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A B S T R A C T

This paper deals with synthesis and characterization of novel γ-Fe2O3-NH4OH@SiO2(APTMS) nanoparticles
formed from magnetic γ-Fe2O3 core, stabilized electrostatically in basic media NH4OH, doped with SiO2 shell
and functionalized with 3-aminopropyltrimethoxysilane. The gradually synthesized nanoparticles are char-
acterized in order to analyze their structural, morphology, thermogravimetry, surface area and charge, and
magnetic properties. The novel synthesized γ-Fe2O3-NH4OH@SiO2(APTMS) nanoparticles are suitable to adsorb
dysprosium ions (Dy3+), as one of the most critical rare earth elements, from aqueous solution. The Dy3+

adsorption from aqueous solution follows a pseudo-second order kinetic model and the adsorption equilibrium
data fits well to the Temkin isotherm. Thermodynamic studies imply that the adsorption process is endothermic
and spontaneous in nature. The maximum adsorption efficiency for Dy3+ from aqueous solution with 2·10−6M
concentration of Dy3+ is over 90% at pH 7.

1. Introduction

The unique size-dependent properties make nanoparticles (NPs)
superior and indispensable in many areas of human activity including
chemistry, engineering, physics, biology, medicine, and environmental
remediation [1]. High fluorescence, good biocompatibility, good

photostability, nontoxicity, and good solubility are only some of the
advantages of NPs [1,2]. Both, non-magnetic and magnetic NPs, re-
present a promising new technology for wastewater remediation as
adsorbents for removing toxic contaminants or as adsorbents for heavy
metals and rare earth ions (RE3+) from aqueous solution [3,4].

Magnetic NPs exhibit excellent potential for magnetic separation of
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nanomaterials with the possibility of their re-use without loss of effi-
ciency. The most frequently used magnetic nanomaterials for rare earth
elements (REEs) adsorption are based on magnetite (Fe3O4), zero valent
iron (Fe0), and maghemite (γ-Fe2O3) [5–13]. Among all iron oxide NPs,
maghemite NPs have the best chemical stability along with satisfactory
magnetic properties.

All magnetic NPs tend to agglomerate in order to achieve a stabi-
lized state. The agglomeration depends on the particle size distribution,
particle concentration, solution composition, surface chemistry, and the
magnetism of the NPs [14]. Because the formation of agglomerate re-
duces the removal capacity and reactivity, the magnetic NPs have to be
stabilized. Till today, various chemicals and methods are used to
achieve electrostatic, steric, or electrosteric stabilization of NPs
[15–18].

In order to obtain NPs with good selectivity and possibility of
magnetic separation, systems with core–shell structural features were
developed [19–24]. The possible advantages that core shell NPs can
offer, are: (i) the use of the core as a support allowing the specific
surface (shell) nano architecture in terms of porosity and surface area,
(ii) synergism between the shell and the core enabling to achieve higher
efficiency, yield, and selectivity, (iii) combination of the properties of
the core and shell towards improved/combined applications and (iv)
enhanced treatment ability and facilitation of the NPs recycling after
pollutant treatment with an introduced external magnetic field [23,25].

It has to be pointed out, that the NPs interactions with their en-
vironment are greatly affected by their surface functionality. For this
reason, the methods for surface modification of NPs were developed in
order to satisfy chemical functionality and hydrophobicity, and to
control their solubility [26,27]. While most applications require the
NPs to be chemically stable, uniform in size, and possess the ability of
good dispersion in liquid media, the surface of NPs should be modified
with suitable functional groups or molecules. Functional groups of NPs
have to be chosen very carefully with respect to the desired application.
Very helpful is the hard-soft acid base (HSAB) theory. This theory can
predict the selectivity of metal ions for biological donor ligands. Hard
acids and bases tend to have a smaller ionic radius, a high oxidation
state and weak polarizability, while soft acids and bases tend to have a
large ionic radius, a low oxidation state and strong polarizability. Hard
acids (Na+, K+, Mg2+, Ca2+, Cr3+, Al3+, Ga3+, Co3+, Fe3+) react
preferentially with hard bases (carbonates, sulphates, carboxylates,
nitrates, alcohols, amines, phosphates, ethers, H2O, OH−, NH3, hy-
drazines), and soft acids (Cu+, Au+, Ag+, Hg2+, Hg+, Cd2+) with soft
bases (phenyl groups, thiols, ethylenes, thioethers, cyanides, H2S)
[28,29]. Rare earth ions (RE3+), such as scandium (Sc3+), yttrium
(Y3+), lanthanum (La3+), cerium (Ce3+), praseodymium (Pr3+), neo-
dymium (Nd3+), promethium (Pm3+), samarium (Sm3+), europium
(Eu3+), gadolinium (Gd3+), terbium (Tb3+), dysprosium (Dy3+), hol-
mium (Ho3+), erbium (Er3+), thulium (Tm3+), ytterbium (Yb3+), and
lutetium (Lu3+), are classified as hard acids and present strong affinity
for charged ligands or neutral O- and N-donors, as indicated by a wide
number of papers concerning formation of their complexes in solution
[30–32]. On the basis of HSAB theory, RE3+ react preferentially with
carbonates, sulphates, carboxylates, nitrates, alcohols, amines, phos-
phates, ethers, H2O, OH−, NH3, and hydrazine.

For the adsorption of various RE3+ from aqueous solutions, various
magnetic NPs were synthesized. Fe3O4 NPs were functionalized by: L-
cysteine for La3+, Nd3+, Gd3+, and Y3+ adsorption [5]; citric acid for
La3+, Nd3+, Gd3+, and Y3+ adsorption [7]; N-[(3-trimethoxysilyl)
propyl] ethylenediamine triacetic acid trisodium salt for Gd3+ ad-
sorption [8]; and by hydroxyapatite for Nd3+ and Sm3+ adsorption [9].
Galhoum et al. synthesized nanocomposite of Fe3O4 NPs and chitosan,
functionalized by cysteine for La3+, Nd3+, and Yb3+ adsorption [33],
and by diethylenetriamine for Yb3+, Dy3+, and Nd3+ adsorption [34].
Qiu et al. [35] synthesized a hybrid nanomaterial from Fe3O4 and silica,
functionalized by 2-ethylhexylphosphonic acid mono-(2-ethylhexyl)
ester for Y3+ adsorption. Furthermore, Fe3O4 NPs were used as a core in

core@shell nanomaterials, where the shell was from humic acid for
Eu3+ adsorption [36] or from nanocomposite of mesoporous silica and
N,N-dioctyl diglycolamide for Nd3+, Sm3+, Eu3+, Ho3+, Yb3+, Lu3+,
Y3+ and Sc3+ adsorption [37]. In cases of functionalized Fe3O4@shell
nanomaterials, the shell was from various materials, such as: silica,
functionalized by N-[(3-trimethoxysilyl) propyl] ethylenediamine tria-
cetic acid trisodium salt for Nd3+ adsorption [38]; silica, functionalized
by 3-chloropropyl-triethoxy silane by functionalization with 2-ethyl-
hexyl phosphonic acid mono-2-ethylhexyl for La3+ adsorption [39];
silica, functionalized by ethylene diamine propyl trimethoxy silane and
diethylene triamine penta acetic anhydride for La3+ and Nd3+ ad-
sorption [40]; oleic acid, functionalized by bis(2,4,4-trimethylpentyl)
phosphinic acid for La3+, Ce3+, Pr3+, and Nd3+ adsorption [41]; oc-
tadecyltriethoxysilane and chitosan, functionalized by sodium tripoly-
phosphate and functionalized by epichlorohydrin and diethylene-
triamine for Dy3+, Nd3+, and Er3+ adsorption [42]; oleic acid (OA),
functionalized by bis(2,4,4-trimethylpentyl)phosphinic acid or (2,4,4-
tri methylpentyl)dithiophosphinic acid or di(2-ethylhexyl)phosphoric
acid for La3+, Pr3+ and Nd3+ adsorption [43]. Zhang et al. [13] syn-
thesized magnetic NPs with Fe0 NPs acting as the core and the shell
consisting of two layers. The first layer was silica and the second layer
was composite of poly(allylamine) hydrochloride and silica. The ob-
tained NPs were functionalized by diethylenetriamine-penta acetic acid
for La3+, Ce3+, Pr3+, Nd3+, Sm3+, Tb3+, Eu3+, Gd3+, Ho3+, and
Dy3+ adsorption. Iftekhar et al. [44] synthesized NPs from Zr core and
shell from xanthan gum and Zn-Al nanocomposite for Sc3+, Nd3+,
Tm3+, and Yb3+ adsorption. Ghobadi et al. [45] synthesized hybrid
NMs from spinel ferrite MnFe2O4 and graphene oxide. Dubey et al. [46]
engaged γ-Fe2O3 NPs for Y3+ adsorption. Miraoui et al. [12] used γ-
Fe2O3 NPs, functionalized by poly(aminoethylene N methyl 1-formic
acid, 1-phosphonic acid), for Nd3+ adsorption. Meanwhile, γ-Fe2O3

NPs, doped with silica and functionalized with amino groups, were used
in adsorption experiments of Tb3+ [47]. For Sm3+ adsorption, Wang
et al. [48] synthesized NPs with a γ-Fe2O3 core and silica shell, func-
tionalized by N-[(3-trimethoxysilyl)propyl]-ethylenediaminetriacetic
acid trisodium salt and by sodium 3-(trihydroxysilyl) propyl methyl-
phosphonate.

