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Speciation of Hexavalent Chromium in Aqueous Solutions
Using a Magnetic Silica-Coated Amino-Modified Glycidyl
Methacrylate Polymer Nanocomposite
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Abstract: A new magnetic amino-functionalized polymeric sorbent based on glycidyl methacrylate
was synthesized and used in the separation of chromium Cr(VI) oxyanions sorption from aqueous
solutions in a static batch system. The kinetic and isothermal parameters of the sorption process were
determined. The experimental data were best fitted by a pseudo-second-order model with R? = 0.994
and x2 = 0.004. The sorption process of Cr(VI) removal by amino-functionalized sorbent was con-
trolled by both intraparticle diffusion and liquid film diffusion. The equilibrium results showed that
the sorption process is best described by the Freundlich model, followed closely by the Sips isotherm
model, with a maximum sorption capacity of 64 mg/g. Quantum chemical modeling revealed that
the sorption sites on the sorbent surface are fragments with diethylenetriamine and aminopropyl
silane groups that coated the magnetic nanoparticles. The calculations showed that Cr(VI) oxyanions
(Crp,0O7%~, CrO,42~ and HCrO, ) bind to both sorption sites, with diethylenetriamine centers slightly
favored. The X-ray photoelectron spectroscopy (XPS) spectra demonstrate that the chromium bound
to the sorbent in the form of Cr(Ill), indicating that the Cr(VI) can be converted on the surface of the
sorbent to a less harmful form Cr(III) due to the sorbent’s chemical composition.

Keywords: adsorption; amino-functionalized; glycidyl methacrylate; nanocomposite; quantum
chemical modeling; silanization

1. Introduction

The predominant valence states of chromium in the environment are trivalent Cr(III)
and hexavalent Cr(VI). Hexavalent chromium form has a variety of adverse effects on
human health, including skin rash, weakened immune system, decreased pulmonary func-
tion, gastrointestinal and neurological issues, cytotoxicity, genotoxicity, etc., as opposed to
trivalent chromium, which is biologically vital for the human body (25-35 pg/day) and
influences sugar and lipid metabolism [1,2]. The main sources of Cr(VI) are leather and
textile manufacturing, as well as the paint and pigment industry. According to the U.S.
Environmental Protection Agency (EPA), the maximum permitted total chromium concen-
tration in drinking water is 0.1 mg/dm?, while the World Health Organization (WHO) and
Europe [Council Directive 98/83/EC on the quality of water intended for human consump-
tion] limited allowable concentration at 0.05 mg/ dm? [3]. In recent decades, chromium
contamination of water was a global issue, particularly in regions with intense mining,
industrialization, and ineffective waste management, such as South Africa, Pakistan, China,
and India. Recent research revealed an increase in Cr(VI) ions in India’s water systems
where the mining industry developed [4,5], as well as an alarming 1.38-fold increase in
China’s average chromium concentration compared to the background [6]. The fact that the
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yearly global production of chromium is over 10 million tons is concerning [7], considering
its high solubility, mobility, and potential for bioaccumulation in human and animal tissues
as well as plant life in terrestrial and aquatic ecosystems. Thus, Cr(VI), a prevalent heavy
metal pollutant with significant adverse effects on human health, has been the subject of
extensive research, as has its removal techniques from contaminated water [8,9]. A detailed
preview of the current state of the art can be found in the literature [10,11]. Ion exchange
methods, precipitation, solvent extraction, membrane separation, chemical and biological
reduction, adsorption, and biosorption are some strategies that can eliminate the toxicity
of this pollutant in the environment [12]. The main advantages of adsorption are high
efficiency, speed, simplicity, and safety, as well as economic cost-effectiveness [13]. On
the other hand, modern materials science faces a challenge in developing novel materials
whose use could potentially improve existing treatment methods [14,15].

The nanosized magnetic heavy metal sorbents based on inorganic compounds or
polymers attracted increasing attention in recent years [16-18]. Disadvantages of mag-
netic nanoparticles such as self-aggregation and oxidation in the air can be overcome by
incorporation of non-leachable magnetite nanoparticles in the copolymer matrix in situ
and surface coating with silanization agents such as alkoxysilanes and reagents with non-
hydrolyzable amino groups [19-21]. Among the various organotrialkoxysilane molecules
for the modification of silica surfaces, (3-aminopropyl)trimethoxysilane (APTMS) and
(3-aminopropyl)triethoxysilane (APTES) were widely explored by many researchers [20-23].
The primary advantage of magnetic nanocomposites is that they can be easily removed
using a simple magnet after sorption [16]. The excellent magnetic properties, as well as
simple synthesis and functionalization, adaptable and controllable particle size, porosity
and surface chemistry, chemical and thermal stability, biocompatibility, and permanent
well-developed porous structure even in the dry state are particularly alluring [24,25]. Mul-
tifunctional, highly cross-linked macroporous glycidyl methacrylate-based non-magnetic
and magnetic copolymers were successfully applied for decades in the sorption of heavy
and precious metals, organic compounds, radionuclides, etc. [26-28].

In this study, a macroporous magnetic poly (glycidyl methacrylate-co-ethylene glycol
dimethacrylate) (PGME) was prepared by in situ suspension copolymerization in the presence
of Fe3O4 nanoparticles coated with APTMS as a silanization agent (Fe;O4@APTMS/PGME)
and functionalized with diethylenetriamine, referred to as Fe304@APTMS/PGME-deta.
Amino-functionalized nanocomposite was fully characterized in terms of their morpho-
logical, structural, and magnetic properties using scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX), transmission electron microscopy (TEM),
Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
X-ray diffractometry (XRD), and SQUID magnetometry.

The main goal of this work is to explore the sorption properties of Fe304@APTMS/PGME-
deta sorbent for removing Cr(VI) from aqueous solutions at unadjusted pH. Based on
equilibrium, kinetic, and thermodynamic data, the mechanism of the Cr(VI) oxyanion sorp-
tion process on the sorbent Fe;0,@APTMS/PGME-deta was determined by monitoring
the change in sorption capacity under the influence of various system parameters. The
kinetic data were analyzed with pseudo-first-order (PFO), pseudo-second-order (PSO),
Elovich, Avrami, and fractional power equations, while equilibrium data were analyzed
using the Langmuir, Freundlich, Temkin, Toth, and Sips isotherm. The data were fitted by
using a nonlinear regression method. Previously, we used FTIR and XPS to explain the
oxyanions sorption mechanism onto amino-functionalized polymeric sorbents [25,29,30].
It was shown that oxyanions sorption was the consequence of electrostatic interactions
and partial coordination. For a deeper understanding of the sorption mechanism and
the Cr(VI) interactions with Fe30,@APTMS/PGME-deta, in this study, intraparticle dif-
fusion (IPD), Bangham, and liquid film diffusivity (LFD) models, as well as SEM-EDX,
FTIR and XPS analysis before and after Cr(VI) sorption, were performed. Using statistical
and quantum-chemical methods based on our previous studies, the binding energy of
chromium oxyanions to active sites on the surface of the sorbent was calculated.
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2. Materials and Methods
2.1. Materials

All chemicals used for magnetic sorbent synthesis were analytical grade products
and were used as received. Glycidyl methacrylate (GMA), ethylene glycol dimethacrylate
(EGDMA), diethylenetriamine (deta), 2,2"-Azobis(2-methylpropionitrile) (AIBN), cyclohex-
anol, and 1-tetradecanol were obtained from Merck (Darmstadt, Germany). Magnetite
(nanopowder with particle size 50 nm, >98% trace metals basis) and APTMS were obtained
from Sigma-Aldrich (Taufkirchen, Germany). Poly(N-vinyl pyrrolidone) (PVP, Kollidone
90) was purchased from BASF (Ludwigshafen, Germany). Toluene, methanol, and ethanol
were obtained from Zorka Pharma (Sabac, Serbia). Potassium dichromate (K,Cr,Oy, pa.
purity) was obtained from Merck (Darmstadt, Germany). Deionized water was used for
the preparation of the solution.

2.2. Preparation of Magnetic Sorbent
2.2.1. Silanization of Fe3O,4 Nanoparticles by APTMS

Magnetite nanoparticles (5 g) were dispersed in a toluene/methanol solution (100 cm?
50/50 by weight) and sonicated for 30 min. After that, 50 cm? of solvent was evaporated,
and 50 cm® of methanol was added. This operation was repeated twice to remove excess
water. Then, APTMS (5 cm?®) was added to the suspension and stirred for 3 h at 323 K, then
cooled down to room temperature, followed by decantation and thorough rinsing with
ethanol. Finally, the obtained coated magnetic nanoparticles were dried in a vacuum at
333 K for 3 h and named Fe;O,@APTMS.

2.2.2. Synthesis of Amino-Functionalized Magnetic Nanocomposite

Magnetic nanocomposite (Fe;O4@APTMS/PGME) was synthesized by suspension
copolymerization of 29.2 g of GMA and 19.5 g of EGDMA and AIBN as an initiator (0.5 g)
in the presence of an inert component (51.0 g of cyclohexanol and 12.8 g of tetradecanol)
and 4.55 g of Fe;O4@APTMS. The monomer phase was sonicated at 300/600 W in an
ultrasonic water bath Sonic 12 GT (Sonic, Ni$, Serbia) and transferred in the aqueous phase
that consists of 225.0 g of deionized water and 2.25 g of PVP. Copolymerization was carried
out under an N, atmosphere at 348 K for 2 h, then at 353 K for another 2 h with a stirring
rate of 250 rpm. Synthesized copolymer particles were repeatedly rinsed with distilled
water and ethanol, kept in ethanol for 12 h, and dried overnight in a vacuum oven at 323 K.
The obtained Fe;0O,@APTMS/PGME was classified with 0.15, 0.30, and 0.63 mm sieves.

A sample of magnetic nanocomposite (particles with diameters in the range of
0.15-0.30 mm) was additionally functionalized with diethylenetriamine, as described
previously [31]. The resulting amino-functionalized magnetic nanocomposite was labeled
as Fe;0,@APTMS /PGME-deta.

