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ABSTRACT: Magnesium ferrite (MgFe2O4) and silica-coated
MgFe2O4 nanoparticles were grafted with poly(cysteine meth-
acrylate) (i.e., MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA
nanocomposites) to study pH-tunable adsorption and enhanced
capacities for the adsorption of anionic indigo carmine (IC) and
cationic methylene blue (MB) dyes. Several characterization
techniques (i.e., XRD, FTIR, TGA, ζ potential analysis, VSM,
FE-SEM, TEM, N2 adsorption−desorption isotherm, and XPS)
indicated successful syntheses of these nanocomposites. The
adsorption behaviors of the dyes demonstrated that the
PCysMA-modified nanoadsorbents could selectively adsorb either
IC or MB from either single-component or binary dye systems if
the initial pH of the dye solution was tailored appropriately (i.e.,
pH ∼2 for IC and pH ∼10 for MB). The selective adsorption of these dyes was proposed by the electrostatic attractions of the
nanoadsorbents and the dyes. Adsorption isotherms also showed enhanced capacities of MgFe2O4 and MgFe2O4@SiO2 NPs for the
adsorption of IC and MB after grafting with PCysMA. Interestingly, the MgFe2O4@SiO2/PCysMA nanoadsorbent provided highly
pH-selective adsorption and large increases in the capacities for the adsorption of IC and MB, which were attributed to the amounts
of PCysMA grafted onto different magnetic substrates. The coating of silica on the surfaces of magnetic nanoparticles provided a
higher amount of 3-methacryloxypropyltrimethoxysilane, promoting the polymerization of CysMA monomer. Recycling tests
indicated that high efficiencies (∼80%) for the adsorption of IC and MB by the PCysMA-modified nanoadsorbents were obtained
after five adsorption−desorption cycles. These key findings showed that the MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA
nanocomposites exhibited excellent pH-tunable adsorption of anionic and cationic dyes, easy magnetic separation, good reusability,
and high stability. Specifically, the MgFe2O4@SiO2/PCysMA nanocomposite offers highly pH-selective adsorption and high
adsorption capacities for dyes, demonstrating promising and alternative nanoadsorbents for applications in wastewater treatment and
sensors.

1. INTRODUCTION
Water pollution remains a serious concern due to the rapid
growth of industries and technologies.1,2 Discharge of organic
dyes into water resources has greatly affected the ecosystem
and organisms since these dyes are toxic, carcinogenic, and
nonbiodegradable.3,4 Therefore, it is urgent to remove
contaminated dyes from wastewater before discharging them
to natural water resources. Among several treatment methods,
adsorption is one of the most attractive methods for removing
dyes owing to its ease of operation and high efficiency; the
adsorbents used do not generate secondary pollutants, and
many are readily available.5,6 Ideally, an efficient adsorbent
exhibits high adsorption capacity, simplicity of adsorbent
separation, high recyclability, and high selectivity.7,8 In
particular, an adsorbent with high specificity for binding
targeted molecules can be applied to separate/recover, identify,

and quantify the targeted dye from environmental and food
samples.9,10 Although numerous adsorbents have been
developed to achieve selective adsorption of dyes, most of
these exhibit selective adsorption for only one type of dye (i.e.,
cationic or anionic).11−15 For example, Jiang et al.11 reported
that a β-cyclodextrin-based polymer provided selective
adsorption of an anionic dye (methyl orange, MO) from a
mixture of anionic MO and a cationic dye (methylene blue,
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MB). In contrast, Mantasha et al.12 demonstrated that a
copper-based metal-organic framework (MOF) provided
highly selective adsorption of cationic MB over anionic MO
in a binary solution of MB/MO. Likewise, Liu et al.13 reported
that nanofibrous membranes selectively adsorbed cationic MB
from a MB/MO solution. In these studies, selective adsorption
of dyes occurred via electrostatic interactions attributed to
specific functional groups of adsorbents and adsorbates. The β-
cyclodextrin-based polymer has positively charged ammonium
groups, which facilitate the adsorption of anionic dyes. Cu-
based MOFs and nanofibrous membranes contain negatively
charged carboxyl groups that provide strong interactions with
cationic dyes. The studies indicate that a specific functional
group on an adsorbent is one of the most important factors for
realizing selective adsorption. To extend the capability of
adsorbents, it is very necessary to develop adsorbents
exhibiting selective adsorption of both cationic and anionic
dyes.2,4,16 Liu et al.2 reported a polymeric adsorbent,
poly(dimethylaminoethyl methacrylate) crosslinked with
phytic acid (i.e., PAGD), a pH-dependent adsorbent for
selective adsorption of anionic reactive red 24 and cationic
fuchsin basic dyes at pH 3 and pH 9, respectively. Similarly,
Fan et al.4 reported that polyacrylonitrile fibers treated
hydrothermally with hyperbranched polyethyleneimine
(PANF-g-HPEI) selectively adsorbed either anionic MO or
cationic MB when solution pH was tailored appropriately (i.e.,
pH 3 for MO and pH 10 for MB). Selective adsorption of
anionic and cationic dyes by the PAGD and PANF-g-HPEI
adsorbents was driven by electrostatic interactions correspond-
ing to the bifunctional groups of the polymers. The
bifunctional groups are composed of two specific functional
groups and can exist as cations, anions, or zwitterions,
depending on the pH of the solution.17 According to these
studies, polymeric adsorbents containing zwitterions were
promising adsorbents for pH-dependent adsorption of anionic
and cationic dyes. In addition, these adsorbents provided high
adsorption capacities and good biocompatibility.16,18 However,
separation of the polymeric adsorbents after the adsorption
process required conventional techniques (e.g., centrifugation
and filtration), which are tedious methods and limit scaled-up
applications.19,20 Interestingly, poly(cysteine methacrylate)
(PCysMA), one of the most attractive zwitterionic polymers,
can be simply synthesized by radical polymerization of
monomeric cysteine methacrylate (CysMA). The chemical
structure of PCysMA is shown in Scheme 1. Likewise, the

CysMA monomer can be simply prepared from cysteine and
methacrylate precursors by using a one-pot thiol-Michael
addition reaction in an aqueous medium.21 In addition to its
biocompatibility and availability, cysteine is an amino acid
containing bifunctional groups, including amine and carboxyl
groups.22 Importantly, these groups can be either positively or

negatively charged by tuning the pH of the solution, which
facilitates the adsorption of both anionic and cationic dyes (see
Scheme 1). However, PCysMA is readily soluble in water,
leading to its limited application as an adsorbent in aqueous
solutions.23 Thus, the preparation of a composite comprising
the polymer and other materials (i.e., substrates) is considered
a better choice for overcoming solubility limitations. Among
several materials, magnetic nanoparticles have been selected as
substrates for the fabrication of composites since the magnetic
materials exhibit rapid and simple separation of adsorbents
with an external magnet.24 Previously, magnesium ferrite
nanoparticles (MgFe2O4 NPs) were reported to be efficient
magnetic nanomaterials due to their superparamagnetic
behavior and high saturation magnetization, which contributed
to their easy separation from the treated medium with a
permanent magnet.25 In addition to the simple synthesis by a
one-pot co-precipitation method, MgFe2O4 NPs are non-
cytotoxic materials that offer environmental safety and practical
utility.26 Preparation of magnetic nanocomposites composed
of magnetic nanoparticles and PCysMA can be realized via a
radical polymerization reaction. The reaction requires free
vinyl (C�C) groups of the magnetic nanoparticles to
polymerize with the CysMA monomer.27 Thus, the surfaces
of MgFe2O4 NPs must be attached to vinyl groups before
polymerization with the CysMA monomer. According to the
literature, the surfaces of pristine and silica-coated magnetic
nanoparticles (i.e., Fe3O4 and Fe3O4@SiO2 NPs) can be
successfully functionalized with 3-methacryloxypropyltrime-
thoxysilane (i.e., MPS) to attach C�C groups for further
polymerization.28,29 However, surface modification of different
magnetic nanoparticles by MPS and the effects of the resulting
materials on polymerization with the CysMA monomer and
adsorption of anionic and cationic dyes have not been
examined. Therefore, in this study, MgFe2O4 and
MgFe2O4@SiO2 NPs were chosen as substrates to investigate
the effects of silica surfaces on the selective adsorption of the
dyes. To the best of our knowledge, magnetic nanocomposites
(i.e., MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA) are
expected to be alternative nanoadsorbents for pH-selective
removal of both anionic and cationic dyes. Additionally, there
is no previous report on the utilization of these nano-
composites as pH-selective nanoadsorbents for dyes.
This study focused on the syntheses of MgFe2O4/PCysMA

and MgFe2O4@SiO2/PCysMA nanocomposites for use as pH-
selective adsorbents in dye removal. The magnetic nano-
particles were used as supports, facilitating the separation
purpose. PCysMA with bifunctional groups provided active
sites to binding with the target dyes. SiO2 component in the
latter nanocomposite, which severed as a modifier, enhanced
the polymerization of the CysMA monomer. The preparation
of the magnetic nanocomposites via radical polymerization
comprised two steps. First, the surfaces of MgFe2O4 and
MgFe2O4@SiO2 NPs were functionalized with MPS to obtain
vinyl (C�C) groups on the surfaces of the magnetic
nanoparticles. Then, polymerization of the CysMA monomer
on the surfaces of the magnetic-based nanoparticles was
performed. The as-obtained nanocomposites were fully
characterized by several techniques. The effects of initial dye
solution pH on the adsorption of anionic and cationic dyes by
pristine and composite nanoadsorbents were examined. Indigo
carmine (IC) and methylene blue (MB) were used as the
representative anionic and cationic dyes, respectively. Then,
pH-selective adsorption of various dyes (i.e., IC, MB,

