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A B S T R A C T   

One-step sol–gel synthesis for covering magnetic particles with polysiloxane layers with ≡Si(CH2)3NHC(S) 
NHC2H5 groups has been proposed. Unique properties of this functional group, containing sulfur and nitrogen, 
and the developed approach open wide (and novel) opportunities for the controlled surface design. A number of 
factors affecting the characteristics of such materials and their sorption properties towards heavy metal ions were 
analyzed. Results of scanning and transmission electron microscopy studies, Fourier-transform infrared spec-
troscopy, nitrogen adsorption–desorption measurements, elemental analysis, thermogravimetric analysis, and X- 
ray powder diffraction analysis indicated that, depending on the ratio of core/shell components, the resulting 
spherical moieties with size of 35.1–43.1 nm, can form agglomerates of larger sizes. Packing of these aggregates 
offers porosity to such materials, having a dense or loose polysiloxane shell, with thiourea groups load of 
0.67–1.05 mmol/g. The synthesized materials proved to be effective in extraction of Cu(II), Pb(II), Cd(II), Hg(II), 
Ag(I), Au(III), Zn(II) ions from aqueous solutions, as well as in selectively adsorption of Au(III) ions at pH = 3 and 
Cu(II) ions at pH = 5.5. X-ray photoelectron spectroscopy demonstrated different types of interactions between 
metal ions and the thiourea groups, depending on pH.   

1. Introduction 

Exceptional magnetic properties and nano size of magnetite offer its 
versatile use. Over the past fifteen years, magnetic nanoparticles have 
been widely implemented in medicine [1], catalysis [2], biotechnology 
[3], and also in sorption [4]. Magnetite is a fairly stable compound, 
exhibits superparamagnetic properties, and therefore, when an external 
magnetic field is applied, it can easily be removed from the solution. 
However, when heated to 150 ◦C, it turns into iron(III) oxides, can be 
oxidized in the process of aeration, and is sensitive to changes in the pH 
in solution [5]. Magnetite nanoparticles are capable also of aggregation 
and sedimentation, urging for further research in the field of function-
alization of magnetic particles, their uniform coating with oxides, 
polymers, etc., in order to preserve magnetic properties and expand the 
areas of applications. Therefore, magnetic composite materials can be 

applied to solve more specific tasks [6]. Functionalization of the 
magnetite with polysiloxane layers is important for adsorption of metal 
ions from aggressive environments, especially because the polysiloxane 
shells are inorganic polymers (usually obtained in one step) showing 
good resistance to highly acidic environments [7], and are not swelling 
in organic solvents. In addition, it is possible to provide such materials 
with specific properties during the one-step synthesis by introducing 
different functional groups [8]. 

Sulfur-functionalized silica adsorbents attract much attention due to 
their ability to adsorb ions of precious [9] and heavy metals [10]. 
Selectivity of such adsorbents is much higher than of the oxygen- 
containing analogs [11]. Moreover, sulfur-functionalized silica can be 
used in chromatography for separation of optical isomers [12] and for 
the adsorption of enzymes [13]. They are also convenient for immobi-
lization of biologically active compounds [14]. Indirectly, the 
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irreversible adsorption of stable metal complexes with fixed sulfur- 
containing ligands on porous supports presents an opportunity for 
their application in heterogeneous catalytic systems [15]. N-containing 
silica materials proved themselves as adsorbents of inorganic and 
organic pollutants, antibacterial agents, and as carriers of biocatalysts 
[16]. 

Three main approaches to magnetic nanoparticles covered with silica 
layer are described in the literature. The first method, known as the 
sol–gel process, is based on the use of silicon alkoxides [17] and silicates 
[18] as sources of the polysiloxane layer. According to this technique, 
the silica phase is formed on colloidal magnetic nanoparticles in an 
alcohol-water medium in an alkaline environment. The second approach 
is based on the formation of magnetic particles inside the pores of pre-
viously synthesized silica using metal compounds (salts or alkoxides) as 
a source of the magnetic phase [19]. According to the third technique, 
non-ionic surfactants were used for the formation of the reverse 
microemulsion to separate or suspend magnetic nanoparticles, while a 
layer of silica was formed around them by hydrolysis and condensation 
of tetraethyl orthosilicate (TEOS) [20]. 

Among the specified methods for the synthesis of silica- 
functionalized magnetic nanoparticles, sol–gel synthesis is used most 
often due to relatively mild reaction conditions, low costs, and the 
absence of extraneous substances (surfactants), which must be removed 
at the next stages of synthesis. Organosilanes can be considered as ideal 
precursors for the synthesis of functionalized silicas because their 
chemical composition is widely variable. Organosilanes that contain 
both S and N functions are therefore very well suitable for the synthesis 
of selective adsorbents with both chemical functions present as active 
surface anchors [21]. Selectivity and capacity of such adsorbents to-
wards metal ions will largely depend on the number and position of the 
functions [22], which is also observed for other materials during se-
lective adsorption of the adsorbates of different natures [23,24]. Thus 
thiocarbamide groups can form stable complexes with metal ions and, 
for example, protect the surface of copper by combining allylthiourea 
and some silanes forming a hybrid sol–gel coating [25,26], and could 
sorb metal ions from aqueous solutions [27,28]. Therefore, the one-pot 
synthesis of such adsorbents is highly appealing. Such synthesis can be 
made by sol–gel technique of polymerizing and gelling of carefully 
selected organosilanes. In this way, one should be able to obtain both the 
high surface concentration of active groups and the required porous 
structure. Thus, such approach opens wide (and new) opportunities for 
the controlled surface design. 

Thus, in this article, we decided to develop a method for the synthesis 
of magnetosensitive nanoparticles containing thiourea groups of the 
composition Fe3O4/SiO2/≡Si(CH2)3NHC(S)NHC2H5, and to identify the 
factors affecting the characteristics of such materials and their sorption 
properties towards heavy metal ions. The use of magnetic particles with 
a coating of functionalized silica makes possible, first, to selectively 
adsorb target components from the solution, and second, to separate 
nanocomposites with bound metals from the solution with the help of a 
magnet, which is impossible to realize if using sorbents without a 
magnetic core. The structure of such composites and the composition of 
their surface layer were established, sorption properties, competitive 
adsorption, and concentration of copper and gold ions from natural 
waters were also studied. It is shown that magnetic composites obtained 
in a simple way can be highly effective selective adsorbents for copper 
and gold ions. 

2. Materials and methods 

2.1. Reagents 

Following substances were used as synthesis precursors: tetraethox-
ysilane, Si(OC2H5)4 (TEOS, 98%, Aldrich); 3-aminopropyltriethoxysi-
lane, (C2H5O)3Si(CH2)3NH2 (APTES, 99%, Aldrich); 
ethylisothiocyanate, C2H5NCS (EtNCS, 97%, Aldrich); ethanol (EtOH, 

99.5%, Solveco); iron(II) chloride, FeCl2 (98%, Aldrich); iron(III) chlo-
ride, FeCl3 (98%, Merck); ammonium fluoride, NH4F (98%, Fluka); 
ammonia, NH4OH (25%, Merck). 