2.3. Characterization of Magnetic Sorbent

SEM-EDX analysis of Fe;0,@APTMS/PGME-deta was performed by scanning elec-
tron microscope using a JEOL JSM-6610LV instrument (JEOL Ltd., Tokyo, Japan). In order to
make them conductive, samples were coated with a thin gold layer (the gold thickness was
15 nm) in a high-vacuum evaporator prior to scanning. TEM analysis was performed on the
JEM-1400 Plus Electron microscope (JEOL USA, Inc., Peabody, MA, USA), with a voltage
of 120 kV and LaB6 filament. FTIR spectra were recorded in ATR mode using a Nicolet
380 spectrometer (Thermo Scientific, Waltham, MA, USA) over the range of 400-4000 cm 1
with a resolution of 2 cm~1. XPS analysis was carried out using a SPECS, PHOIBOS100
spectrometer (SPECS Surface Nano Analysis GmbH, Berlin, Germany) and dual anode
Al/Ag monochromatic source. The survey XPS spectra were taken using a monochro-
matic Al Ka line with an energy step of 0.5 eV in FAT 40 mode, while high-resolution
spectra were taken with an energy step of 0.1 eV in FAT 20 mode. XRD patterns were
recorded with an Ital Structure APD2000 X-ray diffractometer (G.N.R. S.r.l,, Turin, Italy)
in a Bragg—Brentano geometry using Cu Ko radiation (A = 1.5418 A) and step-scan mode
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(range: 10-70° 20, step-time: 1.0 s, step-width: 0.02°). The program Powder Cell (Federal
Institute for Materials Research and Testing, Berlin, Germany) was used for approximate
phase analysis. Field dependence of isothermal magnetization M(H) at T = 300 K was
measured on a SQUID-based commercial magnetometer Quantum Design MPMS-XL-5
(Quantum Design, Inc., San Diego, CA, USA) in the applied DC fields up to 5 T.

The point of zero charge of Fe30,@APTMS/PGME-deta was determined by the
technique of evaluating the change of initial and equilibrium pH values [32]. For this
purpose, the initial pH of 0.01 mol/dm? NaCl solutions (20 cm? in a series of erlenmeyer
flasks) was adjusted between 2 and 11 using 0.1 mol/dm?3 NaOH or 0.1 mol/dm3 HCI.
Equilibrium pH was determined after adding 50 mg of sorbent and mixing for 24 h at room
temperature [25]. The initial pH values were plotted against ApH to obtain the point where
the initial pH equals the final pH (pHpzc).

2.4. Sorption Experiments

Amino-functionalized magnetic nanocomposite was evaluated as a Cr(VI) sorbent un-
der static batch conditions at unadjusted pH (pH = 5.9) at room temperature
(T =298 K). Based on our previous studies, in order to determine the sorption rate, 0.2 g
of Fe304@APTMS/PGME-deta was brought into contact with 20 cm? (25 mg/dm?) of the
Cr(VI) solution. For 60 min, Cr(VI) solutions (20 cm3) with concentrations ranging from
1to 180 mg/ dm? were in contact with 0.2 g of Fe304@APTMS/PGME-deta to determine
the sorption isotherm. For the sorption thermodynamics studies, additional experiments
were performed at 298, 310, 329, and 343 K with an initial Cr(VI) ions concentration of
25 mg/dm?3. At predetermined intervals, sample aliquots were extracted and analyzed
using inductively coupled plasma optical emission spectrometry, ICP-OES (model iCAP
6500, Thermo Scientific, Waltham, MI, USA).

The amount of Cr(VI) sorbed per unit mass of magnetic sorbent, i.e., the sorption
capacity, Q (mg/g), was determined using Equation (1):

(Ci—C)*V
m

Q= )
where C; (mg/dm?) and C (mg/dm?) are the initial and final concentrations in the solution
following sorption, respectively, V (dm?) is the volume of the solution, and m (g) is the
mass of the magnetic sorbent.

2.5. Quantum Chemical Modeling

The optimization of possible dimers containing oxyanion and its sorption site (deriva-
tives of deta, APTMS, and ethyl hydroxide) was performed in the Gaussian09 program
(Gaussian, Inc., Wallingford, CT, USA) using B3LYP functional, 6-311 g ** basis set for
non-metals and lanl2dz basis set for chromium. Optimized structures were used for the
prediction of binding energies between the mentioned species on the same level of theory
as well as optimization. The solvation energies were included and calculated by the implicit
solvation model (SMD) (dielectric constant (¢) for water was 78.39). The binding energy
values were calculated based on Equation (2):

AEy =Eo_4—Eo—Ex )

where: AEy is the energy of interaction within the dimer (or binding energy), Eo_ 4 is the
energy of the optimized structure of dimer, Ep is the energy of the optimized structure
of oxyanion, and E4 energy of the optimized structure of sorption site, which represents
a model molecule for sorption center on sorbent surface. The basis set superposition error
(BSSE) was included by using the standard (Boys—Bernardi) counterpoise procedure [33].
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3. Results and Discussion
3.1. Characterization of Fe304,@APTMS/PGME-Deta

The magnetic polymer sample functionalized with diethylenetriamine (Fe30,@APTMS/
PGME-deta) was porous with a pore diameter corresponding to half of the pore volume
of 286 nm and a specific pore area value of 37 m?/g, as determined by mercury porosime-
try [21]. The sample Fe304@APTMS/PGME-deta was also fully characterized using SEM,
TEM, ATR-FTIR, XRD, and SQUID magnetometry.

Figure 1a shows the SEM images of smooth spherical shape particles and cross-sections
with the typical macroporous morphology formed by suspension copolymerization, con-
sisting of the pores within microspheres, interstitial cavities between the microspheres,
and pores between the agglomerates of the microspheres [34]. In addition, TEM image
(Figure 1b) confirms the encapsulation of Fe30O4 nanoparticles (dark areas), which are
dispersed in the gray copolymer matrix.

(b)

Figure 1. (a) SEM image of cross-section (WD 11 mm, scale bar 1 pm, magnification 20,000x) and
(b) TEM image (horizontal field width 436.9 nm, scale bar 100 nm, magnification 120,000x) of
Fe30,@APTMS/PGME-deta. Inset: SEM image of Fe30,@APTMS/PGME-deta bead (WD 11 mm,
scale bar 50 pm, magnification 300x).

Grafting of the magnetite surface through silanization was confirmed by the ATR-FTIR
spectrum (Figure 2). Namely, the band at 1060 cm ™! for Si-O-Si stretching, as well as stretch-
ing Si-O vibration at 965 cm ! confirm the presence of silanized magnetite [20]. The strong
peak originating from Fe-O vibrations at ~570 cm ™! confirms the successful incorporation
of magnetite nanoparticles [35]. The characteristic bands for crosslinked methacrylate
copolymer at ~2939 cm !, ~1456 cm ™!, and ~1389 cm ! (methyl and methylene stretching
and bending vibrations of C-H bond), 1723 cm~! (C=O stretching vibrations), 1261 cm~!,
and 1153 cm ! (stretching C-O-C vibrations) also appeared in Fe;0;@APTMS/PGME-deta
spectra [36,37]. The absorption bands for the epoxy ring vibrations at ~850 cm~! and
~1260 cm~! indicate incomplete functionalization of epoxy groups. Furthermore, the bands
at 1562 cm ! and 1656 cm ! (stretching N-H vibrations of primary and secondary amine
groups), 750 cm~! (wagging N-H vibrations) as well the broad band at ~3700-3050 cm ™!
(stretching N-H and O-H vibrations) confirmed the amino-functionalization [25,38].

The existence of magnetite phase Fe304 was confirmed in Fe;O4,@APTMS/PGME-deta
(Figure 3) by comparing the XRD data to the ICSD 65339 card. The unit cell parameter
of Fe;0, was a = 8.3661 A. As one can see, the main characteristic diffraction peaks
(26 =30.10, 35.42, 43.05, 56.94, and 62.15) corresponded to (220), (311), (400), (511), and (440)
reflections of standard Fe;Oj crystal with spinal structure [39]. Additionally, the broad
peak at 26 = 10-30° indicated the existence of an amorphous polymer coating layer on
the surface of iron oxide nanoparticles. A similar observation was reported for magnetic
polymer-bentonite composite [19].
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Figure 2. ATR-FTIR spectra of Fe30,@APTMS/PGME-deta nanocomposite.
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Figure 3. XRD pattern of Fe30,@APTMS/PGME-deta.

Figure 4 presents the magnetization curve of Fe3O4@APTMS/PGME-deta at 300 K.
The values of remnant magnetization (M, = 0.6 Am?2/ kg) and coercivity (H. = 0.009 T) at
300 K (Figure 4 inset) suggested a superparamagnetic behavior of Fe;O,@APTMS/PGME-
deta. The hysteresis loop M(H) curve showed a very fast increase in magnetization with the
saturation magnetization value (M;) of 6.8 Am?/ kg, indicating that the Fe30,@APTMS/
PGME-deta can be facilely separated from aqueous solutions by applying an external
magnetic field and reuse.
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Figure 4. Magnetization curve at 300 K and £5 T of Fe;O4@APTMS/PGME-deta. Inset: Magnified
view of magnetization curve near the origin.

Based on the pHpzc value of 7.9 (Figure 5), the positively charged Fe;Os@APTMS/PGME-
deta surface at pH < pHpyc electrostatically attracted negatively charged Cr(VI) ions and,
thus, enabled their efficient removal. On the other hand, due to electrostatic repulsion at
pH > pHpyzc, the negatively charged Fe;0,@APTMS/PGME-deta surface did not promote
the Cr(VI) ions sorption.

pH =79

PZC

pH

Figure 5. Point of zero charge (pHpzc) for Fe30,@APTMS/PGME-deta. Standard errors are shown
as vertical error bars.

3.2. Chromium Sorption onto Fe304@APTMS/PGME-Deta

Previously, Cr(VI) sorption was studied on non-magnetic amino-functionalized macro-
porous GMA-based copolymer from concentrated metal solutions (0.05 mol/dm?) and
at low pH values (pH = 1.8) [40]. In this study, sorption capacity was tested on mag-
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netic Fe304,@APTMS/PGME-deta in diluted solutions with a concentration of 25 mg/ dm3
(0.48 mmol/ dm3). All experiments were performed at pH =5.9 and 298 K i.e., close to ambient
conditions, in order to come as close as feasible to actual environmental concentrations.

