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Abstract

Magnetite nanoparticles coated with poly(dimethyl aminoethyl methacrylate) (PDMAEMA@MNPs)
and their quarternized form (PQDMAEMA@MNPs) were successfully synthesized and used as nano-
adsorbents for bisphenol A (BPA). The particles were spherical with the average particle size between
10 nm and 20 nm in diameter with a moderate degree of nanoclustering (ca.150 to 200 particles/cluster).
In terms of adsorption properties, the PDMAEMA@MNPs exhibited a higher BPA adsorption capacity
(1.05 mg-g”! MNP at pH 9) than the quaternized form (0.50 mg-g' MNP at pH 9). Equilibrium isotherm,
kinetic, and thermodynamic characteristics of BPA adsorption on the PDMAEMA@MNPs were
investigated. It was found that the BPA adsorption on the MNPs reached an equilibrium within 5 min
and the maximum adsorption capacity (ge) was 9.88 mg-g™'. The adsorption isotherm study results
indicated that the BPA adsorption process on PDMAEMA@MNPs exhibited the best fit with the
Freundlich model, and the adsorption kinetics followed the pseudo-second order model with the R?
value of 1.00. The thermodynamic data exhibited a negative enthalpy change (AH = -2585.571 J-mol™),
indicating exothermic BPA adsorption, and a negative Gibbs free energy (4G°), implying a spontaneous

BPA adsorption process.

1. Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl) propane; BPA) is an
endocrine disruptive compound (EDC) that can mimic or block the
biological activity of natural hormones, interfere with the transport
and metabolic process of natural hormones, or block hormone receptors,
causing risks to human health [1]. Low doses of BPA have been reported
to cause endocrine dyscrasia, sexual dysfunction, cardiovascular
diseases, diabetes, obesity, and carcinogenesis [2]. BPA is mainly
used as a monomer in the production of polycarbonate plastics and
epoxy resins [3,4]. Materials containing BPA were extensively used
in many products such as thermal paper, food packaging, baby bottles,
drink containers, medical devices, and internal coatings in tin cans
[5-8]. Unfortunately, BPA can be gradually released from some of
the products mentioned above, under normal conditions of use, into
the surrounding environment. Even though its solubility in water
is low (120 mg-L"! to 300 mg-L!) [9], BPA has been detected in
industrial wastewater, groundwater, surface water, and even drinking
water [1,10]. In addition, it can enter the body through the ingestion
system [11]. Hence, the removal and accurate monitoring of BPA
present in water and wastewater are necessary for the sake of human
health. Many techniques have been developed to remove BPA from
water and wastewater including photocatalytic degradation, membrane
separation, adsorption, and other processes [5,12-14]. Among these
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techniques, adsorption appears to be promising owing to its simple
design and inexpensive and easy operation [7,15]. In recent years,
many types of solid materials such as activated carbon [16], surface
modified bio-adsorbents, polymeric adsorbents [1], zeolite [17], and
Zinc oxide [18,19] have been developed for use as adsorbents to
remove metals or organic compounds from waste streams.

Recently, magnetic nanoparticles, especially magnetite nano-
particles (MNPs), have gained great amount of attention for potential
uses in many applications, such as enzyme and protein immobilization
[20], ribonucleic acid (RNA) and deoxyribonucleic acid (DNA)
purification [21,22], and metal pre-concentration [23] and separation
[24]. The suitability of MNPs for these task is attributed to their
large surface area-to-volume ratio [25], good magnetic responsiveness
[26], and ease in surface modification [27-29]. However, MNPs
without surface stabilization tend to agglomerate when dispersed in
liquid media due to inter-particle attractive forces, e.g., dipole-dipole
interaction and magnetic force.

Coating the MNP surface with long chain polymers can prevent
particle agglomeration due to steric stabilization [30]. In addition,
it can also serve as a platform for binding with molecules or ions of
interest [22,23,27,31-34]. Particularly in this work, coating MNP
surface with poly(dimethyl aminoethyl methacrylate) (PDMAEMA)
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is of great interest because the tertiary amino groups in this polymer
can be protonated/deprotonated and easily quaternized to obtain a
permanently positively charged polymer [35,36]. PDMAEMA-coated
MNPs have been reported for use in protein [37] and DNA adsorption
[38]. However, the study of the use of PDMAEMA-coated MNPs
as nano-adsorbents for BPA is rather limited [2].