Following substances were used to study sorption: mercury(II) ni-
trate monohydrate, Hg(NO3)2⋅H2O (anal. grade, Macrochem, Ukraine); 
silver(I) nitrate, AgNO3 (anal. grade, Macrochem, Ukraine); hydrogen 
tetrachloroaurate hydrate, H[AuCl4]⋅H2O (99.999%, trace metals basis, 
Acros Organics); cadmium(II) nitrate tetrahydrate, Cd(NO3)2⋅4H2O 
(99%, ITES s.r.o., Slovakia); zinc(II) nitrate hexahydrate, Zn 
(NO3)2⋅6H2O (pure p.a., POCH s.a., Poland); copper(II) nitrate trihy-
drate, Cu(NO3)2⋅3H2O (98%, ITES s.r.o. Vranov, Slovakia); lead(II) ni-
trate, Pb(NO3)2 (pure p.a., Lachema a.s., Czech Republic); cobalt(II) 
sulfate heptahydrate, CoSO4⋅7H2O (99%, Lachema a.s., Czech Repub-
lic); nickel(II) sulfate hexahydrate, NiSO4⋅6H2O (pure, Lachema a.s., 
Czech Republic); sodium nitrate, NaNO3 (anal. grade, ITES s.r.o. Vra-
nov, Slovakia); ammonium chloride NH4Cl and sodium chloride NaCl 
(chemically pure, Macrochem, Ukraine); nitric acid, HNO3 (fixanal 
concentrates, Reachem, Ukraine); ethylenediaminetetraacetic acid, 
C10H16N2O8 (EDTA) (fixanal concentrates, Reachem, Ukraine); magne-
sium sulfate, MgSO4⋅7H2O (fixanal concentrates, Reachem, Ukraine); 
eriochrome black T (anal. grade, Reanal, Ukraine); thiourea, NH2CSNH2 
(99%, Lachema a.s., Czech Republic). 

2.2. Synthetic approaches 

Synthesis of trifunctional silane (C2H5O)3Si(CH2)3NHC(S)NHC2H5 
(ETUS) was carried out according to reference [29]. Thus, the solution of 
4.4 mL (0.05 mol) of ethylisothiocyanate in 20 mL of C2H5OH was added 
under vigorous stirring to 11.7 mL (0.05 mol) of APTES dissolved in 30 
mL of C2H5OH (99.5%) in a Schlenk flask (nitrogen atmosphere). The 
solution was refluxed at 60 ◦C for 1 h and, after cooling to room tem-
perature, the solvent was removed in vacuum. The resulting solid white 
substance had the yield 15.66 g. 

Magnetite was prepared by co-precipitation of iron(II) and iron(III) 
chlorides with ammonia, in a nitrogen atmosphere [30]. Iron(II) chlo-
ride (5.489 g, 0.043 mol) and iron(III) chloride (14.169 g, 0.087 mol) 
were dissolved in 450 mL of distilled water at 80 ◦C under nitrogen flow. 
Then, 50 mL of ammonia solution was added to the reaction mixture. 
The black precipitate was produced and kept under 80 ◦C with me-
chanical stirring during 30 min. After this time, the heating was stopped, 
suspension was cooled to room temperature. The magnetite nano-
particles were separated from the solution by decantation using a per-
manent neodymium magnet. In order to remove the residual solvents, 
the magnetite particles were cleaned by repeated cycles of washing with 
water and ethanol. After washing the magnetite, ethyl alcohol was 
added and the formed suspension was stored for further 
functionalization. 

Synthesis of magnetite-silica-thiourea (MSTU) composites. 
Sample MSTU 1. First, 3.6 mL (0.016 mol) of TEOS were hydrolyzed 

in 2.0 mL of 0.0024 M hydrochloric acid and 14 mL of ethanol at 80 ◦C 
for 20 min. Separately, 0.4101 g (0.0013 mol) of ETUS were dissolved in 
5 mL of ethanol and 1 mL of 1% NH4F as catalyst under constant stirring 
for 4 h. Then, the magnetite suspension was prepared: 100 mg (0.0004 
mol) of Fe3O4 in 20 mL of EtOH (99.5%) and 30 mL of H2O (treated by 
ultrasound for 10 min). Solutions of TEOS (by drops) and pre- 
hydrolyzed ETUS were then added to magnetite suspension, under 
continuous stirring. 

Sample MSTU 2. The recipe of preparation was similar to sample 
MSTU 1, but changing the ratio between the reagents to Fe3O4/TEOS/ 
ETUS = 0.0004/0.013/0.0013. 

Sample MSTU 3. The recipe of preparation was similar to sample 
MSTU 1 with the ratio between the reagents Fe3O4/TEOS/ETUS =
0.0004/0.008/0.0013. 

The formed heterogeneous systems were stirred for 4 h. The dark 
brown sediments were separated by magnet, rinsed three times with 
water (50 mL) and twice with ethanol (50 mL). The materials were dried 
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at ~ 100 ◦C in an oven for 24 h. Contrary to the other samples, MSTU 1 
appeared to be a viscous-like suspension after the stirring was stopped, 
so it was centrifuged. The precipitates were treated with ultrasound 
before drying. 

2.3. Adsorption experiments 

Individual metal ions adsorption from water solutions was carried out 
in a static mode (m = 0.01 ± 0.0005 g, V = 10 mL, t = 25 ◦C, τ = 18 h. 
The initial solution pH values were: pH ~ 2.0 for Hg2+, Ag+, [AuCl4]-; 
pH ~ 5.0 for Pb2+ and Cu2+; pH ~ 6–6.5 for Cd2+, Zn2+, Co2+, and 
Ni2+). The ionic strength of the solution was 0.1, created by adding 1 N 
solution of NaNO3. After the sorption, the precipitates were washed 
three times by 5 cm3 of distilled water, and the content of metals was 
determined in the filtrate. All metal ions concentrations, except Hg(II), 
both in the initial solutions and in the filtrates were determined with 
Varian AA 240 FS Fast Sequential Atomic Absorption spectrometer. 
Hg2+ content was determined by back complexation titration of the 
excessive EDTA with 0.05 M solution of MgSO4. 

The sorption capacity (A, mmol/g) and the distribution coefficients 
(Kd, mL/g) were calculated using the formulas: A =

(C− Ceq)×V
m and Kd =

(C− Ceq)×V
Ceq×m , where C and Ceq are the initial and equilibrium concentrations 

of metal ions in the aqueous phase, respectively, mol/L; V is the volume 
of solution, mL; m is adsorbent mass, g. 