It has to be pointed out that the RE3+ adsorption from aqueous
solutions represents also an important part of REEs recycling, since
REEs are crucial in modern technologies, especially in the fields of
energy, environmental protection, digital technology, and medical ap-
plications [49]. RE3+ can be present in aqueous solutions due to REEs
discharging into wastewater during mining and subsequent refining
processes, or from industrial residues (e.g. phosphogypsum, slags,
bauxite residue (red mud), mine tailings, metallurgical slags, coal ash,
incinerator ash and waste water streams) [3,49]. With respect to the
supply risk, economic importance, and importance of green energy, it
seems that Dy is the most critical REE in the medium term up to the
year 2025 [50]. Dy is most frequently used as additive in permanent
magnets to increase their maximum working temperature. Further-
more, it is used also as component of the magneto-restrictive alloys and
as additive to metal halide lamps to produce a very white light with a
high color rendering index that closely resembles sunlight [51]. But it
has to be pointed out that soluble Dy salts, such as dysprosium chloride
and Dy nitrate, are mildly toxic when ingested [52]. For this reason it is
of great importance to remove and recycle Dy3+ also from aqueous
solutions with low concentration of Dy3+, not only from a resource
conservation point of view, but also due to the environmental and
human health impacts, associates with Dy3+.

In order to develop NPs in a simple way as successful adsorbent for
Dy3+ from aqueous solution new magnetic NPs from γ-Fe2O3 core,
stabilized electrostatically in basic media NH4OH, doped with SiO2

shell and functionalized with 3-aminopropyltrimethoxysilane (APTMS)
have been synthesized. This paper deals with synthesis and character-
ization of these new γ-Fe2O3-NH4OH@SiO2(APTMS) NPs, which exhibit
good potential for Dy3+ adsorption from aqueous solution. As example,
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the application of new synthesized NPs for the adsorption of Dy3+, as
one of the most critical REEs, from aqueous solution with low con-
centration of Dy3+ (from 5·10−7 to 4·10−6M) is presented.

2. Experimental

2.1. Materials

2-propanol (C3H8O, 99.8%, 60.1 g/mol, 0.785 g/mL, CAS 67-63-0,
Gram Mol), 3-aminopropyltrimethoxysilane APTMS (C6H17NO3Si, 97%,
179.29 g/mol, 1.027 g/mL, CAS 13822-56-5, Merck), ammonium hy-
droxide (NH4OH, 25%, 35.05 g/mol, 0.91 g/mL, CAS 1336-21-6,
GramMol), ethanol (C2H5OH, 96%, 46.07 g/mol, 0.810 g/mL, CAS 64-
17-5, Honeywell), tetraethyl orthosilicate TEOS (C6H20O4Si, 99%,
208.33 g/mol, 0.94 g/mL, CAS 78-10-4, SigmaAldrich), ferrous chloride
tetrahydrate (FeCl2⋅4H2O, 198.81 g/mol, 1.93 g/mL, CAS 13478-10-9,
SigmaAldrich), ferric chloride hexahydrate (FeCl3⋅6H2O, 270.3 g/mol,
1.82 g/mL, CAS 10025-77-1, Sigma Aldrich), dysprosium(III) nitrate
pentahydrate (Dy(NO3)3⋅5H2O, 99.90%, 438.59 g/mol, 4.82 g/mL, CAS
10031-49-9, Alfa Aesar), tiron monohydrate (C6H4Na2O8S2⋅H2O, 98%,
314.2 g/mol, CAS 149-45-1, Sigma Aldrich), tris(hydroxymethyl)-ami-
nomethane (H2NC(CH2OH)3, 121.14 g/mol, 0.8 g/mL, CAS 77-861,
Merck). For each used material the following is given: chemical for-
mula, purity, molar mass, density at 25 °C, and CAS number and sup-
plier. All chemicals were used as received without further purification.
For the preparation of all suspensions and solutions, deionized water
(dH2O) was used.

2.2. Synthesis of MNPs

2.2.1. γ-Fe2O3 NPs
The maghmemite γ-Fe2O3 NPs were obtained by co-precipitation of

ferrous and ferric salts in a basic medium. At first, 150mL of 25%
NH4OH was heated up to (87 ± 2) oC and stirred at 300 rpm. 50mL of
0.5 M solution of Fe2+ and Fe3+ in ratio of 1:2 were prepared from
1.6735 g FeCl2⋅4H2O and 4.5505 g FeCl3⋅6H2O and were added to the
prepared ammonium solution and heated by reflux. The reaction was
carried out in round bottom reaction flask for 1 h at pH 9.9. The par-
ticles were precipitated from the reaction mixture by a permanent
magnet and washed several times with dH2O. The washing process
included addition of dH2O, decantation of NPs by a magnet and re-
moval of supernatant.

2.2.2. γ-Fe2O3-NH4OH NPs
The 25mL of 25% NH4OH solution was added to the washing se-

diment (˜1.6 g) of γ-Fe2O3 NPs into the reaction flask. Reaction was
carried out during 24 h at temperature of 50 °C at continuous stirring.
After the reaction, the stabilized γ-Fe2O3-NH4OH NPs were separated
from supernatant with a permanent external magnet and the dH2O was
added.

2.2.3. γ-Fe2O3-NH4OH@SiO2 NPs
For the synthesis of γ-Fe2O3-NH4OH@SiO2 NPs, 66mL of 2-pro-

panol, 15.42mL dH2O, 1.7mL 25% NH4OH solution, 4.93mL of pre-
pared γ-Fe2O3-NH4OH colloid suspension, and 0.324mL of TEOS were
mixed under magnetic stirring by 500 rpm in a closed vessel for 24 h at
room temperature. After the reaction finished, the sediment was wa-
shed twice with ethanol and twice with dH2O. The magnetic core@shell
NPs were decanted by using the permanent external magnet.

2.2.4. γ-Fe2O3-NH4OH@SiO2(APTMS) NPs
The functionalization of the synthesized γ-Fe2O3-NH4OH@SiO2 NPs

with amino NH2 groups was performed “in-situ”. In this purpose, 66mL
of 2-propanol, 15.42mL dH2O, 1.7 mL 25% NH4OH solution, 4.93mL
of prepared γ-Fe2O3-NH4OH colloid suspension (1.038 g/mL), 0.324mL
of TEOS, and 0.518mL of APTMS were mixed under magnetic stirring

by 500 rpm in a closed vessel for 24 h at room temperature. After the
reaction finished, the sediment was washed twice with ethanol and
twice with dH2O. The magnetic stabilized and functionalized core@
shell γ-Fe2O3-NH4OH@SiO2(APTMS) NPs were decanted by using the
permanent external magnet.

2.3. Characterization of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs

For gradually synthesized NPs, characterization methods such as X-
ray diffraction, Fourier transform infrared spectroscopy, potentiometric
titration, thermogravimetric analysis, transmission electron microscope
with energy dispersive X-ray spectroscopy, Brunauer, Emmet and Teller
technique, dynamic light scattering, and vibrating sample magneto-
metry, were used.

2.3.1. X-ray diffraction (XRD)
XRD analysis was used for structural characterization with a

Brucker D4 Endavor X-ray diffractometer coupled with Cu Kα radiation.
The measurement was done at room temperature with time step of 30 s
within the range of Bragg’s angle 2 θ from 20° to 80° with an angle step
of 0.036°. XRD utilized a Cu anode with a wave length of 0.154 nm.

2.3.2. Fourier transform infrared spectroscopy (FT-IR)
FT-IR data were collected with a PerkinElmer with Spectrum GX

software. FT-IR spectra was recorded at room temperature in a range of
400 cm-1 to 4000 cm-1 in the transmittance mode.

2.3.3. Potentiometric titration
A two-burette instrument Mettler T-70 was used, equipped with a

combined glass electrode Mettler T DG 117. The burettes were filled
with 0.1M HCl and 0.1M KOH. All the solutions were prepared with
dH2O with a very low carbonate content (< 10−6M), which was
achieved through boiling and consequent cooling under nitrogen at-
mosphere. The samples were titrated in forward and back runs between
pH 2 and pH 11. The ionic strength was set to its approximate value,
which remains within 2% of the initial value upon additions of HCl and
KOH. The titrant was added at various intervals from 0.001mL to
0.25mL. The stability criterion for taking a reading after each addition
was set to 0.1 mV/20 s, where 20 s was the minimum time to reach
equilibrium conditions between to additions of the titrant, and the
maximum time was set to 180 s.