Thus, the novelty of this work was the demonstration of the facile
synthesis and surface modification of MNPs with PDMAEMA
(PDMAEMA@MNPs) and quarternized PDMAEMA (PQDMAEMA
(@MNPs) to be used as nano-adsorbents for BPA in aqueous media.
BPA is an organic compound with hydrophobic aromatic groups and
hydrophilic hydroxyl groups. This amphiphilic nature makes BPA
molecule a good model compound for this work [8]. The synthesized
MNPs exhibited good water dispersibility due to their high hydro-
philicity and were easily separated from the dispersion by a magnet.
These two types of the nano-adsorbents were well characterized via
various techniques such as fourier transform infrared spectro-
photometry (FTIR), thermogravimetric analysis (TGA), transmission
electron microscopy (TEM), scanning electron microscopy (SEM),
Brunauer-Emmett-Teller (BET) technique, and photo correlation
spectroscopy (PCS). Adsorption efficiency of the nano-adsorbents
and the optimization of the adsorption parameters (e.g. solution pH,
amounts of the nano-adsorbents, and BPA concentrations) were
investigated. In addition, the BPA adsorption isotherm, kinetics,
and thermodynamics were studied as well.

2. Experimental

2.1 Materials

The following reagents were used as received; iron(II) chloride
tetrahydrate (FeCl24H20) (99%, Acros Organics), iron(III) chloride
anhydrous (FeCls) (98%, Acros Organics), ammonium hydroxide
30% (NH4OH) (Carlo Erba), oleic acid (Carlo Erba), 3-(trimethoxysily)
propyl methacrylate (TMSPMA) (98%, Aldrich), 2-(dimethylamino)
ethyl methacrylate (DMAEMA) (99%, Acros Organics), 2,2"-azobis
(2-methylpropionitrile) (AIBN) (98%, Sigma-Aldrich), iodomethane
stabilized with silver (CHsI) (99%, Merck), n-hexane (Carlo Erba),
triethylamine (TEA) (99%, Merck), tetrahydrofuran (THF) (99.8%,
RCI Labscan), acetonitrile (ACN) (99.9%, RCI Labscan), toluene
(99.5%, RCI Labscan) and acetone (99.5%, RCI labscan). 1,4-Dioxane
(99.8%, RCI Labscan) was dehydrated using molecular sieves
before use.

2.2 Instrument

UV/Visible absorption measurements were obtained via high
performance liquid chromatography (HPLC) (HPLC 1100series,
Agilent). TEM analysis was acquired via Tecnai 12, Philips TEM,
operated at 120 kV and equipped with a Gatan model 782 CCD
camera. The particles were redispersed in water and sonicated before
deposition on a TEM grid. FTIR was carried out on Spectrum GX,
Perkin Elmer FTIR instrument in the ATR mode. Hydrodynamic
size and zetapotential values were measured using PCS (Nano
754700, Malvern). Magnetic properties were analyzed by VSM using
magnetic moment in the range of +10,000 G (Standard 7403 Series,
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Lakeshore). TGA was performed at temperatures ranging from 25°C
to 600°C with the heating rate of 20°C-min’! under oxygen atmosphere
(Thermo Plus TG8120, Rigaku). The morphologies of the nano-
adsorbents were carried out via field emission scanning electron
microscopy (FESEM) (AperoS, Thermo Fisher Scientific) with 20 kV
accelerating voltage and the analysis of the elements (Fe, C, N, O)
was performed via energy-dispersive X-ray (EDX) (Oxford Instruments,
Oxford). The surface area was analyzed via Brunauer-Emmett-Teller
(BET) technique (Nova2200e, Quantachrome). X-ray diffraction
(XRD) of the nano-adsorbents were carried out using a Bruker D2
PHASER X-ray diffractometer.

23 Synthesis of PDMAEMA@MNPs and PQDMAEMA
@MNPs

2.3.1 Synthesis of methacrylate-coated magnetite nanoparticles
(MA-coated MNPs)

Bare MNPs were prepared via a co-precipitation method as
follows. FeClo4H20 (1 g, 5 x 10 mol) and FeCl3 (1.66 g, 1 x 10”2 mol)
were dissolved in distilled water (40 mL), followed by the addition
of ammonium hydroxide solution (30%, 20 mL). After 30 min of
stirring, the formed MNPs were magnetically separated from the
mixture and repeatedly washed with distilled water. The MNPs
were then redispersed in an oleic acid solution (2 mL of oleic acid
in 20 mL of toluene) and stirred for 30 min. The oleic acid-coated
MNPs were separated by a magnet, repeatedly washed with acetone,
and dried in vacuo. To prepare MA-coated MNPs, the oleic acid-
coated MNPs (0.5 g) were redispersed in toluene (20 mL), followed
by the addition of TMSPMA (5.15 mL, 2.12 x 102 mol) and TEA
(I mL, 7.17 x 103 mol) and stirred for 24 h under N> atmosphere at
room temperature. The modified MNPs were magnetically separated,
repetitively washed with hexane, and dried in vacuo to obtain the
MA-coated MNPs in a 90.5 % yield.