Adsorption kinetics was described using the pseudo-first order ln 
(Aeq–At) = ln Aeq–k1t and the pseudo-second order t/At = 1/k2Aeq

2 + t/ 
Aeq rate laws, where Aeq and At are the adsorption capacities (amounts of 
metal ions adsorbed on the adsorbent) at equilibrium and at time t; k1 
and k2 are the pseudo-first and pseudo-second order rate constants, h =
k2Aeq

2 is an initial sorption rate assuming the pseudo-second kinetic 
order model. 

Langmuir Ceq/Aeq = 1/KLAmax + Ceq/Amax and Freundlich lnAeq =

lnKF + (1/n)lnCeq isotherm models were employed to correlate the 
adsorption data. Here Ceq was equilibrium concentration of adsorbate in 
the solution, mg/L; Aeq - adsorption capacity at equilibrium, mg/g; KL - 
Langmuir adsorption equilibrium constant; Amax - maximal adsorption 
capacity for complete monolayer covering of the surface; KF - Freundlich 
constant; n in the Freundlich equation is an empirical parameter con-
nected to the intensity of adsorption and heterogeneity of the adsorbent. 

Selective adsorption from mixtures of ions (Au3+, Cu2+, Pb2+, Cd2+, 
Zn2+, Ni2+, Co2+) or (Cu2+, Pb2+, Cd2+, Zn2+, Ni2+, Co2+) was carried 
out in a dynamic mode (m = 0.025 ± 0.0005 g, V = 25 mL, initial so-
lution pH ~ 3.0 or pH ~ 5.5, ionic strength ~ 0.1). The capped poly-
ethylene vials with suspensions were placed inside a constant orbital 
shaker at room temperature. The samples were collected in 24 h, filtered 
through the paper filters, and the metal ions concentrations were 
quantified by Varian AA 240 FS Fast Sequential AAS. 

Concentrating of Au(III) was carried out in a dynamic mode with a 
sample concentration of 1 g/L, stirring time of 2 h, from a mixture of ions 
containing 12.66 mg/L of Au(III), 16.7 mg/L of Cu(II), 18.5 mg/L of Pb 
(II), 20.0 mg/L of Cd(II), 22.3 mg/L of Zn(II), 16.0 mg/L of Ni(II), and 
24.2 mg/L of Co(II). The sorbent was removed from the suspension with 
a magnet after agitation with the solution for 2 h each cycle, and it was 
filled with a new initial solution without washing and regeneration. This 
was repeated 24 times (24 cycles of adsorption). 

Regeneration of Au- and Cu-loaded materials was also performed in 
the dynamic mode by 4% thiourea solution in 120 min with a sample 
concentration 1 g/L. Thiourea solution was prepared using a solvent 
mixture of 1 M HNO3 and ethanol 4/1 (v/v). After that, the thiourea was 
mineralized and the acid solution of the metal ions was analysed. For 
desorption of Hg(II) ions was used a solution of EDTA (0.025 M) and 0.1 
M nitric acid in a ratio of 3/7 (v/v) with a sample dosage of 1 g/L was 
used for 24 h. The concentration of desorbed Hg(II) was determined by a 
complexometric titration with EDTA. 

Concentrating of Au(III) and Cu(II) from river water (Hýľov region, 

Slovakia, 48.726, 21.069) was carried out in a dynamic mode at tem-
perature ~ 5 ◦C for 6 days. The examined sample MTSU 2 (3 g) was 
placed in a plastic tube with a paper filter at the end. Water from the 
river was supplied with a flow rate of 50 mL/min self-flowing 
(Fig. SM1). The adsorbed gold and copper ions were transferred to the 
solution by dissolving of 1 g of the sample in 25 mL of concentrated 
nitric acid and concentrated hydrochloric acid 1/3 (v/v). The adsorption 
efficiency of metal ions from river water concentrate was also checked. 
The water concentrate was prepared from 5 L of river water by evapo-
ration to 200 mL and by filtration through a paper filter (Whatman). The 
metal ions concentrations were quantified by inductively coupled 
plasma-mass spectrometry (ICP-MS) (Agilent Technologies 7700 Series). 

2.4. Characterization 

Scanning electron microscopy (SEM) images were obtained using 
analytical scanning electron microscope JEOL JSM-6060 LA. Trans-
mission electron microscopy (TEM) images were collected on JEOL JEM 
2010-Fx electron microscope at an electron beam acceleration voltage of 
200 kV. The contents of C, N, and S were evaluated by elementary 
analyzer Vario MACRO cube (Elementar analysensysteme GmbH, Ger-
many) using a thermal conductivity detector. The estimation of Si, Fe, 
and S amounts was carried out by a SEM-EDS (Scanning Electron Mi-
croscopy with Energy Dispersive Spectroscopy) technique using a 
Hitachi TM-1000-µ-DeX tabletop scanning electron microscope. 1H NMR 
spectrum of trifunctional silane was recorded on a Bruker AC-300 
spectrometer. DRIFT (Diffuse Reflectance Infrared Fourier Transform) 
spectra were recorded on a spectrometer Thermo Nicolet Nexus FTIR 
(Fourier-transform infrared) using diffuse reflectance ‘SMART Collec-
tor’; the samples were mixed with KBr at 1:30 ratio. The initial silane 
(ETUS) was analysed by placing a drop between NaCl glass plates and 
then measuring in transmittance mode. Thermogravimetric analysis 
(TGA) was carried out in a Perkin-Elmer Pyris-1 TGA instrument con-
nected with gas analysis unit operated with a Perkin-Elmer Spectrum 
100 FTIR instrument. XRD (X-ray diffraction) data were obtained using a 
Bruker SMART APEX-II diffractometer equipped with MoKα radiation (λ 
= 0.71073 Å). N2 adsorption–desorption isotherms were measured with 
a Kelvin-1042 instrument (Costech Microanalytical, Estonia) at –196 ◦C; 
the samples were pre-degassed at 110 ◦C for 3 h; the specific surface 
areas were calculated by the BET method. Photon cross-correlation 
spectroscopy (PCCS) was used to analyse and plot the distributions of 
particle sizes, which was performed using a Nanophox particle size 
analyser (Sympatec, Germany); aqueous suspensions of samples 
dispersed in an ultrasonic bath were used for PCCS measurement. 
Electrokinetic potentials (ξ-potential) of dilute suspensions of sorbents 
(5 mg of a sample was suspended in 5 mL of 0.001 M NaNO3) in a wide 
pH range were studied using the analyser ZetaSizer Nano ZS (Malvern 
Instruments, UK). The X-ray photoelectron spectroscopy (XPS) was 
performed on an XPS instrument SPECS (SPECS GmbH, Germany, Ber-
lin) equipped with PHOIBOS 100 SCD and non-monochromatic X-ray 
source. The survey surface spectrum of samples was scanned at 70 eV 
transition energy and core spectra at 30 eV and room temperature. All 
the spectra were obtained at a basic pressure of 1 × 10− 8 mbar with Mg 
Kα excitation at 10 kV (200 W). The data analysis was carried out with 
SpecsLab2 CasaXPS software (Casa Software ltd.). The spectrometer was 
calibrated against silver (Ag 3d). 