Scheme 1. Chemical Structure of Poly(cysteine
methacrylate)
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rhodamine B, and methyl orange) from both single-component
and binary dye solutions was investigated. Adsorption
isotherms of the MgFe2O4/PCysMA and MgFe2O4@SiO2/
PCysMA nanocomposites for the adsorption of IC and MB
were also obtained to determine the maximum adsorption
capacities for these dyes. To demonstrate the reusability of the
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanocom-
posites, adsorption−desorption experiments were also per-
formed and evaluated.

2. EXPERIMENTAL SECTION
2.1. Materials. Magnesium ferrite nanoparticles (MgFe2O4

NPs) with ∼90 nm of particle size and silica-coated
magnesium ferrite nanoparticles (MgFe2O4@SiO2 NPs) with
∼120 nm of particle size were synthesized as in our previous
work.30,31 The syntheses of these core materials are briefly
described in the Supporting Information. First, the starting
precursors L-cysteine (Loba Chemie, India), 3-(acryloyloxy)-2-
hydroxypropyl methacrylate (AHPMA, Sigma-Aldrich, USA),
dimethylphenylphosphine (DMPP, Sigma-Aldrich, USA), and
ethyl acetate (Loba Chemie, India) were used for the
preparation of cysteine methacrylate monomers in this work.
Second, 3-methacryloxypropyltrimethoxysilane (MPS, Sigma-
Aldrich, USA), N,N′-methylenebisacrylamide (MBA, Sigma-
Aldrich, USA), 2,2′-azobisisobutyronitrile (AIBN, 12 wt % in
acetone, Sigma-Aldrich, USA), ammonia solution (25−28%,
Merck, Germany), absolute ethanol (Merck, Germany), and

acetonitrile (Labscan, Thailand) were employed in the surface
grafting processes. Finally, indigo carmine (IC, Sigma-Aldrich,
USA), methylene blue (MB, Merck, Germany), rhodamine B
(RhB, Loba Chemie, India), and methyl orange (MO,
KemAus, Australia) were adopted as model organic dyes.
2.2. Preparation of MgFe2O4/PCysMA and MgFe2O4@

SiO2/PCysMA Nanocomposites. 2.2.1. Preparation of
Cysteine Methacrylate (CysMA) Monomer. The CysMA
monomer was synthesized via a selective thio-Michael addition
reaction as in previous work reported by Ladmiral et al.23 In
brief, 1.90 g of L-cysteine was dissolved in 15 mL of deionized
water, and 3.25 mL of AHPMA was then added. Subsequently,
2.13 μL of DMPP was added to the mixture and stirred at 20
°C for 2 h. A colorless solution was obtained. To remove the
unreacted organic species in the reaction mixture, ethyl acetate
was added to the mixture three times to extract the organic
species from the aqueous phase to an organic phase. The
aqueous phase containing the product was then freeze-dried to
obtain white powders. As shown in Figures S1 and S2 of the
Supporting Information, 1H NMR and 13C NMR chemical
shifts confirmed the successful preparation of the CysMA
monomer, in agreement with previous studies.23,32,33

2.2.2. Synthesis of the MgFe2O4/PCysMA Nanocomposite.
The MgFe2O4/PCysMA nanocomposite was prepared via two
major steps: (i) surface functionalization of MgFe2O4 NPs by
MPS to prepare MPS-immobilized MgFe2O4 (MgFe2O4−
MPS) NPs and (ii) surface grafting of MgFe2O4−MPS NPs by

Scheme 2. Syntheses of MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA Nanocomposites
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the radical polymerization of the CysMA monomer to obtain
the MgFe2O4/PCysMA nanocomposite. The synthetic process
is shown in Scheme 2. First, surface functionalization (i) of
MgFe2O4 NPs was performed via hydrolysis and condensation
of the vinyl silane coupling agent (i.e., MPS) using a method
reported by Chen et al.34 to form active C�C bonds on the
surfaces. Briefly, 400 mg of MgFe2O4 powder was dispersed in
a mixture of 50 mL of absolute ethanol, 12.5 mL of deionized
water, and 1.50 mL of ammonia solution. After that, 0.80 mL
of MPS was added to the mixture and stirred at 40 °C for 12 h.
The product was separated from the mixture with an external
magnet and then washed with deionized water and ethanol.
The final product was dried in an open-air oven at 60 °C for 12
h.
Later, surface grafting (ii) of MgFe2O4−MPS NPs by

PCysMA was performed using the method reported by Ji et al.
with modification.28 The MgFe2O4/PCysMA nanocomposite
was prepared by one-step distillation-precipitation polymer-
ization of the CysMA monomer in a mixture of acetonitrile and
deionized water using MBA and AIBN as crosslinker and
initiator, respectively. Two hundred milligrams of MgFe2O4−
MPS powder were dispersed in 160 mL of acetonitrile/
deionized water (6:4 v/v). Afterward, 960 mg of CysMA
monomer, 200 mg of MBA, and 210 μL of AIBN solution were
injected into the mixture. After mixing the solution for 20 min,
the reaction mixture was heated to ∼80 °C and maintained for
an hour under the distillation process. The product was
separated from the mixture with an external magnet and
washed with deionized water and ethanol three times. The final
product was dried in an open-air oven at 60 °C for 12 h.
2.2.3. Synthesis of the MgFe2O4@SiO2/PCysMA Nano-

composite. The MgFe2O4@SiO2/PCysMA nanocomposite
was synthesized by using the procedure described in Section
2.2.2, except MgFe2O4@SiO2 powder was used instead of the
MgFe2O4 powder.
2.3. Characterization. The chemical structure of the

CysMA monomer was carefully identified by 1H NMR and 13C
NMR (Bruker NEO 500 MHz) using deuterium oxide (D2O)
as the solvent. Phase formation of the as-synthesized
nanocomposites was examined by performing X-ray diffraction
(XRD, Rigaku SmartLab) using Cu Kα (λ = 1.5406 Å)

irradiation with 0.02° scan steps over 2θ ranging from 10 to
90°. The morphologies of the nanocomposites were inves-
tigated by transmission electron microscopy (TEM, JEOL
JEM-2010) using an accelerating voltage of 200 kV and field
emission scanning electron microscopy (FE-SEM, JEOL JSM-
IT800). The functional groups of the nanocomposites were
explored by attenuated total reflectance−Fourier transform
infrared spectroscopy (ATR−FTIR, Bruker TENSOR 27) run
from 400 to 4000 cm−1. The surface chemical compositions of
the nanocomposites were analyzed by X-ray photoelectron
spectroscopy (XPS, Kratos AXIS Ultra DLD) with a
monochromatic Al Kα X-ray source (1486.6 eV). The C 1s
peak at 285.0 eV was used as an internal reference standard. ζ
potential measurements were performed at room temperature
with a Zetasizer Nano ZS (Brookhaven, ZetaPALS) by
adjusting the pH of the dispersion from 2 to 10 using 0.1
mol L−1 HCl and NaOH solutions. The ionic strengths of
dispersions containing 0.1 mg mL−1 nanocomposites were
adjusted to 1 × 10−3 mol L−1 using sodium chloride. The
magnetic properties of the samples were revealed with a
vibrating sample magnetometer (VSM, LakeShore VSM 7300
Series with LakeShore 735 Controller and LakeShore 450
Gaussmeter; Software Version 3.8.0) at room temperature
using an applied field range of ±10 kOe. The specific surface
areas and pore sizes of the nanocomposites were determined
by N2 adsorption−desorption with a surface area and pore size
analyzer (Quantachrome model Autosorp 1 MP) using the
Brunauer−Emmett−Teller (BET) and Barrett−Joyner−Ha-
lenda (BJH) methods, respectively. The samples were
dehydrated at 110 °C before analysis. The effects of heating
the as-synthesized nanocomposites were determined by
thermogravimetric analysis (TGA, Rigaku, Thermo plus
EV2). The samples were heated at temperatures ranging
from 30 to 800 °C with a heating rate of 20 °C min−1 under a
nitrogen atmosphere.
2.4. Adsorption of Dyes by MgFe2O4/PCysMA and