2.3.2 Synthesis of poly(dimethylaminoethyl methacrylate)-coated
magnetite nanoparticles (PDMAEMA@MNPs)

MA-coated MNPs (0.1 g) were redispersed in 1,4-dioxane
(26 mL) under N2 atmosphere followed by the addition of DMAEMA
(5.24 mL, 3 x 102 mol) and AIBN (0.05 g, 3 x 10~ mol). The reaction
was stirred at 70°C for 30 min. After the reaction, the particles were
magnetically separated, repeatedly washed with 1,4-dioxane, distilled
water, and dried in vacuo to obtain the PDMAEMA-coated MNPs
in a 68.4%yield.

2.3.3 Synthesis of quarternize poly(dimethylaminoethyl
methacrylate)-coated magnetite nanoparticles (PQDMAEMA
@MNPs)

A dispersion of PDMAEMA@MNPs (100 mg in 5 mL of THF)
was mixed with CH3I (5 mL, 8 x 102 mol). The quarternization reaction
was performed in an ultrasonic bath for 3 h in the dark. The MNPs were
magnetically separated, repeatedly washed with THF, distilled water,
and dispersed in distilled water (40 mL) to obtain the PQDMAEMA-
coated MNPs solution in an 84%yield (0.0021 g of the particle/mL).
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Scheme 1. Synthesis of PDMAEMA@MNP and PQDMAEMA @MNP nano-adsorbents.

2.4 Quantitative analysis of BPA

BPA was quantitatively analyzed via HPLC equipped with
a C18 column (25 mm x 5 mm) with a diode array detector at 229-nm
wavelength and with an acetonitrile (ACN):H20 mixture (1:1 ratio)
used as the mobile phase with 1 mL-min™! flow rate. All sample
solutions were filtered through 0.45-pm filters before each measurement.
The reported values are the average of at least five measurements.

2.5 Determination of BPA adsorption efficiency of
PDMAEMA@MNPs and PQDMAEMA@MNPs

BPA adsorption efficiency on the nano-adsorbents was investigated
using an HPLC technique (Scheme 2). The effect of solution pH on
BPA adsorption efficiency was studied first. One mg of the nano-

l—. BPA solution

adsorbents was dispersed in phosphate buffer solutions having
different pH values (10 mM, pH 6 - pH 10) and then 500 pL of BPA
solution (5 ppm in water) was added into the nano-adsorbent
dispersion. The mixture was shaken for 5 min at room temperature
and the particles were magnetically separated. The BPA adsorbed
on the nano-adsorbents was desorbed by washing with methanol
(200 pL) and sonication for 3 min. After magnetic separation to remove
the MNPs, the desorbed BPA solutions were filtered through 0.45-um
filters for quantitative analysis via HPLC. All reported results are
the average of at least three repeated tests.

2.6 Study in adsorption parameters

BPA adsorption capacity (g, mg/g) of the nano-adsorbents was
estimated using Equation 1 [12].

r MeOH added
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Scheme 2. Adsorption-desorption process of BPA on the nano-adsorbents.
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where Cp and C. (mg-L') are the initial and equilibrium
concentrations of BPA in solution, V(L) is the volume of the solution,
and m (g) is the mass of the nano-adsorbents.

The Langmuir equation in the linear form used to predict the
monolayer coverage of BPA on the surface of the nano-adsorbents
is shown in Equation 2 [12].
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where Ce is the equilibrium concentration of BPA in solution
(mg-L"), gm is the maximum adsorption capacity of the nano-adsorbents
(mg/g), and Kz (L-mg') is the Langmuir constant related to the
affinity of the binding sites. The parameters were calculated from
the slope and the intercept of the plot of Ce/g. versus Ce..

The Freundlich equation in the nonlinear form used to predict
the multilayer coverage of BPA on the surface of the nano-adsorbents
is shown in Equation 3 [12].

Ing,= (5) InC+ InK; 3)

where Ky (mg-g!) is the Freundlich constant indicating the
adsorption capacity and 7 is the adsorption strength. These constants
were calculated from the slope and the intercept of the plot of Ing.
versus InCe

Kinetic analysis of the adsorption process was carried out using
the pseudo-first-order and pseudo-second-order models. The pseudo-
first-order and the pseudo-second-order kinetic models were calculated
from the experimental data at different adsorption times. The pseudo-
first-order model can be expressed as shown in Equation 4 [39].

log(q,-¢,) = logq, - (2.122)3) ! “®

where g. (mg-g™') is adsorption capacity at equilibrium, ¢: (mg-g™)
is the adsorption capacity at time ¢ (min), and k7 (min™) is the equilibrium
rate constant of the pseudo-first order process. The values of k; and
q. were calculated from the slope and the intercept of the plot of
log(ge-gr) versus ¢, respectively.