3. Results and discussion 

3.1. Structure and surface chemistry of magnetic composites 

In order to carry out a one-step synthesis, the silane with a thiourea 
group was synthesized first. Some authors conduct surface syntheses to 
obtain materials with thiourea groups [28,31], but this does not increase 
the sorption capacity and adds to the problems of accurate identification 
of reaction products. Thus, the well-known reaction of primary amines 
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(APTES in our case) with organic isothiocyanates (C2H5NCS) was used to 
obtain a pure solid product soluble in ethanol, that was a silane with 
thiourea group (C2H5O)3Si(CH2)3–NH–C(=S)–NH–C2H5, and its 
composition was confirmed by 1H NMR and IR spectroscopies. 1H NMR 
(CDCl3, δ/ppm): 0.63 (t, SiCH2), 1.20 (s, CH3CH2O, CH3CH2N), 1.69 (t, 
SiCH2CH2), 3.44 (s, Si(CH2)2CH2N, CH3CH2N), 3.78 (qua, CH2O), 5.76 
(m, NHC2H5), 5.97 (m, (CH2)3NH) (Fig. SM2). IR, cm− 1: 3342w (νNH), 
2975, 2932, 2881 (νCH), 1556sh (νas NCN), 1453 (δasCH3), 1385 
(δsCH3), 1333 (ωCH2), 1269 m (νs NCN + νNH), 1161st (νC = S), 1092, 
1044 (νSiO), 799 (νC-S) (Fig. SM3). In the view that the obtained silane 
had high hydrolytic stability, it could be used for the syntheses in air 

[21]. 
One-step synthesis of the magnetosensitive materials functionalized 

by silica with thiourea groups has its own features. Although ETUS 
silane is derived from APTES and also contains sulfur, the syntheses 
developed for materials with amino [32] and mercapto [13] groups in 
aqueous solution could not be performed due to salting out of ETUS, 
whereas the magnetite could not be functionalized in ethanol only. 
Thereby, the optimal water/ethanol ratio to conduct the synthesis was 
determined. The choice of catalyst was made on the basis of experi-
mental studies and previous experience [13,32–33]. Using only hydro-
chloric acid as a catalyst, magnetic functional material was not produced 

Fig. 1. DRIFT spectra (a), SEM-energy-dispersive spectra (b), and SEM-energy-dispersive analysis data (c) for magnetic materials with thiourea groups.  

Fig. 2. Thermal analysis of the MSTU 1 and MSTU 3 samples.  
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according to the SEM-EDS data and the product yield. HCl was used also 
at one of the stages of synthesis for prehydrolysis of TEOS [13]. The 
catalyst for ETUS was chosen to be ammonium fluoride, previously used 
to obtain xerogels [34] and bridged xerogels [35] with thiourea groups, 
in such a quantity that the gelation occurred within 4 h. So, all these 
parameters were determined and utilized for the synthetic procedure. 

In the preparation of xerogels with thiourea groups, the ratio be-
tween structure agent and ETUS affected the porosity, the concentration 
of functional groups, and the sorption capacity [34]. It was shown that 
with a decrease in ETUS in the reaction mixture, the values of specific 
surface area increased and the number of functional groups decreased, 
while the sorption capacity to mercury increased. That is, it is necessary 
to find such a balance in the ratio, when the developed surface has the 
largest number of functional groups available for interaction. In this 
regard, for the composites described in the current paper, the magne-
tite/TEOS ratio was 1/20 and more because such amount of TEOS can 
protect magnetite nanoparticles in acid environment [7], while the 
TEOS/ETUS ratio was varied. 

Functionalization of magnetic particles was attested by the infrared 
spectra, which are presented in Fig. 1a (only for two samples because all 
spectra are similar). The absorption band at ~ 600 cm− 1 was assigned to 
ν(Fe-O) stretching vibrations of magnetite [5]. All samples had the most 
intense absorption band around 1050–1200 cm− 1 from νas(Si-O-Si) vi-
brations, indicating the formation of polysiloxane network in the syn-
thesized samples. There is a group of low-intensity bands in the 
frequency range of 1300–1450 cm− 1 related to the bending vibrations of 
the methyl and methylene groups from the propyl and ethyl fragments of 
the precursor. Symmetric and asymmetric stretching vibrations of C–H 
from methylene groups were recorded in the IR spectra as low-intensity 
absorption bands in the region of 2800–3000 cm− 1. The assignment of 
absorption bands in the range of 1560–1610 cm− 1 had significate value; 

the bands in this region could be assigned as ν(NC = S) vibrations at 
1508 cm− 1 and νas(NCN) at 1558 cm− 1 [31]. So, based on IR spectros-
copy data, the composites consisted of magnetite/silica/thiourea 
groups, Fe3O4/SiO2/≡Si(CH2)3NHC(S)NHC2H5. 

The presence of Fe, Si, and S in the composites was also confirmed by 
SEM-EDS analysis (Fig. 1b,c). Moreover, the expected Si/Fe ratio re-
mains unchanged during the synthesis, which indicated the formation of 
thicker polysiloxane shells in the range of samples MSTU 1 > MSTU 2 >
MSTU 3. Regarding the thiourea moieties (by way of comprised sulfur), 
the highest content of them was observed in the MSTU 1 sample, pre-
sumably because there was a possibility of ETUS co-condensation with 
more TEOS. The SEM-EDS spectrum of the MSTU 3 sample contained 
three peaks assigned to Fe, at about 0.9, 6.3, and 7.0 keV, which cor-
responded to the binding energies of Fe in magnetite [35] and confirmed 
the presence of free locations of the later. 

There were detected several transitions/effects (Fig. 2) with thermal 
analysis for these samples. Thus, there was observed a weight loss in the 
range of temperatures until 100 ◦C, which was connected with the 
removal of the residues of adsorbed water and ethanol. DTG curve 
recorded a significant weight loss process in the range of 200–300 ◦C due 
to the oxidation of sulfur-containing fragments. Finally, the weight loss 
around 400 ◦C was connected with the complete burning out of the 
organic component. For the sample MSTU 3 we could see that its weight 
continued to decrease with increasing temperature, which could be due 
to the oxidation of magnetite [36] and indicated incomplete poly-
siloxane coating layer. These data correlated with the SEM-EDS analysis 
for the sample MTSU 3 above. 

Table 1 shows the content of the introduced functional groups 
calculated from the data of different methods. The amount of thiourea 
groups was estimated using the elemental analysis, DTA, and SEM-EDS. 
It could be seen that elemental analysis and DTA data correlated within 

Table 1 
The content of functional groups of magnetic particles functionalized by thiourea groups.  