The kinetic data were analyzed with theoretical models of PFO, PSO, Elovich, Avrami,
and fractional power. The nonlinear regression method was used to fit the data to determine
the best-fit kinetic model. For that purpose, two error functions, coefficient of determination
(R?) and chi-square statistic test (x?), were used for analysis. The used nonlinear fitting
equations of the kinetic data are presented in Table S1.

As seen in Figure 6, the sorption at the initial stage was rapid (up to 10 min), and the
process then gradually slowed down to 50 min when the uptake equilibrium and saturation
was attained. The sorption half-time, ¢;,, (the time required to reach 50% of the total
sorption capacity), was approximately 2 min, and the sorbent saturation was achieved after
40 min. These results indicate that most Cr(VI) ions were sorbed at the binding sites of
Fe30,@APTMS/PGME-deta on and/or near the surface. The calculated kinetic parameters
and the error calculation are summarized in Table 1.

15
. M
094
b0
Ko
g
5} ® Experimental data
0.6 Pseudo-first-order
Pseudo-second-order
Elovich
0.3 4 Avrami
Fractional power
008 - i ; . . : ; . .

=

40 80 120 160 200

t (min)

Figure 6. Nonlinear fitting curves for the kinetics sorption of chromium on Fe;O4,@APTMS/PGME-
deta sorbent. Error bars represent the standard error of three replicates.

Table 1. Kinetic parameters of the chromium sorption onto Fe30,@APTMS/PGME-deta.

Kinetic Model Parameter Value
Q. (mg/g) 1.04

oo ¥ %Zm " 0952387

X 0.091

Q¢ (mg/g) 112

PSO ky (g/ ?Zg min) 09 ;914

S 0.004
ag (mg/g min) 431

Elovich BE (% mg) O§§9177

x> 0.081
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Table 1. Cont.

Kinetic Model Parameter Value
nay 0.12
kay (1/min) 2.33
Avrami Q.U (mg/g) 1.07
R? 0.947
X 0.079
v (1/min) 0.16
. krp (mg/g min) 0.56
Fractional power R2 0.863
x> 0.140

Based on error function values (lowest x? and highest R?) calculated for different
kinetic models, the fitting degree is as follows: PSO > PFO > Avrami > Elovich > frac-
tional power kinetic models. Additionally, the experimental value of sorption capacity
at equilibrium, Q,*%, (1.2 mg/g) is closer to the calculated value of equilibrium sorption
capacity, Q., for the PSO model (1.12 mg/g) than the value of the PFO (1.04 mg/g) and
Avrami equation (1.07 mg/g). The experimental data are most consistent with the PSO
kinetic model, indicating that the rate of sorption is dependent on the affinity of the sorbate
to the sorbent, i.e., the oxyanion and properties of the magnetic nanocomposite. It also
refers to chemisorption, which involves interactions that alter the electronic structure of the
sorbent’s active site and the oxyanion [41].

For the study of the rate-controlling step of the chromium sorption process, four (IPD,
Bangham, Boyd, and LFD) models were utilized. The used equations of the four diffusion
models are presented in Table S1, while values of obtained relevant parameters are given
in Table 2.

Table 2. Parameters of diffusion models for chromium sorption onto Fe30,@APTMS/PGME-deta.

Diffusion Model Parameter Value
kig1 (mg/g min®?) 0.33
Ciaga 0.08
Ry? 0.990
kiz 2 (mg/g min®?) 0.06
IPD Cidz 0.68
Ry? 0.997
kig 3 (mg/g min®?) 0.01
Cias 0.95
R3? 0.987
kg-10% (1/g) 0.54
Bangham « 0.21
R? 0.877
krrp (1/min) 0.02
LFD Cirp —1.10
R? 0.943
Boyd R? 0.877

The IPD plot (Figure Sla) indicates three diffusion stages: boundary layer diffusion,
intraparticle diffusion, and equilibrium stage, where IPD slows down [42]. However,
all three straight lines of the fitting curve do not pass through the origin, indicating
that intraparticle diffusion is not the only rate-controlling step of chromium sorption.
The plots of Bangham and Boyd models (Figures S1b and Slc, respectively) confirmed
this result [29,43]. LFD model assumes that the slowest stage of the sorption process is
diffusion through the boundary layer of the sorptive solution [44]. Although the LFD plot
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(Figure S1d) deviated from the origin, the high R? value (R? = 0.943) suggested the definite
influence of film diffusion on chromium sorption by Fe;0,@APTMS/PGME-deta sorbent.

The Langmuir, Freundlich, Tempkin, Dubinin—Radushkevich, Toth, and Sips isotherm
models were used to describe the equilibrium data by employing nonlinear fitting forms
(Table S2). The calculated values of parameters and the plot of six applied isotherm models
are presented in Table 3 and Figure 7, respectively.

Table 3. Parameters and error function data for isotherm models obtained by nonlinear fitting for the
chromium sorption onto Fe3O4@APTMS/PGME-deta.

Isotherm Model Parameter Value
Qm,Ls(mg/ ) 8.22

Langmuir Kp-10 R(Zg/ mg) 09,5866
x> 0.625

Kr (dm3/g) 0.20

) n 1.54
Freundlich R2 0.995
x> 0.091

At (dm3/g) 1.49

Temki br (kJ/mol) 3.78
emxmn R? 0.800
x> 4.109

Xpr (mg/g) 4.38

Kpg-10% (mol? /KkJ?) 1.41

Dubinin-Radushkevich Epgr (k] /mol) 59.5
R? 0.918

X -

Qm,T (mg/g) 63.45

Kr-103 3.57

Toth t 0.31

R? 0.992

x> 0.129

Qm,s (mg/g) 64.13

Ks-103 (mg/dm?) 2.80

Sips m 0.68

R? 0.993

x> 0.112

Considering R? and x? values, the sorption isotherm models fitted the experimen-
tal data in the order of Freundlich > Sips > Toth > Langmuir > Dubinin—-Radushkevich
isotherm > Temkin isotherm. The Freundlich model describes heterogeneous systems
and reversible sorption and is not restricted to the formation of monolayers. The value of
KF is related to the degree of sorption, while the Freundlich constant (1/#) is a measure
of the deviation of the sorption from linearity; the more heterogeneous the surface, the
1/n value is closer to zero [41]. The Freundlich constant obtained in this study was 0.65
(corresponding to an n value of 1.54), indicating favorable sorption. The value of the free
energy of sorption calculated from the Dubinin—-Radushkevich model was 59.5 kJ/mol,
suggesting that the process of chromium removal onto Fe30,@APTMS/PGME-deta was
chemisorption governed by particle diffusion mechanism [45]. According to the Sips model,
the maximum sorption capacity was 64.13 mg/g. Additionally, the Sips exponent (11 = 0.68)
was less than 1, indicating the predominance of chromium sorption on a heterogeneous surface.
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Figure 7. Nonlinear fitting curves for the adsorption isotherms of chromium onto Fe30,@APTMS/
PGME-deta sorbent. Error bars represent the standard error of three replicates.

The maximum Cr(VI) sorption capacity of Fe30;@APTMS/PGME-deta obtained from
the Sips isotherm model was compared with different magnetic sorbents having a wide
range of sorption capacities (Table 4). The literature review focused on studies published
in the last decade, and the choice was made according to the structural similarities of
the sorbents with our sorbent in terms of functional groups and/or the incorporated
coated and uncoated magnetite. Unlike the majority of sorbents listed in Table 4 that were
tested in a highly acidic environment, Fe;0,@APTMS/PGME-deta was used at an unad-
justed pH, closer to real conditions. In that manner, the waste production and secondary
pollution were minimized, making Cr(VI) sorption process with Fe;0,@APTMS/PGME-
deta low-cost, economical, and environmentally friendly. Bearing that in mind, it can be
said that Fe30,@APTMS/PGME-deta has a reasonable capacity for Cr(VI) sorption from
aqueous solutions.

Table 4. Comparison of chromium sorption capacity of various magnetic sorbents.

. o, Sorption
*
Sorbent Operating Conditions Capacity (mg/g) References
i pH 3, dosage: 1.7 g/ dm3, equilibrium time: 20 min, 298 K,
Cr(VI)-IIP 300 1pm, Cr 1400 mg /clm 44.86 [46]
. pH 2.5, dosage: 2 g/dm?, equilibrium time: 60 min,
F6304@SIOZ@DPS 208 K, C,‘: 3-10 mg/dm3 4.76 [47]
N pH 4.5, dosage: 100 mg/dm?, equilibrium time:
Ppy@magnetic chitosan 40 min, 298 K, 200 rpm, C;: 20-200 mg,/dm3 105 (481
E pH 2, dosage: 1 g/ dmS3, equilibrium time: 120 min, 318 K,

EDA-MPMs 150 rpm, C;: 100-1000 mg/dm? 2582 491
Fe304@Cr(VI)-1IP pH 3, dosage: 10 g/dm?, equilibrium time: 30 min, 298 K 2.5 [50]
. 3 1 . . . .

PPy /Fe;04/SiO; pH 4, dosage: 0.2 g/dm?®, equilibrium time: 480 min, 298 K, 298.22 [51]

C;: 25-300 mg/dm?
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Table 4. Cont.