The pseudo-second-order model is utilized under the assumption
that the adsorption follows the second-order mechanism. The rate
of occupation of adsorption sites is proportional to the square of the
number of unoccupied sites. The pseudo-second-order model can
be expressed as shown in Equation 5 [39].

t 1 1
Lo+ L 5
q, kaq? q, ©)

where 2 is the pseudo-second order rate constant (g-mg!'-min™).
The value of g. was calculated from the slope of the plot of #/g: versus ¢.

The thermodynamic parameters were investigated by varying
the dispersion temperatures from 30°C to 70°C. K- is the equilibrium
constant, and it was calculated from Equation 6,[11] where Co and
C. (mg-L") are the initial and equilibrium concentrations of BPA
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in the solution. The enthalpy change (4H’) and the entropy change
(45°) were calculated from the straight line of the plot of InK. and
1/T according to Equation 7 [39].

K= Ce 6

<~ CpC. (6)
an*AS° AH ;
c R - RT ()

These values can be used to calculate AG" from the Gibbs relation
as shown in Equation 8 [39].

AG’ =AH -TAS (8)

where 4G is calculated from the equation at temperatures from 303
to 343 K.

3. Results and discussion

3.1 Characterization of the MNPs

FTIR spectra of the MNPs from each step are shown in Figure 1.
The spectrum of bare MNPs shows the Fe-O stretching vibrations
of the MNP core at 549 cm™! (Figure 1(a)). After the MNP coating with
TMSPMA, the spectrum exhibits many characteristic signals of
TMSPMA including peaks at 971 cm™! (Si-O stretching), 1164 cm’!
(C-O stretching), 1631 cm™! (C=C stretching), 1696 cm™!' (C=0
stretching), and 2924 cm™! (C-H stretching) indicating the presence
of methacrylate (MA) on the MNP surface (Figure 1(b)) [40]. After
the polymerization reaction, the spectrum of polymer-coated MNPs
shows the characteristic signals of PDMAEMA (Figure 1(c)) (C-N
stretching vibration at 1260 cm™ and a sharp peak of C=O stretching
at 1716 cm™"). After the quaternization reaction, the spectrum of the
MNPs exhibits similar characteristic signals as those of PDMAEMA
@MNPs as shown in Figure 1(d) (C-N stretching at 1227 cm™! and
a sharp signal of C=0 stretching at 1715 cm™) [41,42]. These results
confirm the presence of the polymers coated on the MNP surface.
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- N g :
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Figure 1. FTIR spectra of (a) bare MNPs, (b) MA-coated MNPs, (c) PDMAEMA
(@MNPs, and (d) PQDMAEMA @MNPs
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The TGA technique was used to determine the percentage of
organic components grafted on the MNPs (Figure 2(a)). The residue
weight at the end of the experiment was assumed to be the weight
of'iron oxide from the MNP core, while the weight loss was attributed
to the organic components in the nano-adsorbent. The TGA results
for the bare MNPs show a weight loss of 15 wt%, which was attributed
to the removal moisture absorbed on the particles [23]. Additional
weight losses of ca.21 wt% and ca.25 wt% observed for PDMAEMA
@MNPs and PQDMAEMA@MNPs, respectively, were attributed
to the polymers grafted on the MNPs. The percent weight loss of
the quarternized particles was slightly higher than that of the precursor
ones due to the additional methyl groups in the polymer chains.

Magnetic properties of bare MNPs, PDMAEMA@MNPs, and
PQDMAEMA@MNPs were investigated via the VSM technique
(Figure 2b). Figure 2b indicates that the bare MNPs had a saturation
magnetization value (M) of 69 emu-g! while the value for PDMAEMA
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@MNPs was 61 emu-g™'. The slight decrease in the M; was attributed
to the existence of non-magnetic polymer layers on the particles.
The M; value of the PQDMAEMA@MNPs was further decreased
(59 emu-g!) owing to the additional methyl groups in their structure.