2.3.4. Thermogravimetric analysis (TGA)
In order to determine the amount of functional groups grafted onto

the surface, the TGA analysis was performed by using PerkinElmer TGA
4000, which was calibrated with alumel-iron (NiMnAlSi Fe) at 5 °C and
20 °C. The samples were in the pot made of Al2O3. The experiments
were performed in nitrogen atmosphere with nitrogen flow ratio of
20mL/min by heating step of 20 °C/min in the temperature interval
from 25 °C to 900 °C.

2.3.5. Transmission electron microscope/Energy dispersive X-ray
spectroscopy (TEM/EDXS)

TEM images were taken using a JEOL JEM-2100 microscope, op-
erated by drop-casting the nanoparticle dispersions on carbon-coated
copper grids and drying under ambient conditions. EDXS mapping
analyses were performed at 200 kV using a JEOL JEM-2010 micro-
scope.

2.3.6. Brunauer, Emmet and Teller technique (BET)
BET is used to determine the specific surface area of nanoparticles

by using Micromeritics, Flow Prep 060 with Tristar II 3020. All samples
were degassed at 110 °C for 24 h, prior to each measurement. The
specific surface area was evaluated in the 0.05–0.3 range of relative
pressure at nitrogen gas at temperature of 77.35 K after 24 h.
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2.3.7. Dynamic light scattering (DLS)
DLS analysis was used to determine electro-kinetic phenomena,

which involves the inter relation between mechanical and electrical
effects at a moving interface. Electro-kinetic results were expressed in
term of ζ-potential, determining from electrophoretic mobility of par-
ticles through a field with known strength, and the term of isoelectric
point, referring to the conditions under which the ζ-potential is zero.
When pH is equal to or close to the isoelectric point, NPs tend to be
unstable, form clusters, and precipitate. The ζ-potential was measured
by ZetaSizer Nano series Malvern Instruments. NaOH and HCl were
employed to adjust pH values of suspensions. All measurements were
performed at room temperature.

2.3.8. Vibrating sample magnetometry (VSM)
For magnetization measurements a Lake Shore 7400 vibrating

sample magnetometer was used. For the synthesized NPs the mass

magnetization M in = ∙( )emu
g

A m
kg

2
with respect to applied magnetic

field H in = ∙∙( )Oe 10
4 π

A
m

3
was measured at room temperature.

2.4. Adsorption of Dy3+ from aqueous solution

To determine the affinity of Dy3+ on γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs surface, the adsorption was done under various
conditions; equilibrium mass of adsorbent, adsorption time, initial
Dy3+ concentration, and temperature of adsorption were changed. The
Dy3+/γ-Fe2O3-NH4OH@SiO2(APTMS) were removed from aqueous
solution with external permanent magnet. To determine the adsorption
capacity, fluorescence spectroscopy was used. The excitation wave-
length for fluorescence spectroscopy was determined by UV/VIS spec-
trophotometer Perkin Elmer 35. To determine the amount of adsorbed
Dy3+ on the surfaces of NPs, a fluorescence spectrometer Perkin Elmer
LS 55 was used. In order to increase the intensity of Dy3+ fluorescence,
the complexes of Dy3+ with tiron monohydrate as ligand were used.
The measurements of fluorescence of complexes of Dy3+ were done by
using the calibration curve, determined by standard solutions prepared
from 10−4 M Dy3+ solution, 10−4 M C6H4Na2O8S2⋅H2O solution and
0.05M tris(hydroxymethyl) aminomethane solution at pH 7 and tem-
perature of 25 °C. The measurements of fluorescence of complexes of
Dy3+ were determined by modified standard solutions, where instead
of 10-4M Dy3+ solution the same volume of supernatant (after removal
of adsorbed Dy3+ on NPs) was used. The adsorption study was per-
formed by mixing the prescribed mass of γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs (m ;NPs 20, 40, 60, 80, and 100mg) with water so-
lutions of Dy3+ with various concentrations (cads,0; ∙ −5 10 7, ∙ −1 10 6,
∙ −2 10 6, ∙ −3 10 6, and ∙ −4 10 6 mol

L ) at prescribed temperatures (Tad; 25, 37.5,
50, 62.5, and 75 °C) for prescribed adsorption times (tad; 30, 60, 90,
120, and 240min).

The adsorption capacity qad, mass (mg) of adsorbed Dy3+ per mass
(g) of NPs, and adsorption efficiency qad,% were calculated by Eqs.
(1)–(2) [47,53]:

⎜ ⎟=
− ⎛

⎝
⎞
⎠

q
c c M V

m
( ) mg

gad
ads,0 ads,e ads

NPs (1)

=
−

q
c c

cad,%
ads,0 ads,e

ads,0 (2)

where ( )cads,0
mol

L and ( )cads,e
mol

L relate to the initial and equilibrium

concentration of Dy3+, V (L) denotes the solution volume, ( )Mads
g

mol is
the molar mass of adsorbate, and m (g)NPs is the mass of NPs.

Dy3+ adsorption was studied by kinetic and isotherm models, and
by thermodynamics analysis. The tested kinetic models were pseudo-
first order, given by Eq. (3), Elovich, given by Eq. (4), and pseudo-
second order, given by Eq. (5) [47,53,54]:

= ∙ − − ∙q q e(1 )k t
ad,t ad,e

1 (3)

= ∙ ∙ ∙q
β

α β t1 ln( )
E

E Ead,t (4)

=
∙ ∙

+ ∙ ∙
q

k q t

k q t1ad,t
2 ad,e

2

2 ad,e (5)

where ( )qad,t
mg
g indicates the adsorption capacity in time t , ( )qad,e

mg
g is

the equilibrium adsorption capacity, t (min) is the adsorption time,

( )qad,e,exp
mg
g denotes the experimentally obtained equilibrium adsorp-

tion capacity, ( )k1
1

min is the constant of pseudo-first order model,

( )αE
mg

g min is the initial sorption rate in the Elovich model, ( )βE
g

mg is the
constant related to the extent of surface coverage and activation energy

for chemisorption in the Elovich model, and ( )k2
g

mg min is the constant
of pseudo-second order model.

Initial Dy3+ concentration was varied (up to ∙ −4 10 M6 ) in order to
study the adsorption isotherm of Dy3+ on the surface of γ-Fe2O3-
NH4OH@SiO2(APTMS) NPs at equilibrium mNPs, equilibrium tad, and
Tad. Low Dy3+ concentrations were used to investigate adsorption of
Dy3+ from aqueous solution with very low concentration of Dy3+. The
experimental data was interpreted by adsorption isotherms: Langmuir,
given by Eq. (6), Freundlich, given by Eq. (7), Dubinin-Radushkevich,
given by Eq. (8), and Temkin, given by Eq. (9) [47,55,56]:

=
∙ ∙

+ ∙
q

q K γ
K γ1ad,e

m L ads,e

L ads,e (6)

= ∙q K γ n
ad,e F ads,e

1
(7)

⎜ ⎟= ∙
⎛

⎝
⎜− ∙⎛

⎝
⎜ ∙ ∙ ⎛

⎝
+ ⎞

⎠

⎞

⎠
⎟

⎞

⎠
⎟q q K R T

γ
exp ln 1 1

s
ad,e s DR

ad ,e

2

(8)

= ∙ ∙q R T
b

A γln( )sad,e
T

T ad ,e (9)

where ( )qad,e
mg
g denotes the equilibrium adsorption capacity, ( )qm

mg
g

indicates the adsorption mono-layer coverage capacity, ( )KL
L

mg is the

Langmuir isotherm constant, ( )γads,e
mg
L denotes the equilibrium mass

concentration of adsorbate, ⎜ ⎟
⎛

⎝
∙ ⎞

⎠
( )KF

nmg
g

L
mg

1

is the Freundlich isotherm

constant, n (/) is the adsorption intensivity, ( )qs
mg
g indicates the the-

oretical isotherm saturation capacity, ( )KDR
mol
kJ

2
2 and ( )εDR

kJ
mol

2
2 is the

Dubinin-Radushkevich constants, T (K) is temperature, ( )R 8,314 J
molK is

gas constant, ( )bT
J g

mol mg is the Temkin isotherm constant, and ( )AT
L
g is

the Temkin isotherm equilibrium binding constant.
The thermodynamic analysis of Dy3+ adsorption on the surface of γ-

Fe2O3-NH4OH@SiO2(APTMS) NPs was done at various temperatures of
adsorption. The change in Gibb’s free energy GΔ 0 was evaluated by
applying Van’t Hoff Eq. (10) and the 3rd principle of thermodynamics
Eq. (11), while the changes in enthalpy HΔ 0 and entropy SΔ 0 were
obtained from Eq. (12), derived by combining Eqs. (10) and (11)
[57–59]:

= − ∙ ∙G R T KΔ ln0
e
0 (10)

= − ∙G H T SΔ Δ Δ0 0 0 (11)

= − ∙ +K H
R T

S
R

ln Δ 1 Δ
e
0

0 0

(12)

where ( )GΔ 0 J
mol denotes the change in Gibb’s energy, ( )HΔ 0 J

mol is the
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change in enthalpy, ( )SΔ 0 J
mol K is the change in entropy, T (K) is the

adsorption temperature, ( )R 8.3143 J
mol K is gas constant, and K (/)e

0 is the
dimensionless thermodynamic equilibrium constant.