Sample Elemental analysis data, mass% Content of thiourea groups, mmol/g pI dpart., nm (XRD) dpart., nm (PCCS) Ssp., m2/g 

C N S N el.an. S el.an. TGA SEM-EDS 

MSTU 1  8.5  2.8  3.0  1.00  0.94 1.20  2.15  5.8  43.1 253 333 
MSTU 2  5.8  1.7  2.0  0.61  0.63 0.80  1.06  5.5  41.2 253 486 
MSTU 3  5.2  1.9  2.1  0.68  0.66 not determined  1.22  3.1  35.1 110 94  

Fig. 3. SEM (top) and TEM (bottom) images of the magnetosensitive silica composites with thiourea groups.  
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an error; therefore, the average values from these analyzes were used in 
all subsequent calculations. In the case of the MSTU 3 sample, it was 
difficult to calculate the groups’ content from TGA because other pro-
cesses took place with the sample along with the extinction of functional 
groups (Fig. 2). Therefore, the loss of weight after 200 ◦C could not be 
uniquely correlated with the content of thiourea groups. Thus, the 
following concentration of thiourea groups was assumed for the samples 
MSTU 1–1.05, MSTU 2–0.68, MSTU 3–0.67 mmol/g. 

According to the SEM microphotographs, the MSTU 3 sample was 
characterized by loose particle arrangement (Fig. 3). Its particles were 
roughly-packed, and therefore this sample had the least value of specific 
surface (Fig. 4). The TEM image of the same sample showed that these 
particles had thin shells, which might be due to the low concentration of 
TEOS in the reaction mixture. Both MSTU 1 and MSTU 2 samples were 
composed not only of single magnetic particles but also of their ag-
glomerates incorporated into silica shell. These particles were tightly 
packed, which resulted in higher specific surface. Thus, the features of 
the sol–gel process between TEOS and ETUS on the surface of magnetic 
particles were reflected in the SEM and TEM images in Fig. 3. 

Fig. 4a shows isotherms of low-temperature nitrogen adsorp-
tion–desorption for the composite materials. The values of specific sur-
face areas calculated using these isotherms are presented in Table 1. 
Isotherms measured for MTSU 1 and MTSU 2 samples could be attrib-
uted to type IV, having hysteresis loop of capillary condensation. Such 
type of isotherms is typical for xerogels and indicates the presence of 
mesopores in the structure of material. Sample MTSU 3 had the lowest 
surface area and was similar to the original magnetite due to the slight 
change in the average particle size after functionalization. The nonlinear 

increase in the values of the specific surface area with linear increase in 
the TEOS content in the synthetic suspension was associated not so much 
with the size of the particles, but with their agglomeration and 
packaging. 

The presence of magnetite was confirmed by the existence of 
appropriate reflections in the XRD patterns corresponding to the crys-
talline phase of magnetite (JCPDS card number 19–0629) (Fig. 4b). 
Moreover, the diffraction patterns witnessed about the thickness of the 
polysiloxane layer on the surface of magnetite particles. Thus, 
augmentation of polysiloxane shell for MTSU 1 and MTSU 2 samples 
was indicated by the presence of a broadened reflex at 11 deg. (2-theta), 
the appearance of which could be attributed to the presence of a certain 
amount of amorphous silica. The intensity of this reflexion was low 
when the content of the polysiloxane layer was minimal (sample MTSU 
3). Also according to the calculation using Debye-Sherrer’s equation, the 
size of the functionalized particles was calculated (see Table 1). These 
results showed difference, however, not significant, in particle size. 
Based on the fact that the size of the magnetite is 12.4 nm [32], in 
addition to the formation of polysiloxane shell, several magnetic parti-
cles apparently did stick together, confirming the TEM observations. 

The actual size of the particles or their agglomerates in suspension 
was shown by PCC spectroscopic data (Fig. 4c). They indicated that in an 
aqueous suspension the agglomerates for the sample MSTU 1 have di-
mensions of 253, 563 and 878 nm, with similar sizes of agglomerates for 
the sample MSTU 2, however, in smaller proportion. Sample MSTU 3 
was homogeneous in size with 110 nm in diameter. These data agreed 
with the data from other methods. 

The electrokinetic potential arising at the phase boundary between a 

Fig. 4. Nitrogen adsorption–desorption isotherms (a), XRD powder patterns (b), PCCS data (c), and pH dependences of the ζ-potentials of dilute aqueous suspensions 
(d) for the obtained samples. 
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Fig. 5. The Cu(II) (a) and Au(III) (b) ions adsorption kinetic curves for thiourea-bearing synthesized materials (experimental data).  

Table 2 
Kinetic parameters of Cu(II) and Au(III) ions adsorption by the synthesized samples.  

Sample (Metal ion) Pseudo-first-order Pseudo-second-order 

Aeq, mmol/g k1,1/ min R2 Aeq, mmol/g k2,1/ mmol min h, mmol/min g R2 

MTSU 1 (Cu(II))  0.102  0.0039  0.885  0.128  0.0681  0.0009  0.977 
MTSU 2 (Cu(II))  0.081  0.0061  0.836  0.107  0.1362  0.0014  0.992 
MTSU 1 (Au(III))  0.205  0.0030  0.993  0.399  0.0387  0.0058  0.996 
MTSU 2 (Au(III))  0.207  0.0021  0.912  0.397  0.0299  0.0043  0.992  

Fig. 6. Isotherms of metal ions adsorption at pH = 2 for MSTU 1 (a) and MSTU 2 (b) samples, as well at pH ~ 5 for MSTU 1 (c) and MSTU 2 (d) samples.  
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solid and a liquid under the action of a direct electric field is widely used 
to characterize the electrical properties of the surface. Changes in its 
values depending on the pH indicate the nature of the groups on the 
surface. Thus, the values of isoelectric points are shown in Table 1. For 
samples MTSU 1 and MTSU 2, the points of zero charge were observed 
at pH values 5.8 and 5.5, respectively, while in the case of the sample 
MTSU 3 there was a shift of pH to a more acidic region. This revealed the 
appearance on the surface of acidic groups not associated with –OH 
groups of magnetite, due to its isoelectric point at pH ~ 7 [37,38]. Such 
a shift could only be caused by the appearance of silanol groups 
(although IR spectroscopy did not detect them), because a large amount 
of ETUS silane with a bulk functional group was present in the reaction 
mixture, which affected the rate of hydrolysis and condensation [39,40]. 

3.2. Study of adsorption properties of materials to individual metal ions 

The adsorption kinetics in this research was studied for two metal 
ions, namely Cu(II) and Au(III), for two samples MTSU 1 and MTSU 2 
(Fig. 5). First, these studies indicated that the equilibrium was estab-
lished after 16 h for both samples and metals, but about 90% of the metal 
ions were adsorbed already in 8 h. Second, the pseudo-second-order 
kinetic model gave a better fitting (Table 2) of the kinetic data and 
their R2 was close to 1.0. This indicated the chemisorption mechanism 
for the interaction of the adsorbent with the adsorbate. 