The particle sizes of the two nano-adsorbents and their distributions
were investigated using the TEM technique. PDMAEMA@MNPs
were spherical with 10 nm to 20 nm in diameter and exhibited
a moderate degree of nanoclustering (ca.150 to 200 particles/cluster)
(Figure 3(a)). After the quarternization, PQDMAEMA@MNPs
showed some improvement in water dispersibility with a lower degree
of nanoclustering (Figure 3(b)). The presence of the polymer layers
was also observed on the surface of the particles as indicated by the
arrows in Figure 3 and in the supporting information (Figure S1).
This was attributed to the increase in electrostatic repulsion of the
positively charged quarternized polymers present on the MNP surface.
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Figure 2. (a) TGA and (b) VSM curves of (1) bare MNPs, (2) PDMAEMA @MNPs, and (3) PQDMAEMA @MNPs.
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Figure 3. TEM images of (a) PDMAEMA@MNPs and (b) PQDMAEMA @MNPs nano-adsorbents.

J. Met. Mater. Miner. 32(2). 2022



16 TUMMACHOTE, J., et al

Since the polymers used in this work possess a pH-responsive
moiety [41-43], the effect of pH change on surface charge of the
particles was investigated via PCS (Figure 4(a)). The results of the
PCS experiment indicate that the surface charge (zeta potential value)
of the PDMAEMA@MNPs is positive when dispersed in buffer
solutions with pH 7 to pH 8 due to the protonation of the amino groups
in the DMAEMA units, while the charge of the particles drastically
decreased in buffer solutions with pH values from 9 to 11 due to
their deprotonation. In contrast, PQDMAEMA@MNPs showed only
a slight decrease in surface charge with increasing solution pH and
this was attributed to the presence of the quarternary ammonium groups
in their structure. The hydrodynamic sizes (Dn) of the PDMAEMA
@MNPs and the PQDMAEMA@MNPs were also investigated in
solutions with various pH values (Figure 4(b)). Their Dn values were
responsive to the change in the pH of the dispersion media. In contrast
to the PDMAEMA@MNPs, the D of the PQDMAEMA@MNPs
increased stepwise when the solution pH increased from 7 to 9 and
remain stable for pH values from 9 to 11. It should be noted that Dy of
the PQDMAEMA@MNPs was higher than that of the PDMAEMA
@MNPs at all pH values. This was attributed to the existence of
positive charge of PQDMAEMA coated on the MNPs, allowing for
more repulsive interactions between the quarternized chains and
more water molecules being adsorbed in their structure.

Surface area, pore volume and pore size of the MNPs can
significantly influence the adsorption properties. BET surface areas
and Barrette Joynere Halenda (BJH) pore size and pore volume of
the MNPs were thus investigated using N2 adsorption/desorption
measurements at 77 K. All samples exhibited typical type IV of
isotherms with an H4 hysteresis loop, associated with the presence
of mesoporous (20 A to 500 A) slit-shaped pores [44]. The surface
properties obtained from the N2 adsorption/desorption isotherms of
these two kinds of adsorbents are summarized in Table 1. The
surface area of PDMAEMA@MNPs (126.639 m?-g”') was higher
than that of PQDMAEMA@MNPs (94.396 m?-g™!). The increase of
surface area agreed well with the increase of pore volume from
ca.0.23310 0.557 cm?-g' (PQDMAEMA@MNPs vs PDMAEMA
@MNPs), relating to the N2 gas adsorption-desorption capacity
shown in the supporting information (Figure S2). This indicated

(a) 25 - svmeis PDMAEMA@MNPs
soowess PQDMAEMA @MNPs
15 .,
Frotitinn, e
s ;
3 -5 *
£
-15 1
25 - ' ' }
pH

that the surface properties played a significant role in the uptake of
BPA on the surface of the adsorbents. PDMAEMA @MNPs exhibited
a higher surface area and pore volumes than PQDMAEMA @MNPs,
meaning that they have a higher feasibility for beneficial BPA
adsorption.

3.2 Effect of the solution pH on BPA adsorption capacity

BPA adsorption capacity of the MNPs in the pH range from 6
to 10 was investigated (Figure 5). The experiment was carried out
using 1 mg of the MNPs dispersed in 5 ppm-BPA solution. BPA
adsorption capacity (qe) was calculated from the BPA calibration
curve and an example of the calculation of BPA adsorption capacity
(qe) is shown in the supporting information. These results indicated
that PDMAEMA@MNPs had a higher adsorption capacity than
those of PQDMAEMA@MNPs in every pH and they were in good
agreements with those obtained from BET, indicating their high
surface area, pore volume and average pore size as compared to
those of the quaternized MNPs. In addition, the different degrees in
their surface charge might play an important role in BPA adsorption
capacity. The presence of the positively charged quaternary ammonium
groups might somewhat inhibit the interaction between BPA and
the polymers coated on the MNP surface. BPA adsorption capacity
of PDMAEMA@MNPs increased stepwise from pH 6 to pH 9 and
slightly dropped at pH 10, while that of the quarternized particles
slowly increased from pH 6 and remained constant at pH 9 and 10.
This suggests that the deprotonated form of BPA at pH values above
its pKa might somewhat influence the BPA adsorption capacity on
PDMAEMA@MNPs (pKa value of BPA is 9.60) [45]. Owing to
their better adsorption capacity, the PDMAEMA@MNPs were thus
used in further experiments.