Sorbent * Operating Conditions Capsel::tpyﬁ((r)ll:g Ig) References
APTES@TEOS@MNP pH 2.5, dosage: 265r§$n5:’ fgjggi;‘;n/l;nﬂf 60 min, 293 K, 35 [52]
HR-M-GO/Fe30, pH 7, dosage: 0.5 g/ glrnjbfg(t)urlrlll;r/lggg)tlme 100 min, 298 K, 318 53]
PANI@MCTS pH 2, dosage: 22% gﬁ ggéiqéloil_igoréur?gt/ir;i3120 min, 298 K, 186.6 [54]
Fe304-NH, pH 3, dosage: 210%/r iﬁsce,qgl-l%glrlnné ;i;nnel; 90 min, 298 K, 232.51 [55]
Mag/CS pH 7, dosage: 1 g/ Cdltri(,) _ezq;(l)lllllkl);l/ucrlrrln tgime: 45 min, 303 K, 46 156]
MNP-MPTMS pH 4, dosage: 13 S;O/ f;n;: (e:juzﬂ_igéi;r;/ténr;g 15 min, 298 K, 38.61 [57]
MWCNT/Fe;0, pH 2 maszgoé K r;;gl ;?fsé ?igﬂfégﬁgﬁl;?e: 4 min, 76.92 (58]

Fe;0,@APTMS/PGME-deta pH 5.9, dosage: 10 g/ dm3, equilibrium time: 40 min, 298 K, 64.13 This study

C;: 1-180 mg/dm3

* Cr(VI)-IIP—Magnetic Cr(VI) ion-imprinted poly(4-vinil pyridine-2-hydroxyethyl methacrylate-ethylene glycol
dimethacrylate), Fe30,@S5i0,@DPS—1,5 diphenylcarbazide modified magnetic nanoparticles, ppy@magnetic
chitosan—Polypyrrole@magnetic chitosan nanocomposite, EDA-MPMs—Magnetic poly(glycidyl methacrylate-
poly(ethylene glycol) diacrylate)-ethylenediamine microsphere, Fe304@Cr(VI)-IIP—Magnetic Cr(VI) ion-
imprinted poly[vinylimidazole-(3-aminopropyl)triethoxysilane], PPy /Fe304/SiO,—Polypyrrole/Fe3O4/SiO,,
APTES@TEOS@MNP—Fe3; O @tetraethyl orthosilicate@(3-aminopropyl)triethoxysilane, HR-M-GO/Fe304—
Magnetic ferrous-doped graphene, PANI@MCTS—Polyaniline@magnetic chitosan nanomaterials, Fe3O4-NH,—
Fe304 nanoparticle functionalized with 1, 6-hexanediamine, Mag/CS—Magnetite /chitosan nanocomposite,
MNP-MPTMS—Poly]allylamine-(N, N-dimethylacrylamide)] grafted magnetic nanoparticles, MWCNT /Fe3O4—
Magnetic carbon nanotube functionalized with a carboxylic acid.

A thermodynamic investigation was conducted at four temperatures in the 298-343 K
range. Table 5 shows the thermodynamic parameters of chromium sorption calculated
from experimental data using Equations (3)—(5) [28]:

_Ca

K. = =2 3
c=C ®)
AGY = —RTInK¢ (4)

0 0 0
1nKC:—£:£—AH (5)

RT R RT

where C, (mg/dm?) and C, (mg/dm?3) are the concentration of chromium ions in solution
at equilibrium and the amount of chromium ion sorbed onto Fe30,@APTMS/PGME-deta
at equilibrium, respectively, R (8.314 J/mol K) is the universal gas constant, T (K) the
absolute temperature and AG (k] /mol), AS° (k] /mol K), and AH? (k]/mol) are the change
of standard Gibbs free energy, standard entropy, and standard enthalpy, respectively.

Table 5. Thermodynamic parameters for chromium sorption by Fe;0,@APTMS/PGME-deta.

T (K) AG® (kJ/mol) AH® (kJ/mol) AS® (kJ/Kmol) TAS® (kJ/mol)
298 —0.82 23.93
313 ~1.79 24.90
328 —331 23.11 0.08 26.42

343 —4.44 27.55
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Negative AG® values at all temperatures imply spontaneous sorption of chromium
on the magnetic nanocomposite sorbent, but positive AH? values suggest the process
is endothermic. A positive value of AS? indicates the sorbent’s affinity for chromium
oxyanion and a higher probability of solid-liquid phase interactions leading to structural
changes on both the magnetic nanocomposite and the oxyanion, which is characteristic
of chemisorption.

3.3. Chromium Sorption Mechanism

In order to understand the interaction mechanism between chromium oxyanions and
Fe;0,@APTMS/PGME-deta, the SEM-EDX (Figure 8), FTIR (Figure 9) and XPS analyses
(Figure 10) of the samples before and after sorption were performed.

Spectrum

Spectrum,

Spectrum

Spectrum

Figure 8. EDX spectra and SEM images for Fe;0;@APTMS/PGME-deta of (a) particle surface and
(b) cross-section before sorption and (c) particle surface and (d) cross-section after chromium sorption.

Before sorption
—~ =3
=] R
E g
g s
=
8
=
g
12}
=
s
-
E_4
=
'S oo}
@
(o)}
T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm )

Figure 9. ATR-FTIR spectra of Fe304,@APTMS/PGME-deta before and after sorption of chromium.
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Figure 10. XPS spectra of Fe30,@APTMS/PGME-deta: (a) total survey spectrum before and after
sorption of chromium, (b) HRES Cr 2p, (c¢) HRES N 1s before and (d) HRES N 1s after sorption.

The EDX spectrum confirmed the presence of all expected elements (C, O, N, Fe, Si,
Cr). The N peaks showed an amino-functionalization, Fe peaks suggested the incorporation
of magnetite, while the presence of the Si peak evidenced the silanization of magnetite
particles. After sorption, the presence of a Cr peak was observed on the particle surface
as well as on the cross-section, thus proving successful sorption. As shown in Figure 8d
stronger Cr peak on the cross-section indicated that intraparticle diffusion has a great
influence on sorption. Due to gold coating on Fe;O4@APTMS/PGME-deta, the EDX
spectra show Au peak.

As can be observed from FTIR spectra, the intensity and position of some characteristic
peaks of the magnetic nanocomposite sorbent after chromium sorption were changed. After
chromium sorption, two new peaks at 933 cm~! and 802 cm~! appeared, which could be
assigned to Cr-O bond [29,59]. The band of O-H and N-H stretching vibration at 3275 cm ™!
shifted to higher wavenumbers. The intensity of N-H bending vibration at 1656 cm ™!
slightly increased, while the bands at 1562 cm~! and 750 cm~! disappeared, which can be
attributed to the formation of N-Cr bond [60].

In the full-range scan of the XPS spectra (Figure 10a), the common peaks of C 1s,
O 1s, N 1s, Si 2p, and Fe 2p were observed before sorption. After sorption, the new
peak of Cr 2p (~580 eV) appeared, which confirmed the successful sorption of Cr ions on
Fe;04@APTMS/PGME-deta. The HRES spectrum of Cr 2p with curve-fitting is shown
in Figure 10b. The peaks centered at 576.5 eV and 585.8 eV could be assigned to Cr 2p3,»
and Cr 2pq/;, respectively. The Cr 2p3,, peak was deconvoluted into two subpeaks at
575.8 eV and 578.1 eV that can be ascribed to the Cr(III) and Cr(VI) states. Additionally,
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the Cr 2p; /» spectrum was fitted with two peaks located at 585 eV and 587.2 eV, which can
be associated with Cr(III) and Cr(VI) species [61]. To further investigate the interactions
between chromium and Fe;O4@APTMS/PGME-deta, HRES N 1s spectra of the amino-
functionalized nanocomposite before and after the sorption of chromium were analyzed.
The HRES N 1s spectrum before sorption (Figure 10c) was deconvoluted into two peaks
at 399.2 eV and 400.2 eV, which were consistent with the presence of non-protonated
primary and secondary amine groups [62]. After sorption (Figure 10d), two new peaks at
395.0 eV and 401.2 eV appeared, which can be assigned to protonated amino groups and
N-Cr bond [63].

Bearing in mind that the initial solution contained only hexavalent chromium, the
appearance of Cr(IIl) peaks in XPS spectra can be explained by the reduction of some
Cr(VI) species on the Fe30,@APTMS/PGME-deta surface during the sorption process. The
chemical route behind this removal and reduction of Cr(VI) to Cr(IIl) by magnetic polymer
nanocomposite Fe3O,@APTMS/PGME-deta was not fully explored. It is assumed that the
removal mechanism for hexavalent chromium consists mostly of electrostatic attraction by
the sorbents surface, electron migration, and coordination reaction [64]. Under experimental
conditions, at the initial stage, chromium oxyanion could be absorbed by electrostatic
attraction with hydroxyl and amino functional groups of the Fe304@APTMS/PGME-
deta. After sorption, the surface charge of the sorbent remained positive but became less
positive upon contact with the negatively charged Cr(VI) species [65]. The Cr(VI) signals
found by XPS (Figure 10) result from HCrO4~ oxyanion interaction with the hydroxyl
and amino groups. This interaction does not affect the oxidation state of Cr species.
However, chromium can be reduced to the trivalent form in the vicinity of an electron-
donating functional group, such as a hydroxyl group. Following chromium reduction,
hydroxyl groups are oxidized to the carbonyl in this process. On the surface of the sorbent,
Cr(IlI) species can coordinate with amino groups by forming covalent bonds with N
atoms [66]. XPS analysis results confirmed that some Cr(VI) species become free trivalent
chromium ions.

3.4. Quantum Chemical Calculations

Our previous works demonstrated that calculating the coordination bond energy
for the chemisorption of metal ions on the polymer gives excellent agreement with the
experimentally determined maximum sorption capacities [27,67]. Quantum chemical
modeling of physisorption and calculation of the energy of non-covalent binding proved
to help explain the binding mechanism of oxyanions to the polymer and the affinity of
individual oxyanions for the polymer [21].

The nature of chromium oxyanion binding at the active sites of sorbent was studied
by quantum chemical modeling. Analyzing the sorbent’s chemical composition within its
unit structure shows possible binding active sites: a diethylenetriamine-derived fragment
(called a “detaOH residue”), an (aminopropyl)triethoxysilane-derived fragment (called
an “APTMSOH residue”) (Figure S2), as well as (aminopropyl)silane groups derived from
APTMS, which coated the surface of magnetic nanoparticles before it is incorporated into
the polymer in situ [68].

The introduction of the hydroxyethyl group to the deta and APTMS skeleton is very
important from the point of view of supramolecular chemistry because the number of
donor groups for hydrogen bonding is increased. In addition, the OH group is a better
donor for hydrogen bonding than the NH; group; hence, detaOH and APTMSOH species
will be used to model sorption.