Lima et al. in [57–59] explained that the correct way to calculate
the thermodynamic constant K (/)e

0 for adsorption is to obtain isotherms
of adsorption at different temperatures and make a nonlinear fitting of
the isotherm. This constant Ke

0 can then be calculated by Eq. (13)
[57,58]:

=
∙ ∙ ∙

K
K M c

γ
1000

e
0 d ads ads

0

(13)

where K ( )d
L

mg is the isotherm equilibrium constant of the best isotherm

model fitted, ( )Mads
g

mol is the molar mass of the adsorbate, ( )cads
0 mol

L

denotes the standard concentration of adsorbate (1mol
L ), and γ (/) in-

dicates the dimensionless coefficient of activity (activity coefficient is
assumed to be 1 since the adsorbate solution is very diluted). By con-
structing a plot of Kln e

0 versus
T
1 , the changes in entropy SΔ 0 and en-

thalpy HΔ 0 can be obtained [57,59].

3. Results and discussion

3.1. Synthesis and characterization of NPs

Fig. 1 illustrates the procedure of synthesis for the new γ-Fe2O3-
NH4OH@SiO2(APTMS) NPs using co-precipitation and sol-gel methods.
NH4OH was used for electrostatic stabilization of magnetic core,
meanwhile APTMS was used for functionalization in order to use these
NPs for adsorption of rare earth ions from aqueous solutions. The γ-
Fe2O3-NH4OH@SiO2 NPs were synthesized by the same reaction as
shown in Fig. 1, just without addition of APTMS.

Magnetic γ-Fe2O3 NPs, synthesized by co-precipitation method,
were characterized by X-ray diffraction (XRD). All diffraction peaks in
Fig. 2 are consistent with the standard structure of maghemite (JCPDS
Card No.: 39-1346). It can be seen that the presence of eight diffraction
reflexes at θ2 of 30.2°, 35.5°, 43.2°, 53.6°, 57.1°, 62.9°, 71.3°, and 74.4°
correspond to crystal planes of (220), (311), (400), (422), (511), (440),
(620), and (533), respectively. For the most intensive diffraction peak
corresponding to plane (311), the lattice parameter is 0.8358 nm cor-
responding to cubic γ-Fe2O3, the interplanar spacing is 0.252 nm by
using Braggs law, and the crystalline size is 22.2 nm by using the Deby-
Scherrer’s equation. The average size of γ-Fe2O3 NPs is (19.1 ± 3.3)
nm. The obtained XRD results of γ-Fe2O3 NPs are similar to the pub-
lished results [60,61]. Furthermore, the positions of diffraction peaks of
γ-Fe2O3-NH4OH NPs, γ-Fe2O3-NH4OH@SiO2 NPs, and γ-Fe2O3-
NH4OH@SiO2(APTMS) NPs are the same as those of γ-Fe2O3 which
indicates that the crystalline cubic spinel structure of γ-Fe2O3 remains
unchanged. This is similar to the results of XRD analysis of Fe3O4@
SiO2(APTES) NPs, shown in the literature [62,63], where Fe3O4@SiO2

and Fe3O4@SiO2(NH2) NPs exhibit the same crystalline cubic spinel
structure as Fe3O4 NPs.

The presence of bonds and functionalized groups of gradually syn-
thesized NPs are evident from FTIR spectra in Fig. 3. Two peaks near
3400 cm-1 and 1630 cm-1 can be assigned to hydroxyl group OH
[64,65] for all gradually synthesized NPs. The strong absorption band
at 543.1 cm-1 for γ-Fe2O3 NPs, assigned to stretching vibration of FeO
functional groups [64,65], is shifted by about 4 cm-1 to lower wave-
number upon stabilization process; then it is shifted by 46 cm-1 to
higher wavenumber due to coating process and lastly by about 4 cm-1

due to the functionalization by amine group. The unexpressive peak at
1437 cm-1, which confirms stabilization by presence of NH4

+ groups
[64,65] for γ-Fe2O3-NH4OH NPs, is shifted by about 12 cm-1 to higher
wavenumber by functionalization with the amine group.

Fig. 1. Synthesis of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs.
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The coating process with silica of stabilized magnetic γ-Fe2O3-
NH4OH NPs is verified by asymmetric stretching vibration of Si-O-Si
bonds at 1071 cm−1 and scissoring (bending) of Si-H bonds at 796 cm-1

and at 988 cm-1 [64,65]. The wavenumber corresponding to Si-O-Si is
shifted by about 33 cm-1 to lower wavenumber by functionalization.
The functionalization by amine group from APTMS is confirmed by the
peaks at 2934 cm-1, 1615 cm-1, 1336 cm-1 and 781 cm-1, which can be

assigned to stretching vibration of -CH2-NH2 bonds, scissoring of N-H
and NH2, wagging and twisting of -CH2-NH2 and wagging and twisting
of NH2 amino groups, respectively [64,65].

The results of potentiometric titration is presented in Fig. 4, where
the charge is normalized to the mass of the titration sample. The data
exhibit two distinguished protonation steps in the ranges of 3<pH
< 6 and 8<pH < 11, and a maximum charge is 0.0448mmol/g. Due

Fig. 2. XRD of γ-Fe2O3 NPs.

Fig. 3. FT-IR of new gradually synthesized NPs.
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to the primary amine groups -NH2 are protonated at pH ˜ 9, meanwhile
secondary amine group -NH are protonated at pH ˜ 4.5, the functio-
nalization γ-Fe2O3-NH4OH@SiO2 NPs with amino groups was suc-
cessful.

In order to determine the amount of functional groups grafted onto
the surface of NPs, thermogravimetric analysis (TGA) of gradually
synthesized NPs is shown in Fig. 5.

According to the literature, [66–68] the mass loss observed while
heating functionalized magnetic NPs up to 200 °C, usually corresponds
to evaporation of absorbed moisture. Meanwhile, further heating causes
additional mass loss due to the phase change, cracking of residual
surface species, or decomposition/removal of used functional groups.
The mass loss of γ-Fe2O3 NPs relates to evaporation of absorbed
moisture of approximately 1.7% by heating up to 160 °C and to the
reaction of γ-Fe2O3 → Fe2O3 → 2 FeO by further heating to 750 °C. The
transformation of maghemite into hematite is an irreversible reaction,
while 2 FeO phase is a metastable phase, which returns to hematite as
soon as the sample is cooled back [66]. TGA results for stabilized γ-
Fe2O3-NH4OH NPs show that 2.2% mass loss is done due to the eva-
poration of absorbed moisture and NH4OH from NPs surfaces, by
heating to 200 °C. Further heating up to 750 °C influences further 1.4%
mass loss due to phase changes. The sensitive mass loss of γ-Fe2O3-
NH4OH@SiO2 NPs by heating to 160 °C of approximately 2.5% is due to
the evaporation of absorbed moisture. With further heating from 260 °C
to 650 °C the mass loss of about further 0.8% is due to decomposition of
SiO2 shell from NPs surfaces, and to the cracking of siloxane chain Si-O-
Si. The most significant mass loss is evident for γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs. The measured 4.7% mass loss by heating up to
180 °C corresponds to the evaporation of absorbed moisture. Further
12.1% mass loss while heating up to 700 °C relates to the removal of
NH2 groups from NPs surface and to cracking of the residual surface
alkyl siloxane species Si-O-Si.

TEM photos in Fig. 6 display the morphology of γ-Fe2O3 and γ-
Fe2O3-NH4OH@SiO2(APTMS) NPs structure. It can be seen, that the
obtained NPs are almost spherical. The average size of γ-Fe2O3 NPs is
(15–20) nm, while the size of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs is
(50–60) nm. Fig. 6 shows the electron diffraction pattern of γ-Fe2O3 NPs
that indicates the crystalline nature, where each of diffraction rings
correspond to the spinel structure of maghemite NPs.

The EDXS pattern of γ-Fe2O3 NPs on Fig. 7 confirms the presence of
Fe and O. The elementary composition confirms maghemite synthesis.
Fig. 7 shows also the EDXS spectrum of γ-Fe2O3-NH4OH@SiO2(APTMS)
NPs where the presence of Fe, O (N), Si, and C, and Cu is evident. The
elementary composition confirms the success of the synthesis of a
magnetic maghemite core, a silicate shell, and functionalization with
amino groups. Small portions of C and Cu are due to the use of Cu and C
grid on which the sample is found during the EDXS analysis.

The BET analysis gives specific surface area of 79.4m2/g for γ-Fe2O3

NPs and 28.0 m2/g for γ-Fe2O3-NH4OH@SiO2(APTMS) NPs. At BJH
adsorption the average pore size is 9.6 nm with total pore volume of
0.1988 cm3/g, meanwhile at BJH desorption the average pore size is
11.2 nm with total pore volume of 0.2116 cm3/g for γ-Fe2O3 NPs. For γ-
Fe2O3-NH4OH@SiO2(APTMS) NPs the average pore size is 5.4 nm with
total pore volume of 0.0505 cm3/g and the average pore size is 5.7 nm
with total pore volume of 0.05309 cm3/g at BJH adsorption and des-
orption, separately. According to the BET specific surface area, the
predicted average γ-Fe2O3 NPs size is 15.5 nm and γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs size is 53.6 nm.