MgFe2O4@SiO2/PCysMA Nanocomposites. 2.4.1. Effect of
Dye Solution Initial pH. A comparative study of dye
adsorption was performed with pristine adsorbents
(MgFe2O4 and MgFe2O4@SiO2 NPs) and modified adsorb-
ents (MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA

Table 1. Chemical Structures and Maximum Absorption Wavelengths (λmax) for the Selected Model Dyes
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nanocomposites). The organic dyes, MB and IC, were used to
model the behavior of cationic and anionic adsorbates,
respectively. In this section, the effect of the initial dye
solution pH on dye adsorption by the adsorbents was studied
in batch adsorption experiments. Typically, 42 mg of adsorbent
was mixed with 15 mL of 10 mg L−1 dye solution while varying
the initial pH of the solution from ∼2 to ∼10 using 0.1 mol
L−1 sodium hydroxide and nitric acid. Then, the mixture was
shaken in a shaking water bath (DAIHAN Scientific, WSB-45)
at 25 °C for 3 h. At the end of the adsorption process, the
adsorbent was collected from the dye solution by using
magnetic separation. UV−vis absorption spectra of the
separated dye solution were recorded with a UV−vis
spectrophotometer (PG Instrument, T80) to determine the
absorbance values at the maximum absorption wavelengths of
the model dyes (see Table 1). The removal efficiency and the
amount of dye adsorbed on the adsorbent at the equilibrium
state (qe) were calculated using the following equations.

(1)

(2)

where C0 and Ce are the dye concentrations (mg L−1) at the
initial and equilibrium states, respectively, and m and V are the
dry weight of the adsorbent (g) and volume of the dye solution
(L), respectively.
2.4.2. pH-Selective Adsorption of Dyes. Selectivities of the

adsorbents for the adsorption of dyes were examined using
single and binary systems of dye adsorbates. The single-
component systems were composed of 10 mg L−1 individual

dyes (i.e., IC, MO, RhB, and MB). The initial pHs of the single
dye solutions were adjusted to ∼2 and ∼10. The binary
systems contained two dyes (i.e., IC/MO, IC/RhB, MB/MO,
and MB/RhB). The mixtures of dyes containing 10 mg L−1 of
each dye component were adjusted to initial pHs of ∼2 and
∼10 for the IC/MO and IC/RhB and MB/MO and MB/RhB
solutions, respectively. To further confirm the pH-selective
adsorption of dyes from the binary systems, IC/MO, IC/RhB,
MB/MO, and MB/RhB solutions containing 500 mg L−1 of
each dye component were also used as adsorbates. The
procedure for adsorption experiments was described earlier in
Section 2.4.1.
2.4.3. Adsorption Isotherms. Batch adsorption experiments

were carried out in the manner described in Section 2.4.1,
except the dye solutions contained various initial concen-
trations (i.e., 10−1000 mg L−1). In addition, the initial pH
values of the IC and MB solutions were kept constant at ∼2
and ∼10, respectively.
2.5. Reusability and Stability of MgFe2O4/PCysMA

and MgFe2O4@SiO2/PCysMA Nanocomposites. To inves-
tigate the reusability of the nanocomposites, careful
adsorption−desorption studies were performed. In the first
cycle of the adsorption process, 42 mg of the fresh
nanocomposites (i.e., MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA) were mixed with 15 mL of 10 mg L−1 dye
solution (i.e., IC at pH ∼2 and MB at pH ∼10). The mixture
was shaken at 25 °C for 3 h. After that, the nanocomposites
were separated from the dye solution by using magnetic
separation. Absorption spectra of the dye solutions were
collected using a UV−vis spectrophotometer to calculate the

Figure 1. (a) XRD patterns, (b,c) FTIR spectra, and (d) TGA curves of MgFe2O4 NPs and MgFe2O4@SiO2 NPs before and after polymerization
of the CysMA monomer.
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removal efficiencies of dyes. The dye-loaded nanocomposites
were dried in an air oven at 60 °C overnight. The first cycle of
the desorption process was then carried out by adding the
dried nanocomposites into absolute ethanol at pH ∼2 and ∼10
(i.e., by adjusting by 0.1 mol L−1 sodium hydroxide and nitric
acid) for desorption of MB and IC dyes, respectively. The
mixture was then shaken at 25 °C for 3 h. After the desorption
process, the nanocomposites were magnetically separated and
then dried in an air oven at 60 °C for 6 h prior to further use in
the next adsorption process. In this study, five adsorption−
desorption cycles were monitored for each assay.

3. RESULTS AND DISCUSSION
3.1. Characterization of MgFe2O4/PCysMA and

MgFe2O4@SiO2/PCysMA Nanocomposites. XRD patterns
of MgFe2O4 and MgFe2O4@SiO2 NPs before and after
polymerization of the CysMA monomer were collected to
identify phase formation, as shown in Figure 1a. All diffraction
patterns of the as-prepared materials were well matched with
JCPDS card no. 88-1935 for MgFe2O4 without any
impurities.25 The results indicated that the pure cubic spinel
phase of MgFe2O4 was still obtained after the polymerization
process. In addition, the polymerization process did not affect
the phase formation of MgFe2O4.
To determine the formation of the designed composites, the

functionalization of MgFe2O4 and MgFe2O4@SiO2 NPs by
PCysMA was investigated with FTIR spectroscopy. Before
grafting PCysMA onto the surfaces of MgFe2O4 and
MgFe2O4@SiO2 NPs, MPS was attached to their surfaces to
form C�C bonds for further polymerization reactions. In
Figure 1b, the FTIR spectra of the MPS-modified nano-
particles (i.e., MgFe2O4−MPS and MgFe2O4@SiO2−MPS)
showed the characteristic bands at ∼1636 and ∼1454 cm−1

assigned to C�C stretching and bending vibration modes of
the immobilized MPS moieties.35,36 Adsorbed water of MPS-
unmodified nanoparticles showed the band at ∼1630 cm−1, an
overlapping band between the MPS, and adsorbed water was
observed.29,37,38 The surface modification of the magnetic
nanoparticles by MPS can be further confirmed by the bands at
∼2988, ∼2893, and ∼1299 cm−1, corresponding to stretching
and bending vibration modes of C−H bonds of the MPS.39

Apart from the FTIR result, the successful surface modification
of MgFe2O4 and MgFe2O4@SiO2 NPs by MPS was confirmed
by a change of their surface properties, hydrophilicity to
hydrophobicity (see Figure S3). Figure 1c shows FTIR spectra
of MgFe2O4 and MgFe2O4@SiO2 NPs before and after
polymerization of the CysMA monomer. After grafting
PCysMA onto the surfaces of MgFe2O4 and MgFe2O4@SiO2
NPs, a new band at ∼1720 cm−1 was detected, and this was
attributed to the C�O stretching mode of PCysMA.40 In
addition, bands at ∼1630, ∼1388, ∼1350, ∼1246, ∼1152, and
∼1044 cm−1 were assigned to N−H asymmetric bending,
−CH2 bending, O−C�O symmetric stretching, N−H
bending, −CH2 bending, and C−N stretching modes,
respectively. These bands corresponded to cysteine embedded
in the PCysMA matrix.41 Some of those bands cannot be
detected from the PCysMA-grafted MgFe2O4@SiO2 NPs due
to overlap with the strong characteristic bands of silica at
∼1270 to ∼980 cm−1 (i.e., stretching and bending modes of
siloxane (Si−O−Si) and silanol (Si−OH) groups).42 Fur-
thermore, the band at ∼550 cm−1 was assigned to vibrational
modes of metal oxides (i.e., Mg−O and Fe−O).43 According

to the FTIR results, MgFe2O4 and MgFe2O4@SiO2 NPs were
successfully composited with PCysMA.
Furthermore, the thermal properties of MgFe2O4 and