Fig. 6a,b shows the experimental isotherms of Ag(I), Au(III), and Hg 
(II) adsorption on the magnetite/silica/thiourea samples (for MTSU 3 in 
Fig. SM4). The interpretation of experimental results was carried out 
using the Langmuir and Freundlich equations (Table 3). Ag(I), Au(III) 
and Hg(II) ions were chosen because of their affinity for sulfur, and they 
were very well adsorbed by the materials containing sulfur in an acidic 
environment. The results illustrated that the adsorption capacity 
decreased with decreasing thiourea groups concentration. However, the 
M/Lig ratios (Table 3) were higher than 1/1 in most cases. The ion- 
exchange mechanism of interaction is possible for silver(I) ions during 
the transformation of thiourea groups to mercapto groups with the 
formation of 1/1 complex: ≡Si(CH2)3-NH-C(=S)–NH-C2H5 ↔ ≡Si 
(CH2)3-N––C(-SH)–NH-C2H5 + Ag+ → ≡Si(CH2)3-N––C(-S-Ag)–NH- 

C2H5. The same mechanism of adsorption could be realized for mercury 
(II) ions [33,38]. At first, mercury(II) ions can form metal/ligand com-
plexes of 1/2, 1/1, and even 2/1, but the complexation tended to 
simplify with increasing metal concentration. There also could be 
observed the formation of polynuclear complexes: [≡Si(CH2)3-N––C(-S- 
)–NH-C2H5]2Hg, ≡Si(CH2)3-N––C(-S-Hg+)–NH-C2H5, ≡Si(CH2)3-N––C 
(-S-Hg-Hg+)–NH-C2H5 [41]. In the case of adsorption of gold(III) ions, 
which were present in the solution in the form of anions [AuCl4]-, there 
was a tendency for their interaction with the nitrogen of the thiourea 
group [42], which resulted in changes in the metal/ligand ratio. 
Therefore, explaining the metal/ligand ratio was sometimes not easy. 
The isotherms of Ag(I), Hg(II), and Au(III) ions adsorption by MTSU 1 
sample approached the y-axis in the region of low concentrations. Such 
type of isotherm indicated high affinity of the adsorbate to the adsor-
bent, which was reflected in the value of the distribution coefficient 
(Kd). All sorption isotherms (Fig. 6a,b) could be classified as classical L- 
isotherms (in due form) and were well described by the Langmuir 
equation, which indicated the formation of a monolayer. 

The sorption capacity of the samples was determined as the 
maximum adsorption, Amax, which corresponded to the complete filling 
of the surface with a layer of the adsorbate. The data in Table 3 show 
that the isotherms for these three metal ions were well described by the 
Langmuir equation with high correlation coefficients. This indicated 
chemisorption on the surface of such materials. However, in case of 
adsorption of the gold(III) ions, the Freundlich model also had high 
correlation coefficients, indicating different energy centers on the sur-
face with which the interaction took place, and could indirectly confirm 
that, in addition to the interaction with S, there was complexation with 
N of the thiourea group. 

The values of the correlation coefficient R2 were evaluated and 
compared in order to determine the best-fitting model for each sample 
and metal ion. So, according to the isotherms of copper(II) adsorption 
and parameters from Table 3, the experimental data were described 
reliably by both Langmuir and Freundlich models. This was evidenced 
by the correlation coefficients. At the same time, the distribution co-
efficients were rather high. In case of the MSTU 2 sample, the distri-
bution coefficients of some ions were even higher than for silver(I). 

Table 3 
Parameters of metal ions adsorption obtained by Langmuir and Freundlich isotherm equations.  

Sample M/Lig ratio Aexp, mmol/g (mg/g) Kd, mL/g Langmuir equation Freundlich equation 

Amax, mmol/g KL, L/mmol R2 KF, mmol/g R2 

Ag(I) 
MSTU 1  1.5/1 1.54 (166.2) 7809  1.59  6.337  0.997  1.213  0.946 
MSTU 2  1.0/1 0.70 (75.5) 465  0.78  1.487  0.994  0.439  0.824   

Hg(II) 
MSTU 1  1.5/1 1.56 (312.9) 1398  1.73  1.936  0.994  1.031  0.799 
MSTU 2  1.8/1 1.20 (240.7) 653  1.38  1.292  0.994  0.713  0.862 
Au(III) 
MSTU 1  1.9/1 1.95 (384.2) 41222  1.99  3.401  0.991  1.229  0.992 
MSTU 2  2.3/1 1.55 (305.4) 35812  1.58  3.162  0.994  0.963  0.978 
Cu(II) 
MSTU 1  1.0/1 1.09 (69.3) 941  1.34  0.679  0.966  0.443  0.951 
MSTU 2  1.5/1 0.99 (62.9) 527  1.46  0.380  0.911  0.344  0.949   

Pb(II) 
MSTU 1  1.4/1 1.50 (310.8) 422  1.37  0.254  0.895  0.478  0.952 
MSTU 2  0.5/1 0.35 (72.52) 316  0.43  0.880  0.969  0.195  0.962 
Cd(II) 
MSTU 1  1.1/1 1.18 (132.7) 251  1.64  0.122  0.771  0.136  0.924 
MSTU 2  1.2/1 0.83 (93.3) 170  1.31  0.242  0.715  0.271  0.925 
Zn(II) 
MSTU 1  0.5/1 0.56 (36.6) 86  0.34  0.120  0.837  0.049  0.928 
MSTU 2  0.4/1 0.24 (15.7) 71  0.36  0.278  0.842  0.083  0.926 
Ni(II) 
MSTU 1  0.4/1 0.38 (22.3) 65  0.68  0.194  0.728  0.080  0.966 
MSTU 2  0.4/1 0.29 (17.0) 45  0.48  0.246  0.683  0.042  0.920 
Co(II) 
MSTU 1  0.06/1 0.06 (3.5) 47  0.07  1.486  0.976  0.036  0.750 
MSTU 2  0.09/1 0.06 (3.5) 63  0.06  3.989  0.994  0.043  0.693  
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Regarding the MSTU 1 sample, isotherms of Pb(II), Cd(II), Zn(II), and Ni 
(II) adsorption together with fitting the results to Langmuir and 
Freundlich models showed that the adsorption process was not homo-
geneous, and it proceeded on heterogeneous surface. 

The analysis of the findings proves that the process of adsorption of 
divalent ions by the magnetic materials with thiourea groups is 
ambiguous. The values of the distribution coefficients Kd calculated at 
low concentrations can be written in such order: Cu2+ (73 pm) > Pb2+

(119 pm) > Cd2+ (95 pm) > Zn2+ (74 pm) > Ni2+ (69 pm) > Co2+ (74.5 
pm) [43]; however, the sorption capacities Aexp for ions of different sizes 
vary from sample to sample. But there is a general pattern: a higher 
number of functional groups causes a greater sorption capacity of the 
sample. 