Depending on the pH value, deta could be protonated (pKa values for deta are
4.42,9.21, and 10.02), and the distribution of different ionic/neutral forms of deta (deta-
H3%*, deta-H,2*, deta-H*, and deta) is shown in Figure S3 [69]. We assumed that the
distribution of detaOH species would be similar to that of deta species because adding
a hydroxyethyl group to deta should not cause drastic changes in the acid-base characteris-
tics of detaOH. The free amino groups of (aminopropyl)silane fragments are protonated
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to pH less than 10 (pK; = 10.6 for APTMS); hence, the positively charged surface of the
silane layer is a potentially good absorbent for negatively charged oxyanions [70]. Model
systems for estimation of the binding energies of oxyanions to the copolymer include
all molecular fragments, which under experimental conditions, could be found on the
surface of the polymeric nanocomposite (Figure 11): double and triple protonated detaOH
species (detaOH-H,?* and detaOH-H33*), protonated species formed by condensation of
two APTMS (2APTMS-H,2*) or three APTMS (3APTMS-H3%*), and their hydroxyethyl
derivatives (2APTMSOH-H,%* and 3APTMSOH-H33").

H, Ha
NI OH N2 OH
st/\/ \/\N/\/ HsN,/\/ \/\u/\/
H, N

detaOH-H;" detaOH-H."
NHZ NH; NH; NH; NH3
e N A / N ~° O "
2APTMS-H; 3APTMS-H§*
HO HO
H3C/O\ '/O\S\/O\ H, c \)/ > >/ \ H,
H,C H,C
2APTMSOH-H;" 2APTM50H-H;‘

Figure 11. The structures of sorption sites used in model systems for estimation of the binding
energies of oxyanions to polymeric nanocomposite.

At pH = 5.9, the dominant species are hydrogen chromate (HCrO,~) and chromate
(CrO427) ions and, to a lesser extent, dichromate (Cr,O727) ions. Optimized structures
of combinatorial configurations of HCrO4~, CrO4%~, and Cr,0,2~ and six sorption sites
were used as the model systems to calculate the interaction energies within the complex
structure (Figure 12). The results of the calculations are shown in Table 6.

Table 6. The calculated energies of interactions (in kcal/mol) between chromium oxyanion and
cationic sorption site.

Cr(VI) Sorbent
Oxyanion  {etaOH-H,>*  detaOH-H;>*  2APTMS-H,>*  3APTMS-H;**  2APTMSOH-H,>*  3APTMSOH-H;%*
HCrO,~ —182.57 —280.48 —181.93 —227.11 —181.78 —234.04
Cr, 0,2~ —323.84 —479.61 —410.01 —458.48 —327.35 —435.50
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detaOH-H}* detaOH-H

HCrO,

Figure 12. The optimized structures of dimers, used to estimate the energies of interactions between
hydrogen chromate or dichromate ions and cationic sorption sites.

The high interaction energies resulted from strong electrostatic interactions between
negatively charged oxyanion and positively charged sorption sites. In addition to elec-
trostatic interactions, the hydrogen bonding of O-H/O, N-H/O, and C-H/O types was
the cause of additional stabilization within dimer systems. The greatest contribution was
attributed to N-H/O hydrogen bonds, occurring in between the positively charged amino
groups and oxygen atoms from oxyanions. Sorption of oxyanion Cr,O72~ species domi-
nates over the HCrO4 ™ species due to higher ionic charge. However, the concentrations of
Cr,072~ ions in the solution were very small, and consequently, their contribution to the
overall sorption was also small.

All sorption sites (detaOH-H,%*, detaOH-H3%*, 2APTMS-H,2%*, 3APTMS-H;%+,
2APTMSOH-H,%*, or 3BAPTMSOH-H3%*) showed stronger affinities (binding energies)
to CrpO72~ ion than to HCrO4~ ion, due to the higher negative charge of dichromate
ion. For the same reasons, triple-charged sorption sites (detaOH-H3%**, 3BAPTMS-H33*,
and 3APTMSOH-H;3*) formed stronger interactions with oxyanions compared to double-
charged sorption sites (detaOH-H,%*, 2APTMS-H,%*, and 2APTMSOH-H,%*).

By comparing the energy of interactions of CrO2~ ion with triple-charged detaOH-
H33* sorption site (energy of —479.61 kcal/mol) and triple-charged 3APTMS-H3>* and
3APTMSOH-H3%* sorption sites (energies of —458.48 and —435.50 kcal/mol, respectively),
it is possible to conclude at first glance that the binding of the dichromate ion to the detaOH
sorption site was slightly preferred. However, we should not ignore that magnetic nanopar-
ticles have more than three aminopropyl silane groups, indicating a greater possibility of
dichromate ion binding on the surface of magnetic nanoparticles.

Quantum chemical calculations showed that the CrO42~ ion, unlike HCrO,~ and
Cr,07%~ ions, undergoes neutralization after binding to the sorption sites, except to
3APTMS-H33+ and 3APTMSOH-H3%* sorption sites (Table S3). Namely, the double nega-
tive charge is distributed over four oxygen atoms in the case of the chromate ion, while in
the case of the dichromate ion, over seven oxygen atoms. Therefore, the oxygen atoms of the
chromate ion were partially more negative and, therefore, more strongly attract the amine
hydrogen atoms from the sorption sites. HyCrO4 and HCrO,4 ™ ion were formed as products
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of neutralization, with a lower negative charge than the initial CrO42~ ion. As a result of
neutralization, there was also a decrease in the positive charge of the sorption sites, as well
as a decrease in attractive electrostatic forces. Therefore, the binding energies of the newly
formed Cr(VI) species were significantly lower than the binding energies of Cr,O7?~ ion.
However, the binding of CrO42’ ion, which was not accompanied by neutralization (energy
of —483.40 kcal/mol for ?;APTMS—H33Jr and —524.79 kcal /mol for 3APTMSOH—H33+), was
significantly stronger than the binding of Cr,07%~ ion (energy of —458.48 kcal/mol for
3APTMS-H33* and —435.50 kcal/mol for SBAPTMSOH-H33*). Accordingly, one can assume
that CrO4%~ ion has a significantly higher affinity for all sorption sites than HCrO4~ and
Cr,07%~ ions. However, after neutralization, its binding energies decreased due to the
reduction in electrostatic interactions between the newly formed species.

The mechanism of oxidation by chromium (VI) species was well known, and chromic
acid, one of the most commonly used oxidizing agents, reacts with diverse substrates,
among them alcohols. The selective oxidation of primary and secondary alcohols into their
corresponding aldehydes (or carboxylic acids) ketones can also be achieved using polymer-
supported chromic acid [71]. The used polymer has positively charged amine groups,
which facilitate oxidation by forming esters with chromic acid. Calculations showed that
oxyanions have the ability to bind to positively charged amine groups and ethylhydroxyl
groups of the detaOH-H,?*, detaOH-H33*, 2APTMSOH-H,%*, or BAPTMSOH-H33* sor-
bent. Accordingly, it should be expected that oxidation of the alcohol group will occur,
as well as the formation of Cr(Ill) species. Cr(Ill) oxyanion, which is less toxic than
Cr(VI), binds to N atoms directly by forming covalent bonds [66]. The sorption of Cu(lIl),
Co(Il), Cd(II), and Ni(Il) ions by amino-functionalized chelating macroporous copoly-
mers poly(GMA-co-EGDMA )-amine and sorption selectivity of the subject copolymers
were successfully quantified experimentally and modeled by quantum chemical calcula-
tions [27,31,67]. According to these results, coordination of the diethylenetriamine group
from Fe30,@APTMS/PGME-deta to the Cr(Ill) ion can be expected.

4. Conclusions

This investigation showed that macroporous magnetic nanocomposite synthesized by
suspension copolymerization in the presence of silanized magnetite nanoparticles and func-
tionalized with diethylenetriamine (Fe;04@APTMS/PGME-deta) was found to be an effec-
tive sorbent for hexavalent chromium in aqueous solutions at low concentration. Detailed
characterization confirmed the presence of silanized magnetite and amino-functionalization.
The obtained magnetic polymer possessed exceptional performances (excellent chemical
and thermal properties), a prerequisite for successful commercialization strategies. On the
other hand, reliable modeling of sorption kinetics is crucial from both scientifical and tech-
nological standpoints. The sorption half-time was approximately 2 min, with a saturation
time of 40 min. Kinetic analysis indicated that the sorption rate of Cr(VI) was controlled by
liquid film diffusivity and intraparticle diffusion, while equilibrium and thermodynamic
studies revealed that the process is spontaneous and endothermic and that chemisorp-
tion is involved. The mechanism of sorption of Cr(VI) oxyanions was discussed through
a synergy of experimental analysis and modeling approach, which accounted for the possi-
ble protonated states of the sorbent, the equilibrium forms of Cr(VI) species in solution,
as well as possible non-covalent interactions responsible for their attraction. Namely, the
quantum chemical calculations identified two potential binding sites for Cr(VI) oxyanions
on the surface of the sorbent (deta and APTMS). The appearance of Cr(III) peaks in XPS
spectra of Fe;04,@APTMS/PGME-deta after chromium sorption indicated that the Cr(VI)
removal was a combination of chemical sorption (the first step in the sorption mechanism)
and the conversion of Cr(VI) to Cr(IlI) on the sorbent surface (the second step in the sorp-
tion mechanism). Both binding sites have the ability not only to bind Cr(VI) species to the
sorbent but also the possibility to reduce Cr(VI) to a less harmful form of Cr(IIl) ions in their
reaction with the OH group from the active sites. This fact makes Fe30,@APTMS/PGME-
data nanocomposite more advanced and convenient over other sorbents, which cannot
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reduce Cr(VI). The wide range of polymer action, stability, and sorption diversity makes
it suitable for commercial and industrial water purification. The possibility of surface
modification with various functionalized groups of methacrylate-based polymers ensures
multipurpose use as one of the main principles of the circular economy, a new production
and consumption business model, which includes optimal use of resources, reduction in
raw materials consumption, and giving second life of harmful and precious metals.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mal16062233/s1, Table S1: Kinetic models equations;
Table S2: Equations for isotherm models; Table S3: The calculated energies of interactions (in kcal /mol)
between CrO,?~ ion and sorption sites, including the species formed in the reaction of neutralization;
Figure S1: The plots for (a) IPD, (b) Bangham, (c) Boyd and (d) LFD models for removal of chromium
on Fe30,@APTMS/PGME-deta; Figure S2: The reaction of epoxy groups with deta and APTMS
and formation of appropriate detaOH and APTMSOH derivatives; Figure S3: The structures and
distribution of different deta forms (detaH33+, detaH22+, detaH*, and deta) depending on pH value.