In order to establish colloidal stability of the systems and isoelectric
points, ζpotential using DLS technique is presented in Fig. 8 for γ-Fe2O3,
γ-Fe2O3-NH4OH@SiO2, and γ-Fe2O3-NH4OH@SiO2(APTMS) NPs. The
pH of isoelectric point of maghemite γ-Fe2O3 NPs is about 6.1, while
coated NPs show pH dependency similar to that of pure silica. The
values of ζ-potential for γ-Fe2O3 NPs are higher than 30mV at pH <
4.2, which means that γ-Fe2O3 NPs in colloidal suspension are stable at
pH smaller than 4.2. The observed pH 2.4 of isoelectric point for γ-
Fe2O3-NH4OH@SiO2 NPs confirms that the coating process was effec-
tive since the charge surface properties are close to that of pure silica.
The SiO2 shell onto the maghemite core causes an increase in their
chemical stability, thus affecting their performance for bio-applications.
It can be seen that cationic polyelectrolyte APTMS may be employed to
functionalize stabilized magnetic core@shell NPs, making them posi-
tive in a broad range of pH. The presence of amine layer onto the
surface of γ-Fe2O3-NH4OH@SiO2 NPs stabilizes this colloidal suspen-
sion. The DLS analysis of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs show
isoelectric point at pH 9.5 and the stability of NPs at pH < 4.5 and at
pH > 12, where the ζpotential is higher than 30mV or lower than
-30mV.

Comparison of the results of magnetic study with VSM analysis for
γ-Fe2O3 and γ-Fe2O3-NH4OH@SiO2(APTMS) NPs is shown on Fig. 9. In
the magnetization phase, by the magnetic field strength of

=H 10000 Oe, the mass saturation magnetization Ms of the synthesized
γ-Fe2O3-NH4OH@SiO2(APTMS) NPs is reduced to 30.94 emu/g from
53.79 emu/g for γ-Fe2O3 NPs. The remanence of γ-Fe2O3 NPs is
5.25 emu/g. Meanwhile the remanence of γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs is only 2.40 emu/g. The coercitivity Hc of γ-Fe2O3-

NH4OH@SiO2(APTMS) NPs is 36.93 Oe; the coercitivity of γ-Fe2O3 NPs
is 202.90 Oe. The reduction of mass saturation magnetization, coer-
civity and remanent magnetization in the case of γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs with respect to γ-Fe2O3 NPs are expected due to
larger size of NPs corresponding to SiO2 shell and functionalization
with amino groups.

Fig. 4. Potentiometric titration of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs.
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3.2. Adsorption study

The excitation wavelength of prepared standard solutions, de-
termined by UV/VIS spectroscopy, is 312 nm. The calibration curves of
fluorescence spectrometer Perkin Elmer LS 55, obtained by prepared
standard solutions, for Dy3+ complex with tiron monohydrate as li-
gand, are given in Fig. 10. The correlation coefficient of the calibration
curves is higher than 0.99.

Results of Dy3+ adsorption are presented only for γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs since the adsorption with these NPs is more efficient
than with NPs without stabilization and functionalization. Namely,
according to the presented HSAB theory, Dy3+ react preferable with
amines (APTMS). To explain more precisely, only γ-Fe2O3 NPs, like all
magnetic NPs, tend to agglomerate, which reduces the adsorption ca-
pacity. The agglomeration is prevented by stabilization with NH4OH,
which yields NPs containing low density of hydroxyl groups, resulting

in a small grafting density of amino groups. By coating γ-Fe2O3-NH4OH
with SiO2 a higher density of hydroxyl groups is obtained, resulting in a
large grafting density of amines. This dense layer of APTMS groups is
capable of binding high quantities of Dy3+ [38].

The influence of mass of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs on the
adsorption efficiency is presented in Fig. 11. The maximum adsorption
efficiency is higher than 90%. The equilibrium mass mNP for Dy3+ of γ-
Fe2O3-NH4OH@SiO2(APTMS) NPs is 60mg for a solution volume

=V 20 mL (i.e. adsorbent dosage of 3mg/mL) at the following condi-
tions: =t 120 minad , = ∙ −c 2 10 Mads,0

6 and ℃=T 25ad .
The adsorption kinetics of Dy3+ by γ-Fe2O3-NH4OH@SiO2(APTMS)

NPs is shown in Fig. 12. One can see that Dy3+ were completely re-
moved from the aqueous solution within 120min of contact time at
conditions for adsorption of Dy3+: =m 60 mgNPs , = ∙ −c 2 10 Mads,0

6 and
℃=T 25ad . Among tested pseudo-first order, Elovich, and pseudo-

second order models, the experimental data follow very well with

Fig. 5. TGA analysis of new gradually synthesized NPs.

T. Kegl, et al. Journal of Hazardous Materials 378 (2019) 120764

8



pseudo-second order rate equation with the R2 value close to 0.9712.
The appropriate values of parameters of pseudo-second order kinetic
model are as follows: =k 0.46652

g
mg min and =q 0.1105ad,e

mg
g for Dy3+

adsorption.
The results show that the adsorption efficiency increased with in-

creasing initial concentration of Dy3+ and reached a plateau at higher
concentration due to saturation of the number of binding sites in a fixed
amount NPs. The optimum initial concentration relates mainly to the

availability of active sites, which is interrelated to the presence of
surface functional groups. To characterize the adsorption equilibria,
linear data of Langmuir, Freundlich, Dubinin-Radushkevich, and
Temkin isotherms are presented in Fig. 13. The experimental data
follow very well with Temkin adsorption isotherm with the R2 value of
0.9879. The values of appropriate parameters of Temkin are as follows:

= ∙b 1.9742 10T
4 J g

mol mg and = ∙A 1.0980 10T
5 L

g .

Due to the fact, that Temkin isotherm model fits very well

Fig. 6. TEM of new gradually synthesized NPs.

Fig. 7. EDXS of new gradually synthesized NPs.
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Fig. 8. DLS analysis of new gradually synthesized NPs.

Fig. 9. VSM analysis of new gradually synthesized NPs.

Fig. 10. Calibration curves of fluorescence spectrometer for Dy3 adsorption.
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adsorption data for Dy3+, it can be concluded that the energy of ad-
sorption of all Dy3+ molecules within the layer of γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs are not the same. Furthermore, the adsorption does
not take place within a single layer and the transmigration of adsorbate
in the plane of the NPs surface is present.

The maximum adsorption capacity relates mainly to availability of
active sites, which is interrelated to the presence of surface functional
groups. The neutral nitrogen atoms of -NH2 and -NH- groups have a
lone pair of electrons which can be shared with rare earths ions, thus
leading to the formation of a coordination bond between the N atoms of
the amino groups from APTMS and rare earth atoms. The coordination
number of Dy3+ is 9. Due to the hypothesis that the primary and sec-
ondary amino groups are the most important sites for Dy3+ adsorption,

the predicted adsorption mechanism bases on coordination of each
Dy3+ with one or two amino groups, meanwhile the remaining co-
ordination sites may be provided by water molecules [69]. The pre-
dicted adsorption mechanism for Dy3+ adsorption on γ-Fe2O3-
NH4OH@SiO2(APTMS) NPs surface can be written as:

− + ⇌ −+ +R NH Dy [Dy( R NH )(H O) ]2
3

2 2 8
3

For the selected very low concentration of Dy3+ in aqueous solu-
tion, the maximum adsorption capacity of 23.2 mg/g for Dy3+ at

= ∙ −c 5 10 Mads,0
5 , =m 6 mgNPs , ℃= =t T120 min, 25ad ad is observed.

The Dy3+ adsorption efficiency on γ-Fe2O3-NH4OH@SiO2(APTMS)
NPs at various temperatures and the plot of Kln e

0 versus
T
1 , are presented

in Fig. 14. For the calculation of the thermodynamic equilibrium con-
stant Ke

0, the Temkin isotherm equilibrium binding constant A ( )T
L

mg

was used as the isotherm equilibrium constant K ( )d
L

mg . At temperatures
25, 37.5, 50, 62.5, 75 °C the Kd values are 109.8, 124.1, 132.2, 149.4,
160.4 L

mg
respectively; the corresponding dimensionless constants Ke

0

are 1.78∙107, 2.02∙107, 2.15∙107, 2.43∙107, 2.61∙107.
The thermodynamic results suggest that higher temperature is

slightly favorable to adsorb Dy3+ on γ-Fe2O3-NH4OH@SiO2(APTMS)
NPs. The thermodynamic parameters were calculated from the linear-
ized plot Kln e

0 versus
T
1 . The negative GΔ 0 values (-41.4 kJ/mol at 25 °C,

-43.4 kJ/mol at 37.5 °C, -45.4 kJ/mol at 50 °C, -47.5 kJ/mol at 62.5 °C,
and -49.4 kJ/mol at 75 °C) indicate a somewhat higher adsorption ef-
ficiency at higher temperature and the spontaneous process of Dy3+

adsorption on NPs. The positive HΔ 0 value of 6.5 kJ/mol indicates that
the adsorption process is endothermic, meanwhile the positive SΔ 0

value of 160.7 J/(mol K) reveals a spontaneous adsorption process with
high affinity [47,59].