3.3. Research of competitive adsorption of metal ions on samples with 
thiourea groups. Desorption. Concentrating of gold ions in natural 
conditions 

The next step was to study the adsorption on the obtained samples of 
other divalent metals from their water solutions (pH = 5.5). The fact is 
that contaminated industrial water contains a mixture of different 
metals, such as copper(II), cadmium(II), zinc(II), nickel(II), lead(II), and 
cobalt(II). Therefore, the sorption behavior of each metal ion separately 
and from their mixture was studied (Fig. 6c,d). 

The study of metal ions adsorption from their mixture (Fig. 7a) of 

similar concentrations by sample MSTU 1 shows that the sample pref-
erably uptakes copper(II) ions, while some free adsorption centers are 
apparently occupied by lead(II) and cadmium(II). Sample MSTU 2 
probably has such content and location of functional groups that it 
contributes to the selective adsorption of copper(II) ions. When we 
reduced the concentrations of all ions ten times, except for copper(II), 
the same tendency persisted. When the concentration of copper(II) ions 
was also ten times reduced, it opened the possibility for all adsorption 
centers to uptake four metals (Fig. SM5). In addition to the features of 
the structure of the sorbents, such selectivity of sorption for copper(II) 
cations can be explained by the greater stability of copper(II) complexes 
in the Irving-Williams series: Mn2+< Fe2+< Co2+<Ni2+< Cu2+>Zn2+

[44]. 
In the case of adsorption from a mixture at pH = 3 (Fig. 7b), the 

selective adsorption was caused by such factors as pH and high affinity 
of these groups to gold(III) ions. However, the sample MTSU 1, which 
had a large number of functional groups, also adsorbed copper(II) ions 
from the mixture. This meant that selectivity in relation to copper(II) 
and gold(III) ions could be achieved for a sample with a smaller number 
of groups, but, as shown above, the sample MSTU 2 had a high distri-
bution coefficient relative to Cu(II) and Au(III) and the largest sorption 
capacity (Fig. 6b, e, Table 3). Such selective adsorption enabled to 
concentrate the microquantities of gold(III) ions from the mixture in 24 
cycles without adsorbent recovery (Fig. 7c). Up to 80% of the absorption 
still occurred in the 12th cycle. Concerning the regeneration of MTSU 2 

Fig. 7. Competitive adsorption of metal ions on adsorbents with thiourea groups at pH = 5.5 (a) and pH = 3 (b) in dynamic mode, and (c) concentrating of gold(III) 
ions from an ion mixture at pH = 3 on sorbent MTSU 2 in 24 cycles without regeneration (C[AuCl4]–

=12.66 mg/L). 
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adsorbent, it was shown that 100% of adsorption–desorption of mercury 
(II) ions in 2 cycles was achieved using EDTA in an acidified solution, 
~100% of gold(III) ions in an acidified water-alcohol solution of thio-
urea, and 98% for copper(II) in application of the last desorbing mixture. 

Natural water was selected for the study, from a river flowing near 
the ore mountains, where there used to be copper mines. The river water 
was concentrated 25 times and this concentrate contained trace amounts 
of copper and gold (Table SM1). Adsorption of copper and gold ions 
from such water for samples with thiourea groups was at a high level, up 
to 61.8% for copper and up to 96.5% for gold. But at the same time, as 
for samples with thiol groups [45], the adsorption of other elements, 
such as Fe, Mn, Pb, Cd occurred also with high efficiency. The data of 
such non-selective adsorption from a mixture of ions, which are present 
in very small quantities in natural water, correlated with our experi-
mental data when conducting adsorption from model solution 
(Fig. SM5). 9.6 μg of Cu(II) and 13 μg of Au(III) were leached from 1 g of 
the MSTU 1 sample after passing river water through it for 6 days. 
Therefore, such samples are suitable for the concentration of gold and 
copper ions from natural water bodies. 

3.4. Changes in the surface layer of the adsorbent with thiourea groups 
during the adsorption of copper (II) and gold(III) ions investigated by the 
XPS 

XPS analysis was applied to observe the chemical state of each 
element and its environment in the pure MTSU 2 sample and the same 
sample after sorption of copper(II) and gold(III) ions (Fig. 8, Table 4, 
Fig. SM6, SM7). 

In order to establish the oxidation state of iron, XPS Fe3p and Fe2p 
spectra were recorded and analysed (Fig. SM6a,b). The Fe3p peaks were 
deconvoluted into the Fe2+(54.75 eV) and Fe3+ (56.41 eV) [46] and 
their areas had an approximate ratio of 1:2 (Table 4), similar to the 
initial mixture of cations in magnetite. Fig. SM6b presents the peak 
positions of Fe2p3/2 and Fe2p1/2 at 710.76 and 724.19 eV, respec-
tively. The main difference between magnetite and iron(III) oxide is the 
absence of a broadened satellite peak [46]. It should also be noted that 
the positions of the peaks did not undergo changes, which indicated that 
magnetite did not change during sorption in different pH ranges. 

XPS Si2p spectra (Fig. SM6c, Table 4) demonstrated three peaks from 
102.4 eV to 104.4 eV indicating the presence of three types of bonds 
with the silicon atom, namely Si-C, Si-O-Si, Si-O-Fe [47,48]. Deconvo-
lution of the XPS O1s spectra (Table 4, Fig. SM6d) indicated the exis-
tence of non-hydrolyzed ethoxy groups, silanol groups (which is 
consistent with the IR spectra), as well as iron and silicon oxides. So, XPS 
Fe3p, Fe2p, Si2p and O1s spectra revealed the presence of Fe3O4, SiO2 
and organic groups, which was also confirmed by other methods (IR, 
elemental analysis, SEM-EDS). 

It is known that the thiourea group exists in two tautomeric forms, 
thione –NH–C(=S) –NH– and thiol –N––C(–SH) –NH–, and in our pre-
vious work [49], the transformation of thione to the thiol form during 
the adsorption of silver(I) and mercury(II) ions in an acidic medium was 
shown by IR spectroscopy. The analysis of XPS N1s spectra (Fig. 8a) 
showed that the original MSTU 2 sample had 4 peaks, which indicated 
the existence of both thione and thiol forms and a protonated –NH– 
group. During copper(II) adsorption, the area for the N–C peak did not 
increase significantly, which might indicate the absence of changes in 

Fig. 8. X-ray photoelectron spectra of the (a) N1s, (b) C1s, (c) S2p for MTSU 2 samples.  
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the thione-thiol transformation, but the peak at 401.04 eV increased, 
which indicated interaction with the –NH– groups [50]. During the 
adsorption of gold(III) ions, the largest peak area was for the peaks 
related to the formation of the thiol form at 400.3 eV and –NH2

+– groups 
at 400.01 eV. These data confirmed our assumptions about the complex 
formation of metal ions with the –NH– groups as well (the sorption ca-
pacity of the metal in mmol/g exceeded the mmol/g of sulfur). 