MgFe2O4@SiO2 NPs before and after grafting with PCysMA
were also determined with TGA analysis, as illustrated in
Figure 1d. In general, all samples showed two stages of weight
loss at temperatures ranging from 30 to 600 °C under a
nitrogen atmosphere. In the first stage, ∼3% weight loss
occurred below 200 °C for all samples due to the loss of
adsorbed water molecules from their surfaces.44 In the second
stage, ∼8 and ∼4% weight losses were obtained from 200 to
600 °C for MgFe2O4 NPs and MgFe2O4@SiO2 NPs,
respectively, and these were attributed to dehydroxylation of
the hydroxide layers attached to the surfaces of the
nanoparticles.45,46 Furthermore, the weight losses increased
to ∼18 and ∼28% for MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA nanocomposites, respectively, indicating deg-
radation of the polymeric backbone of PCysMA.44,46

Interestingly, the weight loss of the MgFe2O4@SiO2/PCysMA
nanocomposite was higher than that of the MgFe2O4/PCysMA
nanocomposite. This could imply that the amount of PCysMA
grafted on the MgFe2O4@SiO2 NPs was higher than that on
the MgFe2O4 NPs. This statement was also supported by the
higher increase in mass for the MgFe2O4@SiO2/PCysMA
nanocomposite (i.e., ∼17% product recovery) compared to
that for the MgFe2O4/PCysMA nanocomposite (i.e., ∼6%
product recovery) after the PCysMA grafting process. TGA
analyses also confirmed successful syntheses of MgFe2O4/
PCysMA and MgFe2O4@SiO2/PCysMA nanocomposites, in
good agreement with the FTIR results.
The surface charge properties of the as-obtained nano-

composites were examined by ζ potential analysis, as shown in
Figure 2a. The pHs at the point of zero charges (pHPZC) for
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanocom-
posites were ∼5.0 and ∼5.6, respectively. The pHPZC values of
the as-synthesized nanocomposites were quite close to the
isoelectric point of cysteine (5.07)47 and similar to that of the
PCysMA-grafted membrane (∼5.3) reported by Valencia et
al.40 In addition, the changes in pHPZC values for the
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanocom-
posites were compared to those of pristine nanoparticles. The
pHPZC value of MgFe2O4/PCysMA nanocomposites was lower
than that of MgFe2O4 NPs (∼8.4),30 whereas the pHPZC value
of MgFe2O4@SiO2/PCysMA nanocomposites was higher than
that of MgFe2O4@SiO2 NPs (∼4.9).31 This indicated that after
the polymerization process, the surface properties of the
pristine nanoparticles were changed due to the grafting of
PCysMA onto their surfaces.
Hysteresis loops illustrating the magnetic properties of

MgFe2O4 and MgFe2O4@SiO2 NPs before and after polymer-
ization of the CysMA monomer were collected by VSM
measurements at room temperature, as shown in Figure 2b.
The saturation magnetization (Ms) values of MgFe2O4,
MgFe2O4/PCysMA, MgFe2O4@SiO2, and MgFe2O4@SiO2/
PCysMA powders were ∼39.5, ∼39.5, ∼35.5, and ∼25.5 emu
g−1, respectively. The Ms value of the MgFe2O4 NPs decreased
from ∼39.5 to ∼35.5 emu g−1 after encapsulation with silica
and then further decreased to ∼25.5 emu g−1 after polymer-
ization of the CysMA monomer. The reduction in magnet-
ization is attributed to the surface functionalization of magnetic
nanoparticles by nonmagnetic materials (e.g., silica and
polymers).29,34 In contrast, no significant change in the Ms
value for the MgFe2O4 NPs was observed after surface grafting
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with PCysMA. This could be due to a smaller amount of
PCysMA grafted on MgFe2O4 surfaces compared to
MgFe2O4@SiO2, as described in the TGA results. However,
all hysteresis loops exhibited a near zero remanence and
coercivity (see inset of Figure 2b), indicating superparamag-
netic behavior.48,49 In addition, the MgFe2O4/PCysMA and
MgFe2O4@SiO2/PCysMA nanocomposites can be rapidly
separated from the solution within a few minutes by using
an external magnet, indicating an excellent magnetic response
(see Figure 2c).
The morphologies of MgFe2O4 and MgFe2O4@SiO2 NPs

before and after polymerization of the CysMA monomer were
explored by FE-SEM and TEM, as shown in Figure 3. In
general, SEM images revealed spherical shapes with particle
aggregation in all samples. The surfaces of MgFe2O4@SiO2
NPs were smoother than those of MgFe2O4 NPs (see inset of
Figure 3). In addition, the high-magnified TEM image of the
MgFe2O4@SiO2 NPs clearly showed an encapsulation of the
MgFe2O4 core with a thin shell of silica. After grafting with
PCysMA, TEM images showed that the MgFe2O4/PCysMA
and MgFe2O4@SiO2/PCysMA nanocomposites underwent
more aggregation of particles than the pristine nanoparticles.

This indicated that particle aggregation occurred after the
polymerization process, as reported in the literature.34,50

The N2 adsorption−desorption isotherms and pore size
distributions of MgFe2O4 and MgFe2O4@SiO2 NPs before and
after grafting with PCysMA are presented in Figure 4. The
pore size distributions of all samples ranged from ∼2 to ∼30
nm, demonstrating the mesoporous nature of the nano-
adsorbents.43 In addition, the BET-specific surface areas
(SBET), average pore sizes, and pore volumes of the as-
synthesized samples are listed in Table 2. After polymerization
of the CysMA monomer, the SBET values of the as-obtained
nanocomposites decreased compared to those of the pristine
nanoparticles. This could be due to the blocking of some pores
and aggregation of nanoparticles during the polymerization
process.50−53

Figure 2. (a) ζ potential curves, (b) hysteresis loops, and (c) digital
photographs demonstrating the magnetic separation of MgFe2O4 NPs
and MgFe2O4@SiO2 NPs before and after polymerization of the
CysMA monomer.

Figure 3. (left) FE-SEM and (right) TEM images of (a) MgFe2O4
and (b) MgFe2O4@SiO2 NPs (i) before and (ii) after polymerization
of the CysMA monomer.
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The surface compositions of the as-prepared samples were
examined by XPS. Survey and high-resolution XPS spectra are
provided in Figure 5. All survey spectra (see Figure 5a,d)
exhibited the presence of Mg, Fe, and O elements, which was
consistent with the chemical compositions of the MgFe2O4
NPs. However, Si was detected in MgFe2O4@SiO2 NPs due to
surface coating by silica. The signals for N and S elements were
detected in the spectra of MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA nanocomposites and were attributed to
PCysMA grafted on their surfaces.30,40 However, the signal
for N was also found for the MgFe2O4 NPs due to the
ethanolamine used to prepare them. In the high-resolution N
1s XPS spectrum of MgFe2O4 NPs (see Figure 5b), the signal
at ∼399.7 eV was assigned to −NH2 groups from the
ethanolamine molecules.30 Two chemical species were
detected in the N 1s spectra for both MgFe2O4/PCysMA
and MgFe2O4@SiO2/PCysMA nanocomposites (see Figure
5b,e). The bands at ∼399.5 and ∼401.2 eV corresponded to
free amine (−NH2) and aminium (−NH3

+), respectively.32,40

In addition, S was detected in these nanocomposites due to the
sulfur bridges of the PCysMA matrix.32 The S 2p signals at
∼163.2 and ∼164.3 eV (see Figure 5c,f) were assigned to S
2p3/2 and S 2p1/2 ionizations, respectively.