The adsorption of Dy3+ on γ-Fe2O3-NH4OH@SiO2(APTMS) NPs is
compared to adsorption of Dy3+ on various adsorbents in Table 1. It
can be seen, that adsorption conditions, like initial Dy3+ mass con-
centration γ0, NPs dosage γNPs, adsorption time tad, adsorption

Fig. 11. Influence of NPs mass on Dy3+ adsorption efficiency.

Fig. 12. Influence of time and kinetic models for Dy3+ adsorption.
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temperature Tad, and solution pH, are very different, making the com-
parison of adsorption performance a difficult task. Considering the in-
itial concentration of Dy3+ and NPs dosage in the aqueous solution, γ-
Fe2O3-NH4OH@SiO2(APTMS) NPs have comparable adsorption prop-
erties for Dy3+.

4. Conclusion

The new stabilized magnetic core@shell NPs, functionalized with
amino groups in-situ, were synthesized in a very simple way in order to
prepare magnetic NPs as adsorbents for adsorption of Dy3+ from aqu-
eous solution. The new simply synthesized spherical magnetic γ-Fe2O3-
NH4OH@SiO2(APTMS) NPs have good characteristics related to their

Fig. 13. Adsorption isotherms for Dy3+ on γ-Fe2O3-NH4OH@SiO2(APTMS) NPs.

Fig. 14. Influence of temperature on Dy3+ adsorption and the plot of Kln e
0 versus.

T
1

Table 1
Comparison of Dy3+ adsorption performance for various adsorbents.

NPs Adsorption conditions Adsorption characterisitcs Ref

γ0 (mg/L) γNPs (g/L) tad(min) Tad (oC) pH Isotherm Kinetic model Reaction qad(mg/g)

Fe0@SiO2@PA/SiO2(DTPA) 1.5 0.5 30 21 3 – Pseudo second order – 1.85 [11]
Fe3O4@C18@chitosan(DETA) 50 1.0 720 25 7 Langmuir Pseudo second order – 28.3 [42]
Fe3O4/chitosan(DETA) 100 0.2 240 47 5 Langmuir Pseudo second order Endothermic Spontaneous 51.5 [34]
γ-Fe2O3-NH4OH@SiO2(APTMS) 0.325 3.0 120 25 7 Temkin Pseudo second order Endothermic Spontaneous 0.11 This work

8.125 0.3 120 25 7 23.2
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structural, morphological, thermogravimetric, surface area and charge,
and magnetic properties. These properties were confirmed by FT-IR,
potentiometric titration, XRD, TGA, TEM/EDXS, BET, DLS, and VSM
methods. Each material in the synthesized γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs plays an important role in the adsorption processes.
γ-Fe2O3 offers magnetization and enables removal of Dy3+ adsorbed on
NPs with a permanent external magnet. NH4OH enables electrostatic
stabilization of γ-Fe2O3 NPs and prevents agglomeration of γ-Fe2O3 NPs
that may cause reduced adsorption capacity. SiO2 enables chemically
stability and contains high density of hydroxyl groups on its surface,
resulting in a large grafting density of functional groups. Since
Dy3+react preferable with amino groups, APTMS enables high effi-
ciency of adsorption. The maximum charge of the functionalized amino
groups on the NPs surface enables satisfactory stabilization of the col-
loid suspension and enough magnetization of γ-Fe2O3-NH4OH@
SiO2(APTMS) NPs. The maximum adsorption efficiency of Dy3+ by the
new γ-Fe2O3-NH4OH@SiO2(APTMS) NPs is 94% obtained by mass ad-
sorbate of 60mg, contact time of adsorption of 120min, initial con-
centration of Dy3+ of 2·10−6M and at temperature of 25 °C. The en-
dothermic and spontaneous adsorption are very well described by the
pseudo-second order kinetic model and by Temkin isotherm.

Acknowledgments

The project MetRecycle is supported by ERA-NET Cofound on Raw
Materials (ERA-MIN 2) under Horizon 2020. We express our gratitude
to European Commission and the national funding organization
Slovenian Ministry of Education, Science and Sport (www.mizs.gov.si/
en) for co-financing the project MetRecycle. The authors are grateful for
the financial support from the Slovenia Research Agency (PhD research
fellowship contract No. 1000-18-0552 and core research funding No.
P2-0032).

References

[1] C.K. Sharma, M. Sharma, O. Verma, V. Sharma, Green synthesis of different na-
noparticles and their potential applications in different fields – a critical review, Int.
J. Pharma Bio Sci. 6 (3) (2015) 555–567.

[2] M. Conradi, Nanosilica-reinforces polymer composites, Mater. Technol. 47 (2013)
285–293.

[3] I. Ali, A.A. Baheer, X.Y. Mbianda, A. Burakov, E. Galunin, I. Burakova, E. Mkrtcjyan,
A. Tkachev, V. Grachev, Graphene based adsorbents for remediation of noxious
pollutants from wastewater, Environ. Int. 127 (2019) 160–180.

[4] C. Li, Z. Zhuang, F. Huang, Z. Wu, Y. Hong, Z. Lin, Recycling rare earth elements
from industrial wastewater with flowerlike nano-Mg(OH)2, ACS Appl. Mater.
Interfaces 5 (2013) 9719–9725.

[5] R.M. Ashour, A.F. Abdel-Magied, A.A. Abdel-Khalek, O.S. Helaly, M.M. Ali,
Preparation and characterization of magnetic iron oxide nanoparticles functiona-
lized by L-cysteine: adsorption and desorption behavior for rare earth metal ions, J.
Environ. Chem. Eng. 4 (2016) 3114–3121.

[6] R.M. Ashour, A. Abdel-Khalek, M.M. Ali, F. Abdel-Magied, Adsorption of La3+ and
Gd3+ using magnetic iron oxide nanoparticles: mechanistic and kinetic study,
Chem. Technol.: Indian J. 11 (3) (2016) 100–108.

[7] R.M. Ashour, R. El-Sayed, A.F. Abdel Magied, A.A. Abdel Khalek, M.M. Ali,
K. Forberg, A. Uheida, M. Muhammed, J. Dutta, Selective separation of rare earth
ions from aqueous solution using functionalized magnetite nanoparticles: kinetic
and thermodynamic studies, Chem. Eng. J. 327 (2017) 286–296.

[8] D. Dupont, W. Brullot, M. Bloemen, T. Verbiest, K. Binnemans, Selective uptake of
rare earths from aqueous solutions by EDTA functionalized magnetic and non-
magnetic nanoparticles, ACS Appl. Mater. Interfaces 6 (2014) 4980–4988.

[9] C. Gok, Neodymium and samarium recovery by magnetic nano-hydroxyapatite, J.
Radioanal. Nucl. Chem. 301 (2014) 641–651.

[10] S.U. Yesiller, A.E. Eroğlu, T. Shahwan, Removal of aqueous rare earth elements
(REEs) using nano-iron based materials, J. Ind. Eng. Chem. 19 (2013) 898–907.

[11] H. Zhang, R.G. McDowell, L.R. Martin, Y. Qiang, Selective extraction of heavy and
light lanthanides from aqueous solution by advanced magnetic nanosorbents, ACS
Appl. Mater. Interfaces 8 (2016) 9523–9531.

[12] A. Miraoui, M.A. Didi, D. Villemin, Neodymium(III) removal by functionalized
magnetic nanoparticles, J. Radioanal. Nucl. Chem. 307 (2016) 963–971.

[13] Y. Zhang, Z. Zhang, S. Xu, L. Yu, Q. Tang, Synthesis of γ-Fe2O3@SiO2@polypyrrole
core/shell/shell nanospheres with flexible controllability of electromagnetic prop-
erties, RCS Adv. 8 (2016) 1–9.

[14] S.C.N. Tang, I.M.C. Lo, Magnetic nanoparticles: essential factors for sustainable
environmental applications, Water Res. 47 (2013) 2613–2632.

[15] S. Laurent, D. Forge, M. Port, A. Roch, C. Robic, L.V. Elst, R.N. Muller, Magnetic

iron oxide nanoparticles: synthesis, stabilization, vectorization, physicochemical
characterizations, and biological applications, Chem. Rev. 108 (2008) 2064–2110.

[16] I.T. Lucas, S. Durand-Vidal, E. Dubois, J. Chevalet, P. Turq, Surface charge density
of maghemite nanoparticles: role of electrostatics in the proton exchange, J. Phys.
Chem. C 111 (2007) 18568–18576.