Author Contributions: Conceptualization, A.O. and A.N.; methodology, A.O.; formal analysis, T.T.;
data curation, B.M. and G.]J.; software, G.J.; writing—original draft preparation, L.S.; writing—review
and editing, T.T. and B.M.; visualization, B.M. and A.N.; investigation, L.S. and Z.V.; supervision,
A.N.; funding acquisition, A.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by the Ministry of Science, Technological Development
and Innovation of the Republic of Serbia (Contract No. 451-03-47/2023-01/200026 and 451-03-
47/2023-01/200135).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This publication was based upon work from COST Action COSY (CA21101),
supported by COST (European Cooperation in Science and Technology).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Peng, X, Liu, S.; Luo, Z.; Yu, X.; Liang, W. Selective Removal of Hexavalent Chromium by Novel Nitrogen and Sulfur Containing
Cellulose Composite: Role of Counter Anions. Materials 2022, 16, 184. [CrossRef]

2. Chen, Y; An, D; Sun, S.; Gao, J.; Qian, L. Reduction and Removal of Chromium VI in Water by Powdered Activated Carbon.
Materials 2018, 11, 269. [CrossRef] [PubMed]

3. Alemu, A.; Gabbiye, N. Assessment of Chromium Contamination in the Surface Water and Soil at the Riparian of Abbay River
Caused by the Nearby Industries in Bahir Dar City, Ethiopia. Water Pract. Technol. 2017, 12, 72-79. [CrossRef]

4. Sinha, S.; Mishra, R K.; Sinam, G.; Mallick, S.; Gupta, A.K. Comparative Evaluation of Metal Phytoremediation Potential of Trees,
Grasses, and Flowering Plants from Tannery-Wastewater-Contaminated Soil in Relation with Physicochemical Properties. Soil
Sediment Contam. Int. J. 2013, 22, 958-983. [CrossRef]

5.  Nayak, S.; Kale, P. A Review of Chromite Mining in Sukinda Valley of India: Impact and Potential Remediation Measures. Int. J.
Phytoremediation 2020, 22, 804-818. [CrossRef]

6. Hou, S.; Wu, B.; Peng, D.; Wang, Z.; Wang, Y.; Xu, H. Remediation Performance and Mechanism of Hexavalent Chromium in
Alkaline Soil Using Multi-Layer Loaded Nano-Zero-Valent Iron. Environ. Pollut. 2019, 252, 553-561. [CrossRef] [PubMed]

7. Mishra, S.; Bharagava, R.N. Toxic and Genotoxic Effects of Hexavalent Chromium in Environment and Its Bioremediation
Strategies. . Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev. 2016, 34, 1-32. [CrossRef]

8.  Mortazavian, S.; Murph, S.E.H.; Moon, ]. Biochar Nanocomposite as an Inexpensive and Highly Efficient Carbonaceous Adsorbent
for Hexavalent Chromium Removal. Materials 2022, 15, 6055. [CrossRef]

9.  Flieger, J.; Kawka, ].; Plazifiski, W.; Panek, R.; Madej, ]. Sorption of Heavy Metal Ions of Chromium, Manganese, Selenium, Nickel,
Cobealt, Iron from Aqueous Acidic Solutions in Batch and Dynamic Conditions on Natural and Synthetic Aluminosilicate Sorbents.
Materials 2020, 13, 5271. [CrossRef]

10. Aigbe, U.O.; Osibote, O.A. A Review of Hexavalent Chromium Removal from Aqueous Solutions by Sorption Technique Using

Nanomaterials. J. Environ. Chem. Eng. 2020, 8, 104503. [CrossRef]


https://www.mdpi.com/article/10.3390/ma16062233/s1
https://www.mdpi.com/article/10.3390/ma16062233/s1
http://doi.org/10.3390/ma16010184
http://doi.org/10.3390/ma11020269
http://www.ncbi.nlm.nih.gov/pubmed/29425145
http://doi.org/10.2166/wpt.2017.012
http://doi.org/10.1080/15320383.2013.770437
http://doi.org/10.1080/15226514.2020.1717432
http://doi.org/10.1016/j.envpol.2019.05.083
http://www.ncbi.nlm.nih.gov/pubmed/31181500
http://doi.org/10.1080/10590501.2015.1096883
http://doi.org/10.3390/ma15176055
http://doi.org/10.3390/ma13225271
http://doi.org/10.1016/j.jece.2020.104503

Materials 2023, 16, 2233 20 of 22

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rajapaksha, A.U.; Selvasembian, R.; Ashiq, A.; Gunarathne, V.; Ekanayake, A.; Perera, V.O.; Wijesekera, H.; Mia, S.; Ahmad, M.;
Vithanage, M.; et al. A Systematic Review on Adsorptive Removal of Hexavalent Chromium from Aqueous Solutions: Recent
Advances. Sci. Total Environ. 2022, 809, 152055. [CrossRef]

Li, A,; Deng, H,; Jiang, Y.; Ye, C. High-Efficiency Removal of Cr(VI) from Wastewater by Mg-Loaded Biochars: Adsorption
Process and Removal Mechanism. Materials 2020, 13, 947. [CrossRef]

Senol, Z.M.; Kaya, S.; Simsek, S.; Katin, K.P; Ozer, A.; Marzouki, R. Synthesis and Characterization of Chitosan-Vermiculite-Lignin
Ternary Composite as an Adsorbent for Effective Removal of Uranyl Ions from Aqueous Solution: Experimental and Theoretical
Analyses. Int. ]. Biol. Macromol. 2022, 209, 1234-1247. [CrossRef] [PubMed]

Chen, Z.; Aziz, T.; Sun, H.; Ullah, A.; Ali, A.; Cheng, L.; Ullah, R.; Khan, FU. Advances and Applications of Cellulose
Bio-Composites in Biodegradable Materials. . Polym. Environ. 2023, 1-12. [CrossRef]

Aziz, T.; Farid, A.; Haq, F; Kiran, M.; Ullah, N; Faisal, S.; Ali, A.; Khan, EU.; You, S.; Bokhari, A.; et al. Role of Silica-Based Porous
Cellulose Nanocrystals in Improving Water Absorption and Mechanical Properties. Environ. Res. 2023, 222, 115253. [CrossRef]
[PubMed]

Kharissova, O.V,; Dias, H.V.R.; Kharisov, B.I. Magnetic Adsorbents Based on Micro- and Nano-Structured Materials. RSC Adv.
2015, 5, 6695-6719. [CrossRef]

Chen, X,; Lam, K.F,; Yeung, K.L. Selective Removal of Chromium from Different Aqueous Systems Using Magnetic MCM-41
Nanosorbents. Chem. Eng. J. 2011, 172, 728-734. [CrossRef]

Chen, B.; Zhao, X,; Liu, Y,; Xu, B,; Pan, X. Highly Stable and Covalently Functionalized Magnetic Nanoparticles by
Polyethyleneimine for Cr(VI) Adsorption in Aqueous Solution. RSC Adv. 2015, 5, 1398-1405. [CrossRef]

Markovi¢, B.; Stefanovi¢, I; Nastasovi¢, A.; Sandi¢, Z.; Surudi¢, L.; Dapéevi¢, A.; DZzunuzovié, J.; Jaglici¢, Z.; Vukovi¢, Z,;
Pavlovi¢, V.; et al. Novel Magnetic Polymer/Bentonite Composite: Characterization and Application for Re(VII) and W(VI)
Adsorption. Sci. Sinter. 2021, 53, 419-428. [CrossRef]

Bini, R.A.; Marques, REC.; Santos, FJ.; Chaker, ].A.; Jafelicci, M. Synthesis and Functionalization of Magnetite Nanoparticles
with Different Amino-Functional Alkoxysilanes. J. Magn. Magn. Mater. 2012, 324, 534-539. [CrossRef]

Suruéi¢, L.; Tadi¢, T.; Janji¢, G.; Markovi¢, B.; Nastasovi¢, A.; Onjia, A. Recovery of Vanadium (V) Oxyanions by a Magnetic
Macroporous Copolymer Nanocomposite Sorbent. Metals 2021, 11, 1777. [CrossRef]

Jung, H.-S.; Moon, D.-S; Lee, ].-K. Quantitative Analysis and Efficient Surface Modification of Silica Nanoparticles. J. Nanomater.
2012, 2012, 593471. [CrossRef]

Grama, S.; Plichta, Z.; Trchova, M.; Kovafova, J.; Benes, M.; Horak, D. Monodisperse Macroporous Poly(Glycidyl Methacrylate)
Microspheres Coated with Silica: Design, Preparation and Characterization. Reac. Funct. Polym. 2014, 77, 11-17. [CrossRef]
Kalia, S.; Kango, S.; Kumar, A.; Haldorai, Y.; Kumari, B.; Kumar, R. Magnetic Polymer Nanocomposites for Environmental and
Biomedical Applications. Colloid. Polym. Sci. 2014, 292, 2025-2052. [CrossRef]