32 Therefore, the
XPS results indicated successful grafting of PCysMA onto the

MgFe2O4 and MgFe2O4@SiO2 NPs, which is consistent with
the FTIR results. According to the combination of several
characterization techniques (i.e., XRD, FTIR, TGA, ζ potential
analysis, VSM, FE-SEM, TEM, N2 adsorption−desorption
isotherm, and XPS), the MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA nanocomposites were successfully prepared.
The as-prepared nanocomposites were further used as
adsorbents to study the adsorption of dyes from single-
component and binary solutions, and the effects of the initial
dye solution pH on pH-selective adsorption of dyes and their
adsorption isotherms were determined.
3.2. Adsorption of Dyes by MgFe2O4/PCysMA and

MgFe2O4@SiO2/PCysMA Nanocomposites. 3.2.1. Effect of
the Dye Solution Initial pH. In general, the initial pH of the
solution is one of the most important factors influencing the
adsorption of a dye.54 The solution pH affects the surface
charges of adsorbents, which depend on the pH at the point of
zero charges (pHPZC). The adsorbent surfaces show net
positive charges when the solution pH is less than pHPZC.
When the solution pH is above the pHPZC, the adsorbent
surfaces show net negative charges.55 In this section, the effects
of initial dye solution pH over the range ∼2 to ∼10 on the
efficiencies for the removal of dyes by MgFe2O4 and
MgFe2O4@SiO2 NPs were investigated before and after
surface modification by PCysMA with the use of anionic IC
and cationic MB dyes as adsorbates. As illustrated in Figure 6a,
the efficiencies for removal of IC (>90%) and MB (<10%) by
the MgFe2O4 NPs were obtained over all pH ranges. These
findings indicated that the adsorption of IC and MB by the
unmodified MgFe2O4 NPs was independent of pH. In
addition, the MgFe2O4 nanoadsorbent preferentially adsorbed
the anionic IC dye rather than the cationic MB dye, as
observed in a previous study.56 The efficiency for removal of
IC by the MgFe2O4/PCysMA nanoadsorbent decreased from

Figure 4. N2 adsorption−desorption isotherms and pore size distribution with pore volume (inset) of (a) MgFe2O4 NPs and (b) MgFe2O4@SiO2
NPs (i) before and (ii) after polymerization of the CysMA monomer.

Table 2. BET-Specific Surface Area (SBET), Average Pore
Radius, and Pore Volume of the as-Obtained Samples

sample
SBET

(m2 g−1)
average pore
radius (nm)

specific pore
volume (cm3 g−1)

MgFe2O4 72.1 12.1 0.44
MgFe2O4@SiO2 43.3 8.4 0.18
MgFe2O4/PCysMA 53.8 10.8 0.29
MgFe2O4@SiO2/PCysMA 40.1 4.0 0.08
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∼95 to ∼10% upon increasing the solution pH from ∼2 to
∼10. In contrast, the efficiency for removal of MB increased

from ∼7 to ∼98% upon increasing the solution pH. The
maximum efficiencies for removal of IC and MB by the
MgFe2O4/PCysMA nanocomposite were obtained at pH ∼2
and ∼10, respectively. According to the pHPZC of the
MgFe2O4/PCysMA nanoadsorbent (∼5.0), the surface of the
nanoadsorbent presents a net positive charge at pH 2−4 (pH <
pHPZC), resulting in the electrostatic attraction of the anionic
IC. However, at these pH values, low removal efficiencies for
MB were observed due to electrostatic repulsion between the
positively charged surface of the adsorbent and the positive
charge of the MB molecule. With increases in the solution pH
from ∼6 to ∼10, the charge of the adsorbent surface became
more negative (pH > pHPZC), leading to electrostatic attraction
of the cationic MB and electrostatic repulsion of the anionic
IC. The results suggested that adsorption of IC and MB by the
MgFe2O4/PCysMA nanoadsorbent is pH-dependent and
driven by electrostatic interactions, indicating that surface
modification of the MgFe2O4 NPs by the polymer (i.e.,
PCysMA) can increase the removal efficiency for MB.
Interestingly, the PCysMA-modified MgFe2O4 NPs selectively
removed either anionic IC or cationic MB dye after tailoring
the solution pH appropriately. Consequently, a pH-selective
adsorbent was obtained.
The efficiencies for removal of IC and MB by the

MgFe2O4@SiO2 and MgFe2O4@SiO2/PCysMA nanoadsorb-
ents were also studied to investigate pH-dependent adsorption
by the PCysMA-grafted nanoadsorbent, and the results are
presented in Figure 6b. At pH ∼2, the MgFe2O4@SiO2
nanoadsorbent provided ∼44% IC removal efficiency, whereas
no adsorption of IC occurred upon increasing the solution pH
from ∼4 to ∼10. For MB adsorption, the efficiencies for
removal of MB by the MgFe2O4@SiO2 nanoadsorbent
increased significantly from ∼4 to ∼95% upon increasing the
solution pH from ∼2 to ∼10. The maximum efficiencies for

Figure 5. (a,d) Survey scan XPS spectra and high resolution (b,e) N 1s and (c,f) S 2p XPS spectra of MgFe2O4 NPs and MgFe2O4@SiO2 NPs
before and after polymerization of the CysMA monomer.

Figure 6. Effect of the initial dye solution pH on the efficiencies for
the removal of IC and MB by pristine and modified (a) MgFe2O4 NPs
and (b) MgFe2O4@SiO2 NPs.
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removal of IC (∼44%) and MB (∼95%) by the unmodified
MgFe2O4@SiO2 nanoadsorbent were obtained at pH ∼2 and
pH ∼10, respectively. Based on the pHPZC of the MgFe2O4@
SiO2 nanoadsorbent (∼4.9),31 the surface of the nano-
adsorbent showed a net positive charge at pH ∼2 (pH <
pHPZC), which resulted in the electrostatic attraction of the
anionic IC. However, this nanoadsorbent exhibited moderate
efficiency for the removal of IC, indicating low selectivity for
the adsorption of IC. The low efficiency for the adsorption of
MB by the MgFe2O4@SiO2 NPs at pH ∼2 was attributed to
electrostatic repulsion between the positive charge of the
adsorbent surface and the cationic MB. When the solution pH
was increased, the surface charge of the adsorbent became
more negative, leading to strong electrostatic attraction with
the cationic MB. These findings suggested that the adsorption
of IC and MB by the unmodified MgFe2O4@SiO2 nano-
adsorbent was pH dependent. Furthermore, this nano-
adsorbent selectively adsorbed either IC or MB dyes by
changing the solution pH appropriately. The efficiency for
removal of IC by the MgFe2O4@SiO2/PCysMA nano-
composites decreased significantly from ∼95% to ∼27%
upon tuning the pH from ∼2 to ∼4. When the solution pH
was increased from ∼6 to ∼10, no adsorption of IC was
observed. For MB adsorption, the efficiency for removal by the
MgFe2O4@SiO2/PCysMA nanoadsorbent increased from ∼4
to ∼95% upon increasing the solution pH from ∼2 to ∼10.
These observations indicated that the behavior of the
MgFe2O4@SiO2/PCysMA nanoadsorbent was pH dependent.
The interactions between adsorbates, IC and MB, and the
MgFe2O4@SiO2/PCysMA nanoadsorbent can be explained by
electrostatic interactions similar to those operating among the
adsorbates, IC and MB, and the MgFe2O4/PCysMA nano-
adsorbent. In addition, the MgFe2O4@SiO2/PCysMA nano-
adsorbent selectively adsorbed either IC or MB upon tuning
the solution pH, similar to the unmodified MgFe2O4@SiO2
nanoadsorbent. However, the PCysMA-modified MgFe2O4@
SiO2 NPs provided higher efficiency for the removal of IC than
the unmodified MgFe2O4@SiO2 NPs, suggesting more
selectivity adsorption of IC.
In these studies, the PCysMA-modified nanoadsorbents (i.e.,

MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA) exhibited
maximum efficiencies for the adsorption of IC and MB with
initial solution pH values of ∼2 and ∼10, respectively.
Interestingly, these composite nanoadsorbents showed pH-
dependent selective adsorption and are considered promising
materials for magnetic solid-phase extraction (MSPE)
techniques used to detect/identify and quantify organic dyes
in several samples (e.g., food and water).9,57 In addition,
selectivity for the extraction of the targeted molecules from
samples is one of the most attractive characteristics with which
to choose the adsorbent for the MSPE method.58 Therefore, to
determine the selectivities of MgFe2O4/PCysMA and
MgFe2O4@SiO2/PCysMA nanoadsorbents, adsorption of
other dyes from single-component and binary dye systems
was examined further as described in Section 3.2.2.
3.2.2. pH-Selective Adsorption of Dyes. To demonstrate

pH-selective adsorption of dyes by MgFe2O4 and MgFe2O4@
SiO2 NPs before and after surface modification with PCysMA,
adsorption of anionic (i.e., IC and MO) and cationic (i.e., MB
and RhB) dyes from single-component dye systems were
studied. The relative efficiencies for the removal of these dyes
from single solutions at pH ∼2 and ∼10 are shown in Figure 7.

The colors of the solutions for each dye before and after
adsorption are also provided in Figure S4.