Table 1. BET analysis of PDMAEMA@MNPs and PQDMAEMA@MNPs.

Sample Surface area Pore volume Average pore
(m*g") (em*g") size (A)
PDMAEMA @MNPs 126.639 0.557 104.053
PQDMAEMA@MNPs  94.396 0.233 69.106
(h) 2000 7 @PDMAEMA@MNPs 0 PQDMAEMAG@MNPs
g. 1500 4
=2 £3
M g
o 1000 - {'
= -
[ 5 T
g‘\ i :
- : gE
ERECOREN S
$ |
= .
0
7 8 9 10 11

Figure 4. (a) Zeta potential and (b) hydrodynamic size (D,) of PDMAEMA @MNPs and PQDMAEMA @MNPs.
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Figure 5. The BPA adsorption capacity (¢.) on PDMAEMA@MNPs and
PQDMAEMA@MNPs in phosphate buffer solutions (pH 6 to pH 10).

3.3 The desorption of BPA from PDMAEMA @MNPs

Previous works have reported that methanol can be effectively
used to desorb BPA from adsorbents by weakening the interaction
between BPA and the adsorbent surface [5,46-48]. Methanol was
thus used as a washing solution for desorption of BPA from the
MNPs in this work. The signals of BPA in the washing solutions
were quantitatively analyzed via HPLC-DAD and the washing
process was repeated until the signals of BPA in the washing
solutions were not observed. It was found that 99.8% desorption
efficiency of BPA was observed after the first washing and it was
completely removed from the particle surface after three-time
washings. The desorption efficiency (%) of BPA and other desorption
results are shown in the supporting information (Figure S3 and S4).
These results were in good agreement with those obtained from
EDX technique, investigating the ratio of C/Fe of the nano-adsorbents
before and after the BPA adsorption. It was hypothesized that the
increase in C/Fe ratio implied the increase of BPA in the nano-
adsorbent. It was found that the C/Fe ratio increased from 0.35 to
0.77 after the BPA adsorption step (Figure 6 and Table S1). After
washing with methanol, the C/Fe ratio significantly dropped to 0.31
and this value was close to the initial C/Fe ratio (0.35). These EDX
results signified the effective removal of BPA from the MNPs by
simply washing with methanol. From the morphological study via
SEM, PDMAEMA@MNPs exhibited average diameter of ca.10 nm
to 20 nm, and they showed some degree of particle aggregation after
BPA adsorption (Figure S5). After washing with methanol to remove

BPA, the morphology and size of the particles were somewhat similar
to those before BPA adsorption.

3.4 The study in the adsorption isotherms

The concentration dependence of BPA adsorption on PDMAEMA
@MNPs was investigated. The BPA adsorption experiment was
carried out in the concentration range from 10 to 200 ppm with
2 mg of MNPs used. The amount of BPA adsorbed increased with
increasing BPA concentration up to 50 ppm where the percentage
of BPA adsorbed on the nanoparticles is 79% (10 mg-g! MNPs)
(Figure 7(b)). An example of the calculation of the percent BPA
adsorbed on the MNPs is shown in the supporting information. The
percentage of adsorbed BPA initially increased rapidly due to the
availability of large numbers of active sites on the particle surface,
and slightly decreased when high BPA concentrations were used
[12]. The adsorption kinetics of BPA on the MNPs was studied with
50-ppm BPA concentration during a 30-min time interval. The BPA
adsorption on the MNPs reached equilibrium within 5 min and the
observed adsorption capacity (ge) is 9.88 mg-g! (Figure 7(b)). These
results indicated that PDMAEMA@MNPs had high BPA adsorption
capacity as compared to those previously reported (Table 2). The
rapid adsorption of BPA was explained in terms of facile availability
of the adsorption sites on the particle surface. As the adsorption time
was extended, the adsorption capacity decreased due to the decrease
of available adsorption sites [49].
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Figure 6. The ratio of C/Fe of PDMAEMA@MNPs obtained from SEM-
EDX technique.

Table 2. The comparison in the adsorption capability of BPA on the adsorbents of this work (PDMAEMA@MNPs) with those from other reports.