In the XPS spectra (Fig. 8b) of the initial sample, C1s was deconvo-
luted into six different carbon states at 284.21 eV, 284.87 eV, 285.37 eV, 
285.84 eV, 286.61 eV, and 287.82 eV, which were attributed to CSi [51], 
C–C + C–H, C–S, C––N, C––S, C–N [52], respectively. Thus, all 
samples contained the thione and thiol forms of the thiocarbamate 
group (Table 4). The shifts were observed, however, in relation to the 
original sample, which indicated the interaction of these groups with 
metal ions. 

The results of the XPS S1s spectra on the surface of magnetically 
controlled samples before and after adsorption of Cu(II) and Au(III) 
showed (Fig. 8c) that for the initial MSTU 2 sample with thiourea groups 
there were three lines with binding energies at 162.51 eV, 170.76 eV and 
176.76 eV, corresponding to sulfur in C––S, C–S and NC-S groupings, 
respectively [50,53]. After the adsorption of copper (II) ions, there was a 
little line shift (sometimes up to 1.0 eV) (Table 4), which might indicate 
the formation of a complex on the surface of the thiocarbamate group 
and Cu(II). For the MTSU 2 sample loaded with gold(III), there was a 
significant shift of the peaks from 162.51 eV to 169.13 eV, which cor-
responded to the Me–S–C bond with thiolate compound formation 
[54]. Therefore, it could be concluded that in a neutral environment, 
when interacting with copper(II) ions, the thiourea group formed 

complexes on the surface and existed in the thione form, while when 
gold ions were sorbed in an acidic environment – it converted into the 
thiol one. 

XPS of Cu2p spectrum presented in Figure SM7a demonstrated two 
peaks at 932.52 eV and 952.20 eV attributed to Cu2p3/2 and Cu2p1/2, 
respectively [42]. These peaks could be ascribed to the Cu(II) state. Two 
satellite peaks at 941.36 eV and 962.50 eV have been noted, which 
matched to the paramagnetic chemical state of Cu(II). 

Figure SM7b shows the XPS of Au4f spectra of MTSU 2 + Au(III). 
Biding energy at 84.07 and 87.62 eV could be assigned to free Au(III) 
[55] which indicated the Au(III) did not recover under such conditions. 

4. Conclusions 

Current research examined an approach to the synthesis of magnetite 
(Fe3O4) nanoparticles with polysiloxane shell containing thiourea 
groups using two-component system of TEOS and trifunctional silane 
(C2H5O)3Si(CH2)3-NH-C(S)–NH-C2H5. The influence of such factors as 
the ratio and concentration of the reacting components and the nature of 
the catalyst on the porosity, the content and availability of functional 
groups, and the thickness of the silica layer were investigated. It was 
shown that the synthesized materials could be used for extraction of 
Hg2+, Ag+, Cu2+, [AuCl4]-, Cd2+, Pb2+, and Zn2+ from aqueous solu-
tions. It was determined that the sample with thiourea groups (0.68 
mmol/g of functional groups and Ssp = 486 m2/g) selectively adsorbed 
94.3% of copper(II) and 99.2% of gold (III) ions from prepared aqueous 
solutions. As well it accumulated [AuCl4]- ions on the surface of the 
sorbent up to 80% in 12 cycles without regeneration from the metal ions 
mixture containing 12.66 μg/L of Au(III). It was shown that such a 
magnetic sample could concentrate 9.6 μg/g of copper ions and 13 μg/g 
of gold ions from natural water and removed 61.8% of copper ions and 
96.5% gold ions (pH = 6.8). XPS data confirmed the transition of the 
thiourea group’s thione tautomeric form into a thiol in the acidic pH 
range and the existence of an unchanged thione at a pH close to neutral. 
It was found that the high sorption capacity of such sample for Cu(II) and 
Au(III) ions was also associated with the formation of complexes not 
only with sulfur in the thiourea groups, but with the nitrogen groups as 
well. 

The approaches to the synthesis of hybrid organic–inorganic 
adsorption materials with controlled functionality of their surfaces 
stated above open new prospects for the sorption technology. 
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Table 4 
XPS data and assignments for the MTSU 2 samples.  

MTSU 2 MTSU 2 þ Cu(II) MTSU 2 þ Au(III) assignment 

Fe3p, BE, eV (% Area) 
54.75 (31.88) 54.79 (26.94) 54.55 (27.28) Fe(II) 
56.41 (68.12) 56.91 (73.06) 56.30 (72.72) Fe(III) 
Fe2p, BE, eV (% Area) 
710.76 (59.62) 710.73 (57.7) 710.67 (56.07) Fe 2p3/2 
724.19 (40.38) 724.12 (42.3) 724.25 (43.93) Fe 2p1/2 
Si2p, BE, eV (% Area) 
102.88 (34.32) 102.46 (38.34) 102.4 (29.12) Si-C 
103.68 (43.68) 103.34 (46.91) 103.18 (39.80) Si-O-Si 
104.43 (22.0) 104.19 (14.75) 104.1 (31.09) Si-O-Fe 
O1s, BE, eV (% Area) 
531.51 (17.08) 531.32 (25.92) 530.78 (9.54) O–C 
532.39 (34.76) 532.04 (28.14) 531.83 (31.29) O–H 
533.14 (34.15) 532.66 (29.23) 532.53 (32.7) O-Si 
533.89 (14.01) 533.4 (16.7) 533.28 (26.47) O-Fe 
N1s, BE, eV (% Area) 
398.59 (4.93) 398.74 (26.03) 398.89 (21.78) N–C 
399.90 (66.44) 399.62 (33.79) 399.45 (7.55) N–H 
400.69 (14.57) 400.25 (19.02) 400.03 (50.31) N––C 
401.41 (14.05) 401.04 (21.17) 401.01 (20.35) NH2

+

C1s, BE, eV (% Area) 
284.21 (14.01) 283.72 (9.87) 283.58 (12.00) C-Si 
284.87 (17.80) 284.42 (15.21) 284.37 (18.01) C–C, C–H 
285.37(12.22) 285.03 (18.60) 284.95 (15.73) C–S 
285.84 (18.37) 285.78 (21.48) 285.53 (16.24) C––N 
286.61 (22.40) 286.57 (31.07) 286.20 (21.58) C––S 
287.82 (15.21) 287.95 (3.77) 288.05 (16.43) C–N 
S2p, BE, eV (% Area) 
162.51 (5.54) 162.89 (3.15) 169.13 (8.30) S––C 
170.76 (40.45) 171.65 (41.95) 175.04 (73.71) S–C 
176.76 (54.02) 178.04 (54.9) 179.54 (17.99) S–C–N 
Cu2p, BE, eV (% Area) 
– 932.52 (39.65) – Cu(II) 
– 941.36 (9.19) – satellite 
– 952.20 (35.73) – Cu(II) 
– 962.50 (15.43) – satellite 
Au4f, BE, eV (% Area) 
– – 84.07 (57.6) Au(III) 
– – 87.62 (42.4) Au(III)  
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