A set of anionic dyes with high efficiencies (>90%) for
removal of IC by the unmodified MgFe2O4 nanoadsorbent at
pH ∼2 and ∼10 were obtained, indicating that this
nanoadsorbent exhibited selective adsorption of IC without
pH dependence. The efficiencies for removal of IC by
unmodified MgFe2O4@SiO2 NPs were ∼44 and 0% at pH
∼2 and ∼10, respectively. This suggested that the MgFe2O4@
SiO2 nanoadsorbent exhibited weakly pH-selective adsorption
of IC since only moderate removal efficiency was obtained
with IC at pH ∼2. After surface modification of the MgFe2O4
and MgFe2O4@SiO2 NPs by PCysMA, the efficiencies for
removal of IC by the PCysMA-modified nanoadsorbents
significantly increased, to above 90% at pH ∼2, compared to
those of the unmodified NPs. At pH ∼10, very low efficiencies
for removal of IC by MgFe2O4/PCysMA (∼10%) and
MgFe2O4@SiO2/PCysMA (0%) nanoadsorbents were ob-
tained. Interestingly, these results indicated that the
PCysMA-modified nanoadsorbents underwent pH-selective
adsorption of IC. In addition, the MgFe2O4@SiO2/PCysMA
nanoadsorbent showed stronger pH-selective adsorption of IC
than the MgFe2O4/PCysMA nanoadsorbent.
For MO adsorption, low efficiencies for removal of MO by

unmodified MgFe2O4 (∼24%) and MgFe2O4@SiO2 (∼2%)
nanoadsorbents were observed at pH ∼2. After grafting the
MgFe2O4 surfaces with PCysMA, the efficiency for removal of
MO was still low (∼24%). However, increases in MO removal
efficiencies from ∼2 to ∼18% were observed after surface
modification of the MgFe2O4@SiO2 NPs by the polymer. This
showed that surface grafting by PCysMA improved the use of
MgFe2O4@SiO2 NPs as a MO adsorbent. MO adsorption by
the PCysMA-modified MgFe2O4@SiO2 NPs was attributed to
the presence of PCysMA immobilized on the NP surfaces. In
addition, the amount of the polymer on the MgFe2O4@SiO2
surfaces was higher than that on the MgFe2O4 surfaces, as
revealed by the TGA analyses.

Figure 7. Relative efficiencies for the removal of IC, MO, MB, and
RhB from single solutions with initial pH ∼2 and pH ∼10 by pristine
and modified MgFe2O4 NPs and MgFe2O4@SiO2 NPs.
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Among a set of cationic dyes, low efficiencies (∼10%) for
removal of MB by the unmodified MgFe2O4 nanoadsorbent
were obtained at both pH ∼2 and ∼10, resulting in non-pH-
selective adsorption of MB. In contrast, the efficiencies for
removal of MB by the unmodified MgFe2O4@SiO2 nano-
adsorbent were ∼4 and ∼95% at pH ∼2 and ∼10, respectively,
indicating pH-selective adsorption of MB. After surface
modification by PCysMA, high efficiencies for the adsorption
of MB (>90%) were obtained at pH ∼10 when using the
MgFe2O4/PCysMA nanoadsorbent, indicating enhanced pH-
selective adsorption of MB. However, no significant difference
in the efficiencies for removal of MB by pristine and modified

MgFe2O4@SiO2 NPs was found at pH ∼10, which was
attributed to the low initial concentration of the MB solution.
To prove this, the initial concentration of the MB solution was
adjusted to ∼300 mg L−1 at pH ∼10. A high efficiency for
removal of MB (∼95%) by the MgFe2O4@SiO2/PCysMA
nanoadsorbent was observed, while only ∼10% MB removal
efficiency was seen for MgFe2O4@SiO2 NPs (see Figure S5). It
is seen that grafting MgFe2O4@SiO2 NPs with PCysMA
increased the removal efficiency for MB.
For RhB adsorption, low efficiencies (<5%) for removal of

RhB by the unmodified MgFe2O4 nanoadsorbent were
obtained at pH ∼2 and ∼10. Likewise, the unmodified

Figure 8. Colors of (a) IC/MO, (b) IC/RhB, (c) MB/MO, and (d) MB/RhB binary solutions before and after adsorption by the PCysMA-
modified nanoadsorbents. (e) Proposed mechanism for the adsorption of IC and MB by the PCysMA-modified nanoadsorbents at pH 2 and 10.
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MgFe2O4@SiO2 nanoadsorbent exhibited no adsorption of
RhB at these pH values. Interestingly, increases in the RhB
removal efficiencies were observed after surface modifications
of MgFe2O4 and MgFe2O4@SiO2 NPs by PCysMA. Addition-
ally, increases in the efficiencies for RhB removal by the
MgFe2O4@SiO2/PCysMA nanoadsorbent were higher than
those of the MgFe2O4/PCysMA nanoadsorbent, owing to the
higher amount of PCysMA contained on the MgFe2O4@SiO2
surfaces. However, low-to-moderate efficiencies for the
removal of RhB by the PCysMA-modified nanoadsorbents
were obtained at pH ∼2 and ∼10, suggesting weakly pH-
selective adsorption of RhB. In addition, neutral red (NR) was
used as a representative neutral dye to further confirm the
selectivity of the nanoadsorbents. As shown in Figure S6, low
removal efficiencies of NR by MgFe2O4 NPs, MgFe2O4@SiO2
NPs, and their nanocomposites were obtained at pH ∼2 and
pH ∼10. The result indicated that all nanoadsorbents are
ineffective for pH-selective adsorption of the neutral dye.
The mechanisms for the adsorption of anionic IC and MO

dyes by the PCysMA-modified nanoadsorbents can be
explained by the following interactions: (1) at pH ∼2,
electrostatic attractions between the negatively charged
sulfonate (−SO3

−) groups on the dye molecules and positively
charged protonated amine (−NH3

+) groups on the surfaces of
the nanoadsorbents and (2) at pH ∼10, electrostatic repulsions
between the negatively charged −SO3

− groups on the dye
molecules and negatively charged carboxyl (−COO−) groups
on the surfaces of the nanoadsorbents.59,60 Moreover, the
efficiencies for removal of IC by the PCysMA-modified
nanoadsorbents at pH ∼2 were much higher than those for
MO. Considering the chemical structures of the dyes (see
Table 1), the IC molecule contains two −SO3

− groups,
whereas MO has only one, which results in preferential
adsorption of IC. In addition, IC contains secondary amine
groups, which facilitate other interactions with the nano-
adsorbent surfaces (i.e., hydrogen-bonding interactions).61,62

In contrast, since the MO molecule contains a tertiary amine
group, it is present as the protonated form at pH ∼2 (pKa =
3.46), which hinders adsorption.63 For the adsorption of
cationic dyes (i.e., MB and RhB), the opposite mechanism can
be proposed. In addition, the PCysMA-modified nano-
adsorbents preferentially adsorbed MB rather than RhB at
pH ∼10. Since the RhB molecule contains a carboxylic group,
this group is deprotonated at pH > 3.7 (pKa = 3.7), leading to

electrostatic repulsions between the negative charge of the RhB
molecule and the surfaces of the nanoadsorbents.64

In conclusion, in the studies of pH-selective adsorption for
single dye systems at pH ∼2 and ∼10, the PCysMA-modified
nanoadsorbents preferentially adsorbed anionic IC rather than
anionic MO at pH ∼2, whereas these nanoadsorbents
preferentially removed cationic MB rather than cationic RhB
at pH ∼10. The results demonstrate that the PCysMA-
modified nanoadsorbents exhibited pH-selective adsorption of
anionic IC and cationic MB at pH ∼2 and ∼10, respectively.
To confirm pH-selective adsorption of IC (at pH ∼2) and