Markovi¢, B.M.; Vukovi¢, Z.M.; Spasojevi¢, V.V.; Kusigerski, V.B.; Pavlovi¢, V.B.; Onjia, A.E.; Nastasovi¢, A.B. Selective Magnetic
GMA Based Potential Sorbents for Molybdenum and Rhenium Sorption. J. Alloys Compd. 2017, 705, 38-50. [CrossRef]
Markovi¢, B.M.; Jankovi¢, D.L.; Vukadinovi¢, A.A.; Randelovi¢, D.V.,; Maksin, D.D.; Spasojevi¢, V.V.; Nastasovi¢, A.B. A Novel
Macroporous Polymer—Inorganic Nanocomposite as a Sorbent for Pertechnetate Ions. RSC Adv. 2017, 7, 21412-21421. [CrossRef]
Suruci¢, L.T,; Janji¢, G.V.; Raki¢, A.A.; Nastasovi¢, A.B.; Popovi¢, A.R; Mil¢i¢, M.K.; Onjia, A.E. Theoretical Modeling of Sorption
of Metal Ions on Amino-Functionalized Macroporous Copolymer in Aqueous Solution. J. Mol. Model. 2019, 25, 177. [CrossRef]
[PubMed]

Nastasovi¢, A.; Markovi¢, B.; Suruci¢, L.; Onjia, A. Methacrylate-Based Polymeric Sorbents for Recovery of Metals from Aqueous
Solutions. Metals 2022, 12, 814. [CrossRef]

Markovi¢, B.M.; Stefanovi¢, 1.S.; Hercigonja, R.V.; Pergal, M.V.; Markovi¢, ].P; Onjia, A.E.; Nastasovi¢, A.B. Novel Hexamethylene
Diamine-Functionalized Macroporous Copolymer for Chromium Removal from Aqueous Solutions: Hexamethylene Diamine-
Functionalized Copolymer for Chromium Removal. Polym. Int. 2017, 66, 679-689. [CrossRef]

Ekmes¢i¢, B.M.; Maksin, D.D.; Markovi¢, J.P.; Vukovi¢, Z.M.; Hercigonja, R.V.; Nastasovi¢, A.B.; Onjia, A.E. Recovery of
Molybdenum Oxyanions Using Macroporous Copolymer Grafted with Diethylenetriamine. Arab. J. Chem. 2019, 12, 3628-3638.
[CrossRef]

Malovi¢, L.; Nastasovi¢, A.; Sandi¢, Z.; Markovi¢, J.; Pordevi¢, D.; Vukovi¢, Z. Surface Modification of Macroporous Glycidyl
Methacrylate Based Copolymers for Selective Sorption of Heavy Metals. |. Mater. Sci. 2007, 42, 3326-3337. [CrossRef]

Senol, Z.M.; Simsek, S. Insights into Effective Adsorption of Lead Ions from Aqueous Solutions by Using Chitosan-Bentonite
Composite Beads. J. Polym. Environ. 2022, 30, 3677-3687. [CrossRef]

Boys, S.F; Bernardi, F. The Calculation of Small Molecular Interactions by the Differences of Separate Total Energies. Some
Procedures with Reduced Errors. Mol. Phys. 1970, 19, 553-566. [CrossRef]

Berro, S.; El Ahdab, R.; Hajj Hassan, H.; Khachfe, H.M.; Hajj-Hassan, M. From Plastic to Silicone: The Novelties in Porous Polymer
Fabrications. J. Nanomater. 2015, 16, 123. [CrossRef]

Ivanova, O.S.; Edelman, I.S; Lin, C.-R.; Svetlitsky, E.S.; Sokolov, A.E.; Lukyanenko, K.A.; Sukhachev, A.L.; Shestakov, N.P,; Chen,
Y.-Z.; Spivakov, A.A. Core-Shell Fe;0,@C Nanoparticles for the Organic Dye Adsorption and Targeted Magneto-Mechanical
Destruction of Ehrlich Ascites Carcinoma Cells. Materials 2022, 16, 23. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2021.152055
http://doi.org/10.3390/ma13040947
http://doi.org/10.1016/j.ijbiomac.2022.04.128
http://www.ncbi.nlm.nih.gov/pubmed/35461866
http://doi.org/10.1007/s10924-022-02561-8
http://doi.org/10.1016/j.envres.2023.115253
http://www.ncbi.nlm.nih.gov/pubmed/36702191
http://doi.org/10.1039/C4RA11423J
http://doi.org/10.1016/j.cej.2011.06.042
http://doi.org/10.1039/C4RA10602D
http://doi.org/10.2298/SOS2104419M
http://doi.org/10.1016/j.jmmm.2011.08.035
http://doi.org/10.3390/met11111777
http://doi.org/10.1155/2012/593471
http://doi.org/10.1016/j.reactfunctpolym.2014.01.010
http://doi.org/10.1007/s00396-014-3357-y
http://doi.org/10.1016/j.jallcom.2017.02.108
http://doi.org/10.1039/C7RA02783D
http://doi.org/10.1007/s00894-019-4053-0
http://www.ncbi.nlm.nih.gov/pubmed/31161265
http://doi.org/10.3390/met12050814
http://doi.org/10.1002/pi.5306
http://doi.org/10.1016/j.arabjc.2015.11.010
http://doi.org/10.1007/s10853-006-0958-y
http://doi.org/10.1007/s10924-022-02464-8
http://doi.org/10.1080/00268977000101561
http://doi.org/10.1155/2015/142195
http://doi.org/10.3390/ma16010023

Materials 2023, 16, 2233 21 of 22

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Tadi¢, T.; Markovi¢, B.; Radulovi¢, J.; Luki¢, J.; Suruédi¢, L.; Nastasovi¢, A.; Onjia, A. A Core-Shell Amino-Functionalized
Magnetic Molecularly Imprinted Polymer Based on Glycidyl Methacrylate for Dispersive Solid-Phase Microextraction of Aniline.
Sustainability 2022, 14, 9222. [CrossRef]

Markovi¢, B.; Spasojevi¢, V.; Dapéevié, A.; Vukovié, Z.; Pavlovi¢, V.; Randjelovi¢, D.; Nastasovi¢, A. Characterization of Glycidyl
Methacrylate Based Magnetic Nanocomposites. Hem. Ind. 2019, 73, 25-35. [CrossRef]

Bavisotto, R.; Pradipta Roy, S.; Tysoe, W.T. Structure and Properties of Chiral Modifiers (R)-(+)-1-(1-Naphthyl)-Ethylamine and
(5)-(-)-1-(2-Naphthyl)-Ethylamine on Pd(1 1 1) Using Infrared Spectroscopy. Appl. Surf. Sci. 2023, 607, 154962. [CrossRef]

Shan, H.; Liu, Y.; Zeng, C.; Peng, S.; Zhan, H. On As(IlI) Adsorption Characteristics of Innovative Magnetite Graphene Oxide
Chitosan Microsphere. Materials 2022, 15, 7156. [CrossRef]

Nastasovi¢, A.; Sandi¢, Z.; Suruti¢, L.; Maksin, D.; Jakovljevi¢, D.; Onjia, A. Kinetics of Hexavalent Chromium Sorption on
Amino-Functionalized Macroporous Glycidyl Methacrylate Copolymer. ]. Hazard. Mater. 2009, 171, 153-159. [CrossRef]

Jasper, E.E.; Ajibola, V.O.; Onwuka, J.C. Nonlinear Regression Analysis of the Sorption of Crystal Violet and Methylene Blue from
Aqueous Solutions onto an Agro-Waste Derived Activated Carbon. Appl. Water Sci. 2020, 10, 132. [CrossRef]

Tran, Q.T.; Do, T.H.; Ha, X.L.; Duong, T.T.A.; Chu, M.N.; Vu, V.N.; Chau, H.D.; Tran, TK.N.; Song, P. Experimental Design,
Equilibrium Modeling and Kinetic Studies on the Adsorption of Methylene Blue by Adsorbent: Activated Carbon from Durian
Shell Waste. Materials 2022, 15, 8566. [CrossRef] [PubMed]

Khan, M.; Akhtar, S.; Zafar, S.; Shaheen, A.; Khan, M.; Luque, R.; Rehman, A. Removal of Congo Red from Aqueous Solution by
Anion Exchange Membrane (EBTAC): Adsorption Kinetics and Themodynamics. Materials 2015, 8, 4147-4161. [CrossRef]
Kodri¢, M.; Kristi¢, R.; Risti¢, I.; Nikodijevi¢, M.; Pordevi¢, D. Kinetics of the Adsorption of Textile Disperse Dye to Modified
Polyethylene Terephthalate. Adv. Techol. 2020, 9, 58—-64. [CrossRef]

Patel, S.; Hota, G. Iron Oxide Nanoparticle-Immobilized PAN Nanofibers: Synthesis and Adsorption Studies. RSC Adv. 2016, 6,
15402-15414. [CrossRef]

Hassanpour, S.; Taghizadeh, M.; Yamini, Y. Magnetic Cr(VI) Ion Imprinted Polymer for the Fast Selective Adsorption of Cr(VI)
from Aqueous Solution. J. Polym. Environ. 2018, 26, 101-115. [CrossRef]

Assi, N.; Aberoomand Azar, P.; Saber Tehrani, M.; Husain, S.W.; Darwish, M.; Pourmand, S. Selective Solid-Phase Extraction
Using 1,5-Diphenylcarbazide-Modified Magnetic Nanoparticles for Speciation of Cr(VI) and Cr(III) in Aqueous Solutions. Int. ].
Environ. Sci. Technol. 2019, 16, 4739-4748. [CrossRef]

Alsaiari, N.S.; Amari, A.; Katubi, K.M.; Alzahrani, EM.; Rebah, EB.; Tahoon, M.A. Innovative Magnetite Based Polymeric
Nanocomposite for Simultaneous Removal of Methyl Orange and Hexavalent Chromium from Water. Processes 2021, 9, 576.
[CrossRef]

Wang, K.; Qiu, G.; Cao, H,; Jin, R. Removal of Chromium(VI) from Aqueous Solutions Using Fe304 Magnetic Polymer
Microspheres Functionalized with Amino Groups. Materials 2015, 8, 8378-8391. [CrossRef]

Qi, X.; Gao, S.; Ding, G.; Tang, A.-N. Synthesis of Surface Cr (VI)-Imprinted Magnetic Nanoparticles for Selective Dispersive
Solid-Phase Extraction and Determination of Cr (VI) in Water Samples. Talanta 2017, 162, 345-353. [CrossRef]