[17] C. Pfeiffer, C. Rehbock, D. Hühn, C. Camillo-Carrion, D.J. Aberasturi, V. Merk,
S. Barcikowski, W.J. Parak, Interaction of colloidal nanoparticles with their local
environment: the (ionic) nano environment around nanoparticles is different from
bulk and determines the physico-chemical properties of the nanoparticle, J. R. Soc.
Interface 11 (2014) 1–13.

[18] W. Wu, Z. Wu, T. Yu, C. Jiang, W.S. Kim, Recent progress on magnetic iron oxide
nanoparticles: synthesis, surface functional strategies and biomedical applications,
Sci. Technol. Adv. Mater. 16 (2015) 1–44.

[19] A. Abou-Hassan, R. Bazzi, V. Cabuil, Multistep continuous-flow microsynthesis of
magnetic and fluorescent γ-Fe2O3@SiO2 core/shell nanoparticles, Angew. Chem.
Int. Ed. 48 (2009) 7180–7183.

[20] B.C. Ang, I.I. Yaacob, I. Nurdin, Effect of Fe2O3/SiO2 ratio on maghemite-silica
particulate nanocomposites, J. Cent. South. Univ. 20 (2013) 2954–2959.

[21] B.C. Ang, I.I. Yaacob, I. Nurdin, Investigation of Fe2O3/SiO2 nanocomposite by
FESEM and TEM, J. Nanomater. 2013 (2013) 1–6.

[22] C.L. Fang, K. Qian, J. Zhu, S. Wang, X. Lv, S.H. Yu, Monodisperse α-Fe2O3@
SiO2@Au core/shell nanocomposite spheres: synthesis, characterization and prop-
erties, Nanotechnology 19 (2008) 1–7.

[23] M.B. Gawande, A. Goswami, T. Asefa, H. Guo, A.V. Biradar, D.L. Peng, R. Zboril,
R.S. Varma, Core-shell nanoparticles: synthesis and applications in catalysis and
electrocatalysis, Chem. Soc. Rev. 44 (2015) 7540–7590.

[24] C.R. Vestal, Z.J. Zhang, Atom transfer radical polymerization synthesis and mag-
netic characterization of MnFe2O4/polystyrene core/shell nanoparticles, J. Am.
Chem. Soc. 124 (2002) 14312–14313.

[25] H.L. Ding, Y.X. Zhang, S. Wang, J.M. Xu, S.C. Xu, G.H. Li, Fe3O4@SiO2 core/shell
nanoparticles: the silica coating regulations with a single core for different core
sizes and shell thicknesses, Chem. Mater. 24 (2012) 4572–4580.

[26] M. Faraji, Y. Yamini, M. Rezaee, Magnetic nanoparticles: synthesis, stabilization,
functionalization, characterization, and applications, J. Iran. Chem. Soc. 7 (1)
(2010) 1–37.

[27] W.Y.D. Yong, Z. Zhang, G. Cristobal, S. Chin, Onepot synthesis of surface functio-
nalized spherical silica particles, Colloids Surf. A Physicochem, Eng. Asp. 460
(2014) 151–157.

[28] J. Lemire, J.J. Harrison, R.J. Turner, Antimicrobial activity of metals: mechanisms,
molecular targets and applications, Nat. Rev. Microbiol. 11 (2013) 371–384.

[29] M. Saito, S. Kawaharasaki, K. Ito, S. Yamada, K. Hayamizu, S. Seki, Strategies for
fast ion transport in electrochemical capacitor electrolytes from diffusion coeffi-
cients, ionic conductivity, viscosity, density and interaction energies based on HSAB
theory, RCS Adv. 7 (2017) 14528–14535.

[30] P.D. Bernardo, A. Melchior, M. Tolazzi, P.L. Zanonato, Thermodynamics of lan-
thanide(III) complexation in non-aqueous solvents, Coord. Chem. Rev. 256 (2012)
328–351.

[31] A.M. Fedosseev, M.S. Grigoriev, N.A. Budantseva, D. Guillaumont, C.L. Naour,
E. Simoni, C.D. Auwer, P. Moisy, Americium(III) coordination chemistry: an un-
explored diversity of structure and bonding, Comptes Rendus Chim. 13 (2010)
839–948.

[32] P.J. Panak, A. Geist, Complexation and extraction of trivalent actinides and lan-
thanides by triazinylpyridine N‑donor ligands, Chem. Rev. 113 (2013) 1199–1236.

[33] A.A. Galhoum, M.G. Mafhouz, S.T. Abdel-Rehem, N.A. Gomaa, A.A. Atia,
T. Vincent, E. Guibal, Cysteine-functionalized chitosan magnetic nano-based par-
ticles for the recovery of light and heavy rare earth metals: uptake kinetics and
sorption isotherms, Nanomaterials 5 (2015) 154–179.

[34] A.A. Galhoum, M.G. Mahfouz, S.T. Abdel-Rehem, N.A. Gomaa, A.A. Atia,
T. Vincent, E. Guibal, Diethylenetriamine-functionalized chitosan magnetic nano-
based particles for the sorption of rare earth metal ions [Nd(III), Dy(III) and Yb
(III)], Cellulose 22 (2015) 2589–2605.

[35] S. Qiu, Z. Zhao, X. Sun, Development of magnetic silica hybrid material with P507
for rare earth adsorption, J. Chem. Eng. Data 62 (2017) 469–476.

[36] S. Yang, P. Zong, X. Ren, Q. Wang, X. Wang, Rapid and highly efficient pre-
concentration of Eu(III) by core−shell structured Fe3O4@humic acid magnetic
nanoparticles, ACS Appl. Mater. Interfaces 4 (2012) 6891–6900.

[37] J. Li, A. Gong, F. Li, L. Qiu, W. Zhang, G. Gao, Y. Liu, J. Li, Synthesis and char-
acterization of magnetic mesoporous Fe3O4@mSiO2–DODGA nanoparticles for ad-
sorption of 16 rare earth elements, RCS Adv. 8 (2018) 39149–39161.

[38] D. Dupont, J. Luyten, M. Bloemen, T. Verbiest, K. Binnemans, Acid-stable magnetic
core−shell nanoparticles for the separation of rare earths, Ind. Eng. Chem. Res. 53
(2014) 15222–15229.

[39] D. Wu, Y. Sun, Q. Wang, Adsorption of lanthanum (III) from aqueous solution using
2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester-grafted magnetic silica na-
nocomposites, J. Hazard. Mater. 260 (2013) 409–419.

[40] S.N. Almeida, H.E. Toma, Neodymium(III) and lanthanum(III) separation by mag-
netic nanohydrometallurgy using DTPA functionalized magnetite nanoparticles,
Hydrometallurgy 161 (2016) 22–28.

[41] C. Basualto, J. Gaete, L. Molina, F. Valenzuela, C. Yañez, J.F. Marco, Lanthanide
sorbent based on magnetite nanoparticles functionalized with organophosphorus
extractants, Sci. Technol. Adv. Mater. 16 (2015) 1–9.

[42] E. Liu, X. Zheng, X. Xu, F. Zhang, E. Liu, Y. Wang, C. Li, Y. Yan, Preparation of
diethylenetriamine-modified magnetic chitosan nanoparticles for adsorption of
rare-earth metal ions, New J. Chem. 41 (2017) 7739–7750.

[43] L. Molina, J. Gaete, I. Alfaro, V. Ide, F. Valenzuela, J. Paada, C. Basualto, Synthesis
and characterization of magnetite nanoparticles functionalized with

T. Kegl, et al. Journal of Hazardous Materials 378 (2019) 120764

13

http://www.mizs.gov.si/en
http://www.mizs.gov.si/en
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0005
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0005
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0005
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0010
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0010
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0015
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0015
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0015
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0020
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0020
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0020
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0025
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0025
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0025
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0025
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0030
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0030
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0030
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0035
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0035
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0035
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0035
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0040
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0040
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0040
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0045
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0045
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0050
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0050
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0055
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0055
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0055
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0060
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0060
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0065
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0065
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0065
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0070
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0070
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0075
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0075
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0075
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0080
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0080
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0080
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0085
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0085
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0085
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0085
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0085
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0090
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0090
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0090
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0095
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0095
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0095
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0100
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0100
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0105
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0105
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0110
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0110
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0110
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0115
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0115
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0115
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0120
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0120
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0120
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0125
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0125
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0125
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0130
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0130
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0130
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0135
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0135
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0135
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0140
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0140
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0145
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0145
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0145
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0145
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0150
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0150
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0150
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0155
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0155
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0155
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0155
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0160
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0160
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0165
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0165
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0165
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0165
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0170
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0170
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0170
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0170
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0175
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0175
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0180
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0180
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0180
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0185
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0185
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0185
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0190
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0190
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0190
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0195
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0195
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0195
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0200
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0200
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0200
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0205
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0205
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0205
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0210
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0210
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0210
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0215
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0215


organophosphorus compounds and its application as an adsorbent for La (III), Nd
(III) and Pr (III) ions from aqueous solutions, J. Mol. Liq. 275 (2019) 178–191.

[44] S. Iftekhar, V. Srivastava, S.B. Hammouda, M. Sillanpää, Fabrication of novel metal
ion imprinted xanthan gum-layered double hydroxide nanocomposite for adsorp-
tion of rare earth elements, Carbohydr. Polym. 194 (2018) 274–284.