MB (at pH ∼10) by the MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA nanocomposites, two sets of IC-based (i.e., IC/
MB, IC/MO, and IC/RhB) and MB-based (i.e., MB/IC, MB/
MO, and MB/RhB) binary solutions with 10 mg L−1

concentrations for each dye were used as adsorbates with pH
values of ∼2 and ∼10, respectively. Unfortunately, a
preliminary study showed that the absorption bands of IC
and MB in the IC/MB mixture significantly changed in
comparison with the absorption bands of these dyes in single-
component dye systems (see Figure S7). This was probably
due to chemical interactions between IC and MB since a
precipitate was formed in the IC/MB mixture (data not
provided). Therefore, all mixtures of dyes were tested in this
study except for the IC/MB series. The colors of these binary
solutions before and after adsorption by the nanocomposites
are shown in Figure 8. The relative efficiencies for the removal
of each dye from the binary solutions are also provided in
Figure 9.
In the first set, the colors of the IC/MO and IC/RhB

solutions changed to amaranth red and fuchsia, which were
similar to the colors of the single MO and RhB dyes after the
adsorption process (see Figure 8a,b). Correspondingly, high
efficiencies for removal of IC (∼90%) by the MgFe2O4/
PCysMA and MgFe2O4@SiO2/PCysMA nanoadsorbents from
both IC/MO and IC/RhB solutions were obtained, whereas
these nanoadsorbents exhibited low efficiencies for removal of
MO (<25%) and RhB (<35%), as illustrated in Figure 9a.
These results indicated that the MgFe2O4/PCysMA and
MgFe2O4@SiO2/PCysMA nanoadsorbents preferentially ad-
sorbed IC rather than MO or RhB from binary solutions of
IC/MO and IC/RhB at pH ∼2, indicating highly pH-selective
adsorption of IC. This result was in good agreement with the
adsorption behaviors of dyes in the single-component dye
systems. The higher efficiencies for removal of IC over MO

Figure 9. Relative efficiencies for the removal of dyes from binary systems by PCysMA-modified nanoadsorbents: (a) IC/MO and IC/RhB at pH
∼2 and (b) MB/MO and MB/RhB at pH ∼10.
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and RhB at pH ∼2 could be attributed to strong electrostatic
attractions and hydrogen-bonding interactions, as mentioned
for the single-component dye systems.59,61,62 However, no
significant differences were observed in the efficiencies for
removal of IC from either IC/MO or IC/RhB solutions by the
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanoad-
sorbents, probably due to the low initial concentrations of
these binary solutions.
To clearly indicate the high selectivity of the PCysMA-

modified nanoadsorbents for IC adsorption from binary
solutions, high initial concentrations of the IC/MO and IC/
RhB solutions were used at pH ∼2. Since the maximum
capacities for the adsorption of both IC and MB by the
PCysMA-modified nanoadsorbents were obtained when using
500 mg L−1 initial concentrations for the dye solutions (data
not provided), the initial concentrations for each dye in the
binary solutions (i.e., IC/MO and IC/RhB) were set at 500 mg
L−1. With increases in the IC/MO concentrations to 500:500
mg L−1, the efficiencies for removal of IC by the MgFe2O4/
PcysMA and MgFe2O4@SiO2/PCysMA nanoadsorbents de-
creased to ∼46 and ∼68%, respectively (see Figure S8a).
Similarly, the MgFe2O4/PCysMA and MgFe2O4@SiO2/
PCysMA nanoadsorbents exhibited IC removal efficiencies of
∼51 and ∼72%, respectively, for IC/RhB solutions. Interest-
ingly, no adsorption of MO or RhB occurred from either IC/
MO or IC/RhB solutions. The results clearly demonstrated
that the PCysMA-modified nanoadsorbents exhibited highly
pH-selective adsorption of IC. In addition, the MgFe2O4@
SiO2/PCysMA nanoadsorbent showed an efficiency for the
adsorption of IC higher than that of the MgFe2O4/PCysMA
nanoadsorbent, suggesting higher selectivity for the adsorption
of IC.
In the second set, the colors of the MB/MO and MB/RhB

solutions turned yellow and fuchsia, similar to the colors of the
single MB and RhB dyes after adsorption (see Figure 8c,d). As
shown in Figure 9b, high efficiencies (>90%) were observed
for the removal of MB from both MB/MO and MB/RhB
solutions by the MgFe2O4/PCysMA and MgFe2O4@SiO2/
PCysMA nanoadsorbents, which was consistent with the
changes in the colors of these solutions. In addition, the
PCysMA-modified nanoadsorbents exhibited no adsorption of
MO from the MB/MO solution, indicating highly pH-selective
adsorption of MB from the MB/MO solution. However, low
efficiencies for the removal of RhB by the MgFe2O4/PCysMA
(∼7%) and MgFe2O4@SiO2/PCysMA (∼33%) nanoadsorb-

ents were still obtained for the MB/RhB solutions (see Figure
9b). This result indicated that the PCysMA-modified nano-
adsorbents preferentially adsorbed MB rather than RhB from
the MB/RhB solutions at pH ∼10, similar to the results
obtained for the single-component dye systems. Higher
efficiencies for removal of MB over MO and RhB at pH
∼10 could be caused by strong electrostatic attractions, as
previously described for the single-component dye system.60,65

To clearly demonstrate the selectivities of the nano-
adsorbents for the adsorption of MB from the binary solutions,
a further study of MB adsorption from MB-based binary
solutions was undertaken with 500 mg L−1 initial concen-
trations for each dye and the PCysMA-modified nano-
adsorbents at pH ∼10. As illustrated in Figure S8b, the
efficiencies for removal of MB from 500:500 mg L−1 MB/RhB
solutions by MgFe2O4/PCysMA and MgFe2O4@SiO2/PCys-
MA decreased to ∼29 and ∼76%, respectively. In addition,
there was no adsorption of RhB from the MB/RhB solutions.
These results clearly indicated that the PCysMA-modified
nanoadsorbents exhibited high selectivity for the adsorption of
MB from an MB/RhB solution at pH ∼10. Interestingly, at
500:500 mg L−1 concentrations for both MB/MO and MB/
RhB solutions, the MgFe2O4@SiO2/PCysMA nanoadsorbent
provided higher efficiencies for the removal of MB than the
MgFe2O4/PCysMA nanoadsorbent, indicating more selective
adsorption of MB. This finding was consistent with the
adsorption of IC from the IC-based binary solutions. The
highly pH-selective adsorptions of IC and MB by the
MgFe2O4@SiO2/PCysMA nanoadsorbent could be due to
the higher amount of PCysMA present on the surfaces of
MgFe2O4@SiO2 NPs compared to the MgFe2O4 NPs.
The key findings obtained in this section are as follows. The

PCysMA-grafted nanoadsorbents exhibited highly pH-selective
adsorption of IC (at pH ∼2) and MB (at pH ∼10) from both
single and binary dye solutions. The highly pH-selective
adsorption of IC and MB could be rationalized by the presence
of −NH3

+ and −COO− groups on the surfaces of the
nanoadsorbents, which led to the strong electrostatic attraction
for the IC and MB molecules, as provided in Figure 8e. In
addition, the grafting of PCysMA on the MgFe2O4@SiO2 NPs
resulted in higher pH-selective adsorption of these dyes
compared to MgFe2O4 NPs. The highly selective pH-
dependent adsorptions of IC and MB can be rationalized by
the presence of PCysMA and the large amounts of grafted
PCysMA in the nanocomposites.

Table 3. Langmuir and Freundlich Parameters for IC and MB Adsorption Onto Different Adsorbents

IC

Langmuir isotherm Freundlich isotherm

adsorbent qm(mg/g) KL(L/mg) R2 KF(mg (L mg−1)1/n g−1) n R2

MgFe2O4 72.6 0.12 0.999 10.7 2.9 0.909
MgFe2O4/PCysMA 94.6 0.14 0.999 10.2 2.5 0.912
MgFe2O4@SiO2 4.9 0.08 0.990 1.8 5.8 0.760
MgFe2O4@SiO2/PCysMA 139.5 0.06 0.999 9.3 1.9 0.907

MB

Langmuir isotherm Freundlich isotherm

adsorbent qm(mg/g) KL(L/mg) R2 KF(mg (L mg−1)1/n g−1) n R2

MgFe2O4 1.71 0.04 0.812 0.2 3.0 0.587
MgFe2O4/PCysMA 50.0 0.26 0.997 7.0 3.1 0.971
MgFe2O4@SiO2 10.5 2.04 0.999 4.7 5.3 0.931
MgFe2O4@SiO2/PCysMA 138.3 0.07 0.999 16.5 2.6 0.876
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3.2.3. Adsorption Isotherms. Adsorption isotherm models
were used to explain the relationship between adsorption
capacity and adsorbate concentration at equilibrium. The
adsorption isotherm models were used to predict adsorption
behavior. In this work, the Langmuir and Freundlich isotherms
were used to study the adsorption of IC and MB by the
nanoadsorbents. The Langmuir isotherm describes the
monolayer adsorption of the adsorbate on a homogeneous
adsorbent surface.66 However, the Freundlich isotherm
describes heterogeneous multilayer adsorption occurring on a
solid surface.54 The linear forms of the Langmuir and
Freundlich models are given by eqs 3 and 4, respectively.