Adsorbents Techniques Adsorption Capacity Reference
(mg-g")

Magnetite nanoparticles coated with PDMAEMA HPLC-DAD 9.88 This work
Magnetite nanoparticles UV/Visible 4.511 [12]
Magnetic hydrophilic molecularly imprinted material (MIM) HPLC-DAD 8.97 [2]
Surface modification of waste biomass: banana bunch and coconut bunch UV/Visible 4.53,4.66 [11]
Surfactant-modified natural zeolite: UV/Visible 6.8 [50]
Activated carbon of banana fronds (Musa acuminata) UV/Visible 1.3 [51]
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The isotherm plots for the BPA adsorption process are shown in
Figure 7(c) and 7(d). The BPA adsorption on the MNPs was correlated
with the Langmuir and Freundlich adsorption models and the
isotherm parameters, which were calculated from the intercepts and
the slopes of the plots, are shown in Table 3. The Freundlich isotherm
model assumes a multilayered adsorption through the interaction
between the surface of the adsorbent and the adsorbate molecules [52].
On the other hand, the Langmuir isotherm model assumes a monolayer
adsorption without any interaction with the adjacent sites on the
solid support. Based on the regression coefficients (R? value), the
Freundlich model (R?=0.9836) provided a better fit than the Langmuir
model (R?=0.336), suggesting that a multilayer coverage of the nano-
adsorbent surface provided a better description of the process. An
example of the adsorption isotherm calculation is shown in the
supporting information.

3.5 Investigation of the adsorption kinetics

The linear pseudo-first-order plot and the pseudo-second-order
plot are shown in Figure 8(a) and 8(b). It was found that the adsorption
kinetic data fit the linear pseudo-second order model with R?=1.000
with the adsorption capacity (¢e) value of 9.891 mg-g™!. The kinetic
parameters obtained from these two plots are shown in Table 4 and
an example of the calculation is shown in the supporting information.
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This finding agrees well with the adsorption capacity (g.) obtained
from the experimental data shown in Figure 8(a). These results indicate
that the linear pseudo- second- order kinetic model gives a good
correlation for BPA adsorption process on the PDMAEMA@MNPs
and corresponds well with a previous report [53].

Table 3. Isotherm parameters of BPA adsorption on PDMAEMA @MNPs.

Isotherm Parameters Values
Langmuir qm (mg-gh) 188.679
K. (L'mg™) 0.006
R? 0.336
Freundlich K¢ (mg-g") 0.871
n 1.022
R? 0.984
Table 4. Kinetic parameters.
Kinetic model Parameters Values
Pseudo-first-order kinetics g (mg-g™") 0.046
ki (min™) 0.062
R? 0.124
Pseudo-second-order kinetics ¢, (mg-g"') 9.891
ks (gmg'min")  0.000
R? 1.000
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Figure 8. (a) The pseudo-first-order plot, (b) the pseudo-second-order plot.

In addition, the pseudo first order and the pseudo second-order
kinetics using the non-linear regression method were also calculated
and the parameters were provided in the supporting information
(Figure S6 and Table S2). The OriginPro software [54,55] was used
for determining the pseudo-first-order and pseudo-second-order
kinetic parameters. As discussed in more detail in the supporting
information, the values of the various parameters calculated from
the linear method when compared to the non-linear method suggested
the use of the linear method for the prediction of the adsorption
kinetics in the current work.

3.6 Investigation of the intraparticle diffusion model and
the adsorption mechanism

The intraparticle diffusion model based on Equation (9) [19] was
used to study the adsorption mechanism.

q=kit"+C ©)

where g is the amount of BPA adsorbed at a given time (mg-g™),
ki is intraparticle diffusion rate constant (mg-g-min®3), t%3 is the
square root of time (min®?), and C is intercept. The plot of g; versus
103 for PDMAEMA @MNPs revealed that the plot was multilinearity,
implying that the adsorption process had two or more phases [56,57]
(Figure 9). It shows an initial stage with a high slope value, representing
the BPA affinity toward the MNP surface facilitated by hydrogen
bonding interactions between BPA and PDMAEMA on the MNPs.
This was a fast process and completed within 5 min. The second
stage showed the effect of pore diffusion or intraparticle diffusion,
which was the process where the BPA molecules transferred from
the MNP surface into the inner polymer layer by physical adsorption.
This stage took 5 min to 30 min and was slower than those in the
first stage. It was hypothesized that the hydrogen bonding existing
on the MNPs somewhat reduced the diffusion process and essentially
enhanced the adsorption [8,15]. In the last stage, the adsorption
reached the equilibrium, signifying the saturation of the adsorption
sites and this took ca.30 min after the initiation. The ki values and
other parameters are listed in Table 5.
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Figure 9. The intraparticle diffusion model for BPA adsorption on

PDMAEMA@MNPs

Table 5. The intraparticle diffusion model parameters for BPA adsorption
on PDMAEMA@MNPs.