Alzahrani, EM.; Alsaiari, N.S.; Katubi, K.M.; Amari, A.; Ben Rebah, F,; Tahoon, M.A. Synthesis of Polymer-Based Magnetic
Nanocomposite for Multi-Pollutants Removal from Water. Polymers 2021, 13, 1742. [CrossRef] [PubMed]

Gallo-Cordova, A.; Morales, M.d.P.; Mazario, E. Effect of the Surface Charge on the Adsorption Capacity of Chromium(VI) of
Iron Oxide Magnetic Nanoparticles Prepared by Microwave-Assisted Synthesis. Water 2019, 11, 2372. [CrossRef]

Hou, T;; Kong, L.; Guo, X.;; Wu, Y,; Wang, E; Wen, Y.; Yang, H. Magnetic Ferrous-Doped Graphene for Improving Cr(VI) Removal.
Mater. Res. Express 2016, 3, 045006. [CrossRef]

Lei, C.; Wang, C.; Chen, W.,; He, M.; Huang, B. Polyaniline@magnetic Chitosan Nanomaterials for Highly Efficient Simultaneous
Adsorption and In-Situ Chemical Reduction of Hexavalent Chromium: Removal Efficacy and Mechanisms. Sci. Total Environ.
2020, 733, 139316. [CrossRef]

Norouzian Baghani, A.; Mahvi, A.H.; Gholami, M.; Rastkari, N.; Delikhoon, M. One-Pot Synthesis, Characterization and
Adsorption Studies of Amine-Functionalized Magnetite Nanoparticles for Removal of Cr (VI) and Ni (II) Ions from Aqueous
Solution: Kinetic, Isotherm and Thermodynamic Studies. J. Environ. Health Sci. Eng. 2016, 14, 11. [CrossRef]

Horst, M.E,; Alvarez, M.; Lassalle, V.L. Removal of Heavy Metals from Wastewater Using Magnetic Nanocomposites: Analysis of
the Experimental Conditions. Sep. Sci. Technol. 2016, 51, 550-563. [CrossRef]

Khonsha, I.; Heidarinasab, A.; Moniri, E.; Ahmadpanahi, H. Removal of Hexavalent Chromium in Industrial Wastewater Using
Poly[Allylamine-(N, N-Dimethylacrylamide)] Grafted onto Magnetic Nanoparticles. Adv. Polym. Technol. 2017, 36, 371-377.
[CrossRef]

Ghasemi, R.; Sayahi, T.; Tourani, S.; Kavianimehr, M. Modified Magnetite Nanoparticles for Hexavalent Chromium Removal
from Water. |. Dispers. Sci. Technol. 2016, 37, 1303-1314. [CrossRef]

Yang, Z.; Chen, X,; Li, S.; Ma, W.; Li, Y.,; He, Z.; Hu, H. Effective Removal of Cr(VI) from Aqueous Solution Based on APTES
Modified Nanoporous Silicon Prepared from Kerf Loss Silicon Waste. Environ. Sci. Pollut. Res. 2020, 27, 10899-10909. [CrossRef]
Sun, X,; Yang, L.; Xing, H.; Zhao, J.; Li, X,; Huang, Y.; Liu, H. High Capacity Adsorption of Cr(VI) from Aqueous Solution Using
Polyethylenimine-Functionalized Poly(Glycidyl Methacrylate) Microspheres. Colloids Surf. A Physicochem. Eng. Asp. 2014, 457,
160-168. [CrossRef]


http://doi.org/10.3390/su14159222
http://doi.org/10.2298/HEMIND181113006M
http://doi.org/10.1016/j.apsusc.2022.154962
http://doi.org/10.3390/ma15207156
http://doi.org/10.1016/j.jhazmat.2009.05.116
http://doi.org/10.1007/s13201-020-01218-y
http://doi.org/10.3390/ma15238566
http://www.ncbi.nlm.nih.gov/pubmed/36500060
http://doi.org/10.3390/ma8074147
http://doi.org/10.5937/savteh2001058K
http://doi.org/10.1039/C5RA20345G
http://doi.org/10.1007/s10924-016-0929-6
http://doi.org/10.1007/s13762-018-1868-7
http://doi.org/10.3390/pr9040576
http://doi.org/10.3390/ma8125461
http://doi.org/10.1016/j.talanta.2016.10.040
http://doi.org/10.3390/polym13111742
http://www.ncbi.nlm.nih.gov/pubmed/34073555
http://doi.org/10.3390/w11112372
http://doi.org/10.1088/2053-1591/3/4/045006
http://doi.org/10.1016/j.scitotenv.2020.139316
http://doi.org/10.1186/s40201-016-0252-0
http://doi.org/10.1080/01496395.2015.1086801
http://doi.org/10.1002/adv.21618
http://doi.org/10.1080/01932691.2015.1090906
http://doi.org/10.1007/s11356-019-07427-6
http://doi.org/10.1016/j.colsurfa.2014.05.061

Materials 2023, 16, 2233 22 of 22

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Yu, Q.; Guo, J.; Muhammad, Y.; Li, Q.; Lu, Z; Yun, J.; Liang, Y. Mechanisms of Enhanced Hexavalent Chromium Removal from
Groundwater by Sodium Carboxymethyl Cellulose Stabilized Zerovalent Iron Nanoparticles. |. Environ. Manag. 2020, 276, 111245.
[CrossRef] [PubMed]

Ravi, S.;; Zhang, S.; Lee, Y.-R,; Kang, K.-K ; Kim, ].-M.; Ahn, J.-W.; Ahn, W.-S. EDTA-Functionalized KCC-1 and KIT-6 Mesoporous
Silicas for Nd3* Ton Recovery from Aqueous Solutions. J. Ind. Eng. Chem. 2018, 67,210-218. [CrossRef]

Bertero, E.; Manzano, C.V,; Pellicer, E.; Sort, J.; Ulfig, R M.; Mischler, S.; Michler, ].; Philippe, L. ‘Green” Cr(III)-Glycine Electrolyte
for the Production of FeCrNi Coatings: Electrodeposition Mechanisms and Role of by-Products in Terms of Coating Composition
and Microstructure. RSC Adv. 2019, 9, 25762-25775. [CrossRef] [PubMed]

Ren, B.; Jin, Y.; Zhao, L.; Cui, C.; Song, X. Enhanced Cr(VI) Adsorption Using Chemically Modified Dormant Aspergillus Niger
Spores: Process and Mechanisms. ]. Environ. Chem. Eng. 2022, 10, 106955. [CrossRef]

Bandara, P.C.; Pefia-Bahamonde, J.; Rodrigues, D.F. Redox Mechanisms of Conversion of Cr(VI) to Cr(III) by Graphene Oxide-
Polymer Composite. Sci. Rep. 2020, 10, 9237. [CrossRef]

Choi, K; Lee, S.; Park, ].O.; Park, J.-A.; Cho, S.-H.; Lee, S.Y;; Lee, ].H.; Choi, ].-W. Chromium Removal from Aqueous Solution by
a PEI-Silica Nanocomposite. Sci. Rep. 2018, 8, 1438. [CrossRef]

Surudi¢, L.; Nastasovi¢, A.; Onjia, A.; Janji¢, G.; Raki¢, A. Design of Amino-Functionalized Chelated Macroporous Copolymer
[Poly(GMA-EDGMA)] for the Sorption of Cu (I) Ions. J. Serb. Chem. Soc. 2019, 84, 1391-1404. [CrossRef]

Taghavi, F,; Gholizadeh, M.; Saljooghi, A.S.; Ramezani, M. Cu(II) Immobilized on Fe3O,@APTMS-DFX Nanoparticles: An Efficient
Catalyst for the Synthesis of 5-Substituted 1H-Tetrazoles with Cytotoxic Activity. Med. Chem. Commun. 2017, 8, 1953-1964.
[CrossRef]

Fritah, Z.; Drouet, C.; Thouron, C.; Aufray, M. Direct Evidence of Amine-Metal Reaction in Epoxy Systems: An in Situ Calorimetry
Study of the Interphase Formation. Prog. Org. Coat. 2020, 148, 105769. [CrossRef]

Niu, D; Li, Y.; Qiao, X.; Li, L.; Zhao, W.; Chen, H.; Zhao, Q.; Ma, Z.; Shi, J. A Facile Approach to Fabricate Functionalized
Superparamagnetic Copolymer-Silica Nanocomposite Spheres. Chem. Commun. 2008, 37, 4463. [CrossRef]

Rakshit, A.; Chowdhury, S.; Acharjee, A.; Datta, I.; Dome, K.; Biswas, S.; Bhattacharyya, S.S.; Saha, B. Hetero-Aromatic N-
Base-Promoted Oxidation of 4-Chlorobenzyl Alcohol by Cr(VI) in Micellar Media. Res. Chem. Intermed. 2020, 46, 2559-2578.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.jenvman.2020.111245
http://www.ncbi.nlm.nih.gov/pubmed/32862116
http://doi.org/10.1016/j.jiec.2018.06.031
http://doi.org/10.1039/C9RA04262H
http://www.ncbi.nlm.nih.gov/pubmed/35530084
http://doi.org/10.1016/j.jece.2021.106955
http://doi.org/10.1038/s41598-020-65534-8
http://doi.org/10.1038/s41598-018-20017-9
http://doi.org/10.2298/JSC190125031S
http://doi.org/10.1039/C7MD00302A
http://doi.org/10.1016/j.porgcoat.2020.105769
http://doi.org/10.1039/b807781a
http://doi.org/10.1007/s11164-020-04106-x

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of Magnetic Sorbent 
	Silanization of Fe3O4 Nanoparticles by APTMS 
	Synthesis of Amino-Functionalized Magnetic Nanocomposite 

	Characterization of Magnetic Sorbent 
	Sorption Experiments 
	Quantum Chemical Modeling 

	Results and Discussion 
	Characterization of Fe3O4@APTMS/PGME-Deta 
	Chromium Sorption onto Fe3O4@APTMS/PGME-Deta 
	Chromium Sorption Mechanism 
	Quantum Chemical Calculations 

	Conclusions 
	References

