group but lower than that of the amine moiety. Thus, the
carboxyl group of AMX presented as —COO™ and amine group

was in the form of —NH;*. For the case of silica—PDDA, the
primary interaction was interpreted to occur between the
positively charged polyelectrolyte segments and the carboxyl
functional groups of AMX, which triggers the minor adsorption
of AMX toward the polyelectrolyte matrix, leading to a removal
efficiency at 4.9% for low MW PDDA and 11.8% for high MW
PDDA, respectively.

After the attachment of IONPs, but without the addition of
H,0, as electron donor (with minimum catalytic degradation),
both silica—low MW PDDA—-IONPs and silica—high MW
PDDA-IONPs nanocomposite managed to achieve 6.9% and
14.9% of AMX removal, respectively. There is a minor but
observable increment of 2.0% (low MW PDDA) and 3.1%
(high MW PDDA) after the introduction of IONPs into silica—
PDDA. This increment efficiency is comparable to the AMX
removal of 3.3% achieved by bare IONPs. The low AMX
removal by IONPs at 3.3% was believed to be contributed by
the weak electrostatic interaction between the negatively
charged IONPs (—16.4 mV) and positively charged AMX
(+0.578 mV) (see Table 1). Under this condition, it is very
likely that the negatively charged IONPs, which have been
embedded on and/or within the PDDA layer of silica—PDDA,
contribute to the better performance in AMX removal. The
minor AMX removal enhancement was attributed to the
complex interplay between localized anionic IONPs with the
amine group of AMX and the extended positively charged
polyelectrolyte with the carboxyl group of AMX. This
comparison between silica—PDDA and silica—PDDA—IONPs
without the addition of H,0O, has verified the importance of
localized charge(s) in AMX removal, regardless the overall
charge of the entire nanostructure. By further recycling these
particles for another round of AMX removal, but this time in
the presence of H,0,, the AMX removal efficiency achieved by
silica—low MW PDDA and silica—high MW PDDA was 5.3%
and 12.3%, respectively. Under this scenario, AMX removal
efficiency did not altered much for silica—PDDA (without
IONPs) in either case of low or high MW PDDA. In contrast,
for the case of bare IONPs, silica—low MW PDDA—IONPs,
and silica—high MW PDDA—IONPs, we recorded a significant
boost in term of AMX removal efficiency at 68.4%, 64.8%, and
72.7%, respectively. These two sets of experiment were
conducted to exclude the contribution of an adsorption process
due to a counterion condensation effect. Furthermore, we have
also excluded the charge density difference between the low-
and high MW PDDA in removing AMX, since the charged sites
on the polyelectrolyte matrix are pretty much saturated during
the first removal cycle of AMX. Indirectly, the further removal
of AMX in the presence of H,0,, comparing to the condition
without H,0,, was dominated by the occurrence of an
advanced oxidation process.”® With this observation, it is
logical to believe that high MW PDDA, which forms a more
extended polyelectrolyte layer, plays a dominant role in AMX
removal. The underlying mechanism related to this hypothesis
can be addressed by applying the concept presented in the
previous section. In short, the availability of a more
conformational structure has indirectly eased the migration of
AMX molecules from surrounding media to reach the IONP
surface embedded within the PDDA matrix. This in turn
enhanced the catalytic degradation of AMX as the modeled
pollutant. It is worth it to mention that although the removal
efficiency achieved by bare IONPs was higher than that of
silica—low MW PDDA—IONPs (but lower than that of silica—
high MW PDDA—IONPs), it took up to 1 day to fully recover
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all of them from the suspension through magnetic collection
(see Figure S3 in Supporting Information). The long separation
time with slow collection kinetic makes the sole use of IONPs
as catalytic material for water treatment purpose less
attractive.”” In order to verify the preservation of the catalytic
function, the recyclability of all synthesized nanoparticles,
namely, IONPs, silica—low MW PDDA, silica—high MW
PDDA, silica—low MW PDDA-IONPs, and silica—high MW
PDDA—-IONPs, was assessed by subjecting them to three more
cycles of AMX removal. It was observed that the catalytic
silica—PDDA—IONPs and IONPs retained high AMX removal
efficiency after a total of four consecutive runs (including the
initial run) in catalytic AMX removal experiments, despite a
slight decrease from each run (see Figure 8). To study the
possible leaching of IONPs from nanocomposite into the
solution, which may responsible for the decrement of AMX
removal efficiency, the iron content was measured in the
supernatant after the recycling process. From this measure-
ment, only around 8.0 X 1073% of iron content was detected at
the end of the entire recycling process, which confirmed the
excellent stability of the nanocomposite (see Table S2 in the
Supporting Information). From this observation, we have
proven that the ultimate structure of the synthesized nano-
composite is robust enough to survive through the harsh cycle
of the Fenton reaction without experiencing significant
dissolution of IONPs due to destabilization of the polyelec-
trolyte layer. Therefore, the moderate decrement of catalytic
activity was believed to originate from the contamination of
nanocomposite and IONPs influenced by some of the organic
intermediates that remain strongly adsorbed on the IONPs
surface.”’

4. CONCLUSION

Silica and iron oxide core—shell nanoparticles with extended
shell structure are synthesized by using polyelectrolyte with
different molecular weight as binding agent. PDDA with high
molecular weight is a better candidate for the construction of a
more extended, open polymeric matrix that can be used to
incorporate IONPs into the open shell. Moreover, it has also
been demonstrated that a change in polyelectrolyte molecular
weight could dramatically altered the distribution of immobi-
lized IONPs on the as-synthesized silica core—IONP shell
nanocomposite. This feature is mainly influenced by (1)
conformation of the adsorbed PDDA layer, where high MW
PDDA tends to form a more extended, loosely packed layer
compared to low MW PDDA, and (2) size mismatch between
the PDDA and silica colloid. DLS and QCM-D measurements
are employed to determine the thickness and viscoelastic
property of the PDDA layer formed. By using amoxicillin as the
model system, we tested the pollutant removal capability of this
core—shell nanomaterial from an aqueous environment. Core—
shell nanoparticles with high MW PDDA as binding agent give
better AMX removal efficiency mainly due to the highly
extended PDDA structure formed, which imposes less mass
transfer resistance for the migration of AMX macromolecules.
Besides, the overall charge of the core—shell nanoparticles
formed is less significant compared to the localized charge in
determining the removal efficiency of AMX. Understanding the
role of polyelectrolyte on influencing the surface structure of
nanocomposite formed offers a new opportunity to design
nanomaterials with fine-tuned functionality for water treatment

purposes.
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