(3)

(4)

where qe is the amount of dye adsorbed on the adsorbent (mg
g−1), Ce is the equilibrium dye concentration (mg L−1), qm is
the maximum adsorption capacity (mg g−1), KL is the
Langmuir constant (L mg−1), and KF and n are empirical
Freundlich constants related to the maximum adsorption
capacity.
In the study of pH-selective adsorption, isotherms for the

adsorption of IC and MB by MgFe2O4 and MgFe2O4@SiO2
NPs (i.e., pristine and modified NPs) were obtained at pH ∼2
and ∼10, respectively. The linear fits of the Langmuir and
Freundlich isotherm models to the adsorption data are given in
Figure S9. The calculated parameters obtained from these
fitting curves are listed in Table 3. According to the R2 values
obtained for fits with the Langmuir and Freundlich isotherm
models, data for the adsorption of IC and MB by all
nanoadsorbents were fitted better with the Langmuir isotherm
model. This indicated that the adsorption of IC and MB onto
the surfaces of the nanoadsorbents resulted in monolayers.
Compared to the unmodified nanoadsorbents (i.e., MgFe2O4
and MgFe2O4@SiO2 NPs), the differences in the qm values of
the MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nano-
adsorbents for IC were ∼22 and ∼135 mg g−1, respectively
(see Table 3). Likewise, the rise in qm values for these modified
nanoadsorbents and MB were ∼48 and ∼128 mg g−1,
respectively. These findings indicated that the maximum
capacities of the PCysMA-modified nanoadsorbents for the

adsorption of IC and MB were significantly enhanced
compared to those of the unmodified nanoadsorbents. Even
though the SBET and average pore radius of the nanoadsorbents
decreased after polymerization with PCysMA (Table 2), the qm
values of PCysMA-modified nanoadsorbents (i.e., MgFe2O4/
PCysMA and MgFe2O4@SiO2/PCysMA) for IC and MB
increased. The enhancement of IC and MB adsorption could
be due to the presence and incremental increase of appropriate
active sites originating from PCysMA (i.e., −NH2 and
−COOH groups).67 In addition, the increases in the qm values
of the MgFe2O4@SiO2/PCysMA nanoadsorbent for both IC
and MB were higher than those of the MgFe2O4/PCysMA
nanoadsorbent. This was attributed to the higher amounts of
PCysMA immobilized on the surfaces of the MgFe2O4@SiO2
NPs than on those of the MgFe2O4 NPs, which is consistent
with the TGA results (see Section 3.1). The higher amounts of
PCysMA on the MgFe2O4@SiO2 NPs could be due to the
higher amounts of MPS immobilized on their surfaces
compared to those of the MgFe2O4 NPs (see Figure S10).
In comparison with the capacities for the adsorption of IC and
MB by various magnetic-based adsorbents reported in the
literature (see Table S1), the as-synthesized MgFe2O4/
PCysMA and MgFe2O4@SiO2/PCysMA nanoadsorbents
exhibited higher adsorption capacities for both IC and MB
than the prior adsorbents. In addition, the PCysMA-modified
nanoadsorbents can remove either IC or MB from aqueous
solutions by tailoring the solution pH, suggesting that these
nanoadsorbents are attractive materials for the removal of IC
and MB.
3.3. Reusability and Stability of the MgFe2O4/

PCysMA and MgFe2O4@SiO2/PCysMA Nanocomposites.
To determine the reusability of MgFe2O4/PCysMA and
MgFe2O4@SiO2/PCysMA nanoadsorbents for the adsorption
of IC and MB, five cycles of adsorption−desorption processes
were performed with these dyes, as shown in Figure 10. High
efficiencies for the removal of IC (∼90%) by the PCysMA-
modified nanoadsorbents were obtained in the first three cycles
(see Figure 10a). After the fifth cycle, the efficiencies for the
removal of IC had decreased to ∼74 and ∼80% for the
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanoad-
sorbents, respectively. For MB adsorption, high efficiencies for
removal (∼90%) by both MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA nanoadsorbents were obtained in the first three
cycles, as with IC adsorption (see Figure 10b). After the fifth

Figure 10. Reusability of MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanocomposites for the removal of (a) IC at pH ∼2 and (b) MB at
pH ∼10.
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cycle, the efficiencies for the removal of MB had decreased to
∼76 and ∼85% for the MgFe2O4/PCysMA and MgFe2O4@
SiO2/PCysMA nanoadsorbents, respectively. The reduction of
removal efficiency as a function of the regeneration cycle could
be due to (1) a decrease in the number of active sites
attributed to incomplete desorption of loaded dyes (Figure
S11) and (2) a decrease in the weight of the adsorbent during
the adsorption−desorption cycles (Figure S12). Although the
PCysMA-modified nanoadsorbents were used for 5 adsorp-
tion−desorption cycles, high efficiencies for the adsorption of
IC and MB were still obtained. This finding suggested that the
PCysMA-modified nanoadsorbents provided excellent reus-
ability for IC and MB adsorption.
To further investigate the stability of the MgFe2O4 phase in

the PCysMA-modified nanoadsorbents during adsorption−
desorption processes, XRD patterns were collected for the
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanoad-
sorbents before and after adsorption of IC and MB, as shown
in Figure S13. The results showed no changes in the diffraction
peaks for any of the patterns. This indicated that the MgFe2O4
phases of the composite nanoadsorbents remained stable
during adsorption−desorption of both IC and MB, suggesting
the high stabilities of the nanoadsorbents.

4. CONCLUSIONS
In this study, poly(cysteine methacrylate) composited with two
types of magnetic nanoparticles (i.e., MgFe2O4/PCysMA and
MgFe2O4@SiO2/PCysMA) was synthesized to study pH-
selective adsorption of anionic indigo carmine and cationic
methylene blue dyes. Before the preparation of the nano-
composites, control studies on pH-dependent adsorption of IC
and MB were also performed. Successful syntheses of the
MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA nanocom-
posites were confirmed with several characterization techni-
ques, including XRD, FTIR, TGA, ζ potential analyses, VSM,
FE-SEM, TEM, N2 adsorption−desorption, and XPS. The
adsorption studies of dyes showed enhanced pH-dependent
adsorption of IC and MB by MgFe2O4 and MgFe2O4@SiO2
NPs after grafting with the polymer. Specifically, pH-
dependent adsorption of the dyes indicated that the as-
synthesized nanocomposites could efficiently adsorb either IC
or MB (>90%) by tailoring the initial pH of the solution
appropriately (i.e., pH ∼2 for IC and pH ∼10 for MB). In
addition, the nanocomposites exhibited highly pH-selective
adsorption of IC and MB from both single and binary dye
systems. Interestingly, the MgFe2O4@SiO2/PCysMA nano-
adsorbent showed higher pH-selective adsorption of IC and
MB from binary dye systems compared to the MgFe2O4/
PCysMA nanoadsorbent. With regard to the adsorption
isotherms, the maximum capacities for IC and MB adsorption
by the MgFe2O4/PCysMA and MgFe2O4@SiO2/PCysMA
nanoadsorbents were 94.6 and 50.0 mg g−1 and 139.5 and
138.3 mg g−1, respectively. Apart from the pH-selective
nanoadsorbents, the nanocomposites showed enhanced
capacities for the adsorption of both IC and MB compared
to those of the pristine nanoparticles (i.e., MgFe2O4 and
MgFe2O4@SiO2 NPs). The highly pH-selective and enhanced
capacities of the nanocomposites for the adsorption of the dyes
were attributed to the following: (1) the presence of specific
functional groups (i.e., −NH2 and −COOH), originating from
the PCysMA, and (2) the higher amount of grafted polymer
for the MgFe2O4@SiO2/PCysMA nanocomposite due to the
presence of silica. In terms of regeneration, the nano-

composites also exhibited high reusability and stability. On
the whole, the MgFe2O4/PCysMA and MgFe2O4@SiO2/
PCysMA nanocomposites exhibited several attractive charac-
teristics (i.e., pH-tunable adsorption for dyes, easy magnetic
separation, and good reusability). Specifically, the MgFe2O4@
SiO2/PCysMA nanocomposite is the superior candidate due to
its highly pH-selective adsorption and high adsorption
capacity, which demonstrate that it is a promising and
alternative nanoadsorbent for application in wastewater
treatment and sensors.
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Nanoarchitectures: Multimodal Functionalities and Applications. J.
Magn. Magn. Mater. 2021, 538, 168300.
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