Stage ki C R?
(mg-g"min"%)  (mg-g")

First 0.244 9.19 0.9374

Second 0.007 9.83 0.6296

The proposed adsorption mechanism of BPA on PDMAEMA
(@MNP surface are shown in the supporting information (Figure S7).
The main adsorption interaction between BPA and the particles was
the hydrogen bonding between the hydroxyl groups of BPA and amino/
ester groups of PDMAEMA on the MNPs [1,8,15].

3.7 Investigation of the adsorption thermodynamics

The effect of the temperature change on their adsorption capacity
was investigated in the temperature range from 30°C to 70°C (303 K
to 343 K) using 50-ppm BPA and 2-mg of the MNPs (Figure 8). It was found
that the BPA adsorption capacity (g.) decreased when increasing
the temperature, and this was attributed to the physisorption between
BPA and the MNP surface (Figure 10). The thermodynamic parameters,
including standard enthalpy change (4H'), standard entropy change
(4S5"), and standard Gibbs free energy change (4G°), giving the
information about internal energy changes during the BPA adsorption
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on the MNPs, are shown in Table 6 and the examples of the calculations
are shown in the supporting information. The negative values of
AG’ signify a spontaneous nature of the BPA adsorption process. In
addition, the negative value of AH (-2585.571 J-mol ") and the positive
value of 45° (1.309 J-mol!-K) suggest an exothermic adsorption
process of BPA on the MNPs. These results indicate the decrease in
BPA adsorption capacity when increasing temperature.

3.8 Study in the regeneration and stability of the adsorbents

The adsorbents with good regeneration ability can be advantageous
for the reuse purpose. Many researches have focused on the regeneration
of the adsorbent while maintaining its good stability on order to
decrease the cost of the process by reusing it [5,10,18,56]. In this work,
PDMAEMA@MNPs were reused for BPA adsorption for four cycles
and tested with XRD technique to investigate their stability. Methanol
was used as a washing solvent to desorb BPA from the particles in
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each cycle due to its effective washing ability as discussed
above.

The XRD patterns of the regenerated MNPs after the reuse for
four cycles retained their characteristic signals of magnetite crystal
structure as compared to those before BPA adsorption and the standard
Fe304 powder diffraction data (JCPDS 00-019-0629) [58] as shown
in Figure 11. These results indicated the good stability of the MNPs
after four cycles of their reuse.

Table 6. Thermodynamic parameters.

Temperature  AH a8 AG6°
K (J-mol?) J-mol-K) (J-mol™)
303 -2585.571 1.309 2982.336
313 -2995.430
323 -3008.525
343 -3034.714
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Figure 10. (a) Effect of the temperature change on BPA adsorption on PDMAEMA@MNPs, and (b) the thermodynamic plot.

a =
e
8 = g
3 g 98 ¢
~ = o
A

] 1

=1

S [o

L]

%]

-

[

[=1

a

g

-

]

]

C
T T — T T
20 30 40 50 60 70 80
20

Figure 11. XRD patterns of (a) the standard Fe;04 powder diffraction data
(JCPDS 00-019-0629), (b) the regenerated MNPs after the reuse for four cycles
and (c) the MNPs before the BPA adsorption
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4. Conclusions

Nano-adsorbents with different surface charges (PDMAEMA
@MNPs and PQDMAEMA@MNPs) were successfully synthesized
and used for BPA adsorption. They show good magnetic responsiveness,
good water dispersibility, and high adsorption capacity for BPA.
PDMAEMA@MNPs exhibited a higher adsorption capacity than
their quarternized form due to their high surface area, pore volume
and pore size. The BPA adsorption of PDMAEMA@MNPs reached
the equilibrium within 5 min with the maximum adsorption capacity
(qe) of 9.88 mg/g, and it followed the Freundlich model, suggesting
a multilayer coverage of the adsorbent surface. The adsorption kinetics
corresponded well to a pseudo-second order process with a regression
coefficient value of 1.00. BPA initially interacted with PDMAEMA
on the MNPs mainly by hydrogen bonding, followed by the diffusion
from the surface into the inner polymer layer by physical adsorption.
The observed thermodynamic data shows that the adsorption process
was exothermic and spontaneous in nature as indicated by the AHe°
and AGe values. The investigated nano-adsorbents might potentially
be used for the BPA adsorption and for the detection of BPA contamination
in samples of interest.
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