[45] M. Ghobadi, M. Gharabaghi, H. Abdollahi, Z. Boroumand, M. Moradian, MnFe2O4-
graphene oxide magnetic nanoparticles as a high-performance adsorbent for rare
earth elements: synthesis, isotherms, kinetics, thermodynamics and desorption, J.
Hazard. Mater. 351 (2018) 308–316.

[46] S.S. Dubey, S. Grandhi, Sorption studies of yttrium (III) ions on nano maghemite, J.
Environ. Chem. Eng. 4 (2016) 4719–4730.

[47] T. Kegl, A. Košak, A. Lobnik, I. Ban, Terbium ion adsorption from aqueous solution
by using magnetic γ-Fe2O3-NH4OH@SiO2 nanoparticles functionalized with amino
groups, Materials 12 (8) (2019) 1294, https://doi.org/10.3390/ma12081294.

[48] Y. Wang, H. Katepalli, T. Gu, T.A. Hatton, Y. Wang, Functionalized magnetic silica
nanoparticles for highly efficient adsorption of Sm3+ from a dilute aqueous solu-
tion, Langmuir 34 (2018) 2674–2684.

[49] S.M. Jowitt, T.T. Werner, Z. Weng, G.M. Mudd, Recycling of the rare earth ele-
ments, Curr. Opin. Green Sustain. Chem. 13 (2018) 1–7.

[50] R.S. Pell, F. Wall, X. Yan, G. Bailey, Applying and advancing the economic resource
scarcity potential (ESP) method for rare earth elements, Resour. Policy (2018),
https://doi.org/10.1016/j.resourpol.2018.10.003.

[51] K. Binnemans, P.T. Jones, T. Müller, L. Yurramendi, Rare earths and the balance
problem: how to deal with changing markets? J. Sustain. Metall. 4 (2018) 126–146.

[52] K.T. Rim, K.H. Koo, J.S. Park, Toxicological evaluations of rare earths and their
health impacts to workers: a literature review, Saf. Health Work 4 (2013) 12–16.

[53] S. Iftekhar, D.L. Ramasamy, V. Srivastava, M.B. Asif, M. Silanpää, Understanding
the factors affecting the adsorption of Lanthanum using different adsorbents: a
critical review, Chemosphere 204 (2018) 413–430.

[54] L. Largitte, R. Pasquier, A review of the kinetics adsorption models and their ap-
plication to the adsorption of lead by an activated carbon, Chem. Eng. Res. Des. 109
(2016) 495–504.

[55] A.O. Dada, A.P. Olalekan, A.M. Olatunya, O. Dada, Langmuir, Freundlich, Temkin
and Dubinin–Radushkevich isotherms studies of equilibrium sorption of Zn2+ unto
phosphoric acid modified rice husk, IOSR J. Appl. Chem. 3 (1) (2012) 38–45.

[56] K.Y. Foo, B.H. Hameed, Insight into the modeling of adsorption isotherm systems,
Chem. Eng. J. 156 (2010) 2–10.

[57] E.C. Lima, A. Hosseini-Bandegharaei, J.C. Moreno-Piraján, I. Anastopoulos, A cri-
tical review of the estimation of the thermodynamic parameters on adsorption
equilibria. Wrong use of equilibrium constant in the Van’t Hoof equation for cal-
culation of thermodynamic parameters of adsorption, J. Mol. Liq. 273 (2019)

425–434.
[58] É.C. Lima, A. HosseiniBandegharaei, I. Anastopoulos, Response to “some remarks

on a critical review of the estimation of the thermodynamic parameters on ad-
sorption equilibria. Wrong use of equilibrium constant in the van’t Hoff equation for
calculation of thermodynamic parameters of adsorption, J. Mol. Liq. 273 (2019)
425–434 J. Mol. Liq. 280 (2019) 298–300..

[59] E.C. Lima, M.A. Adebayo, F.M. Machado, Kinetic and equilibrium models of ad-
sorption, in: C.P. Bergmann, F.M. Machado (Eds.), Carbon Nanomaterials as
Adsorbents for Environmental and Biological Applications, Springer, Cham, 2015,
pp. 33–69.

[60] N.C. Feitoza, T.D. Gonçalves, J.J. Mesquita, J.S. Menegucci, M.K.M.S. Santos,
J.A. Chaker, R.B. Cuncha, A.M.M. Medeiros, J.C. Rubim, M.H. Sousa, Fabrication of
glycine-functionalized maghemite nanoparticles formagnetic removal of copper
from wastewater, J. Hazard. Mater. 264 (2014) 153–160.

[61] M. Khodabakhshi, A. Bahari, Investigation and characterization of maghemite (γ-
Fe2O3) nanoparticles and its cytotoxicity studies, Indian J. Pharm. Educ. 51 (2)
(2017) 295–301.

[62] K.Z. Bozorgpanah, G.M. Mohammadi, A. Ghavidast, M. Shizard-Sboni, Removal of
reactive black 5 dye from aqueous solutions by Fe3O4@SiO2-APTES nanoparticles,
Caspian J. Environ. Sci. 16 (3) (2018) 287–301.

[63] J. Xu, C. Ju, J. Sheng, F. Wang, Q. Zhng, G. Sun, M. Sun, Synthesis and char-
acterization of magnetic nanoparticles and its application in lipase immobilization,
Bull. Korean Chem. Soc. 34 (8) (2013) 2408–2412.

[64] G. Socrates, Infrared and Raman Characteristic Group Frequencies. Tables and
Charts, John Wiley and Sons, Chichester, 2005.

[65] B. Stuart, Infrared Spectroscopy: Fundamentals and Applications, John Wiley &
Sons, Sydney, 2004.

[66] M. Aliahmad, N.N. Maghaddan, Synthesis of maghemite (γ-Fe2O3) nanoparticles by
thermal-decomposition magnetite (Fe3O4) nanoparticles, Mater. Sci.-Poland 31 (2)
(2013) 264–268.

[67] S. Yoon, Preparation and physical characterizations of superparamagnetic maghe-
mite nanoparticles, J. Magn. 19 (4) (2014) 323–326.

[68] S.D. Topel, E.P. Legaria, C. Tiseanu, J. Rocha, J.M. Nedelec, V.G. Kessler,
G.A. Seisenbaeva, Hybrid silica nanoparticles for sequestration and luminescence
detection of trivalent rare-earth ions (Dy3+ and Nd3+) in solution, J. Nanopart. Res.
16 (2783) (2014) 1–17.

[69] F. Zhao, E. Repo, Y. Song, D. Yin, S.B. Hammouda, L. Chen, S. Kalliola, J. Tang,
K.C. Tam, M. Sillanpää, Polyethylenimine-cross-linked cellulose nanocrystals for
highly efficient recovery of rare earth elements from water and a mechanism study,
Green Chem. 19 (2017) 4816–4828.

T. Kegl, et al. Journal of Hazardous Materials 378 (2019) 120764

14

http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0215
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0215
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0220
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0220
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0220
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0225
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0225
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0225
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0225
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0230
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0230
https://doi.org/10.3390/ma12081294
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0240
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0240
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0240
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0245
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0245
https://doi.org/10.1016/j.resourpol.2018.10.003
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0255
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0255
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0260
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0260
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0265
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0265
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0265
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0270
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0270
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0270
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0275
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0275
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0275
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0280
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0280
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0285
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0285
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0285
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0285
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0285
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0290
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0290
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0290
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0290
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0290
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0295
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0295
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0295
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0295
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0300
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0300
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0300
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0300
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0305
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0305
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0305
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0310
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0310
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0310
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0315
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0315
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0315
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0320
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0320
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0325
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0325
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0330
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0330
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0330
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0335
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0335
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0340
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0340
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0340
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0340
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0345
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0345
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0345
http://refhub.elsevier.com/S0304-3894(19)30706-X/sbref0345

	Synthesis and characterization of novel γ-Fe2O3-NH4OH@SiO2(APTMS) nanoparticles for dysprosium adsorption
	Introduction
	Experimental
	Materials
	Synthesis of MNPs
	γ-Fe2O3 NPs
	γ-Fe2O3-NH4OH NPs
	γ-Fe2O3-NH4OH@SiO2 NPs
	γ-Fe2O3-NH4OH@SiO2(APTMS) NPs

	Characterization of γ-Fe2O3-NH4OH@SiO2(APTMS) NPs
	X-ray diffraction (XRD)
	Fourier transform infrared spectroscopy (FT-IR)
	Potentiometric titration
	Thermogravimetric analysis (TGA)
	Transmission electron microscope/Energy dispersive X-ray spectroscopy (TEM/EDXS)
	Brunauer, Emmet and Teller technique (BET)
	Dynamic light scattering (DLS)
	Vibrating sample magnetometry (VSM)

	Adsorption of Dy3+ from aqueous solution

	Results and discussion
	Synthesis and characterization of NPs
	Adsorption study

	Conclusion
	Acknowledgments
	References




