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Abstract 
The effect of modification conditions of poly-3-(2-aminoethyla-

mino)propylsilsesquioxane with ammonium thiocyanate was studied. The 
possibility of varying the sorption properties of materials due to the for-
mation of dithiobiuret or thiourea groups on the sorbent surface under cer-

tain conditions was established. The synthesized sorbents have high selec-
tivity for silver(I) at pH from 0 to 8. The use of thiourea sulfuric acid solu-

tions as a desorbent allows for a total desorption rate of up to 90%. An isoch-
ronous study of the stability of the sorption properties of modified pol-
ysilsesquioxanes was carried out for the first time: the sorption properties 

are preserved for 5 years. Modified poly-3-(2-aminoethyla-
mino)propylsilsesquioxanes can be used for the selective and quantitative 
extraction of silver(I). 
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Key findings 

● Modification conditions make it possible to vary the selective properties of the sorbent. 

● The synthesized sorbents exhibit selective properties in a wide pH range from 0 to 8.  

● The degree of desorption is 90%. 

● The synthesized sorbents retain their properties for 5 years. 

© 2025, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Many original articles are devoted to the sorption concen-

tration of silver [1–3]. The relevance of developing methods 

for extracting silver is explained by the need to process sec-

ondary raw materials containing it (metal scrap, electronic 

waste, printed circuit boards). In comparison with the 

development of ore deposits, recycling of secondary raw 

materials is characterized by low energy costs, produces a 

minimal amount of waste, and allows the disposal of vari-

ous types of electronic waste [4–6]. Sorption provides effi-

cient and cost-effective removal of metal ions among a va-

riety of extraction methods [7]. Sulfur-containing ligands 

are characterized by the greatest affinity for silver(I). For 

http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.9205
mailto:ea-melnik@mail.ru
http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1747-9110
https://orcid.org/0000-0001-8282-5097
https://colab.ws/organizations/00hs7dr46
https://colab.ws/organizations/017c99632
https://colab.ws/organizations/019tvvb70
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.15826/chimtech.9205&domain=pdf&date_stamp=2025-12-11
https://chimicatechnoacta.ru/rt/suppFiles/9205/0
https://chimicatechnoacta.ru/rt/suppFiles/9205/0


Chimica Techno Acta 2025, vol. 12(4), No. 9205 ARTICLE 

  

 2 of 13 DOI: 10.15826/chimtech.9205  

example, the study [8] shows that the degree of silver ex-

traction from nitrate solutions increases with increasing 

the number of donor sulfur atoms in one ligand molecule. 

Currently, sorbents with a matrix modified with thiou-

rea groups have a leading place among sorption materials 

for the sorption of silver(I) [9–10]. The main method for 

producing sorption materials is polymer-analogous trans-

formations using commercially available polymers. The 

sorption properties of polymer organic membranes often de-

teriorate due to hard modification conditions. So the use of 

inorganic membranes in some cases is much more rational 

due to their high chemical and radiation resistance [12]. An-

other advantage of matrices of this type is their swelling re-

sistance and mechanical strength, which allows them to be 

used in high-performance liquid chromatography [13]. Pol-

ysilsesquioxane is a promising matrix for the production of 

sorbents, since it provides high stability and high porosity of 

the sorbent [14]. In addition, methods for the synthesis of 

polysilsesquioxanes are simple and reproducible, and allow 

one to vary the physicochemical and structural adsorption 

characteristics of the sorption material [15]. 

Polysilsesquioxane is an organosilicon hybrid material 

consisting of a siloxane network with functional organic 

groups covalently bonded to silicon atoms. Over the past 10 

years, the field of sorbents based on polysilsesquioxane 

synthesis has been actively developing. Table S1 (Supple-

mentary) shows sorbents that exhibit selective properties 

to silver(I). 

Since sulfur atoms have unpaired pair of electrons, ac-

cording to the theory of hard and soft acids and bases, they 

are soft bases. This contributes to their interaction with 

soft acids, which include silver(I), even in highly acidic en-

vironments, which is a great advantage in practical appli-

cation. However, in order to use sorbents based on pol-

ysilsesquioxane to concentrate silver ions from electronic 

waste, it is necessary to evaluate the selectivity of the 

sorbent to silver(I) from multicomponent solutions, which 

has been studied only in a few works. 

The sorption properties of thiocarbamoylated poly-3-

aminopropylsilsesquioxane were previously investigated 

[16]. It was established that this sorbent exhibits selectivity 

for silver(I), but calcium(II), iron(III) and copper(II)  have 

a certain interfering effect on its sorption. It is assumed 

that the selective properties of this sorbent can be improved 

by introducing an ethylamine spacer between the thiourea 

group and the propyl radical due to an increase in the sta-

bility of the complex formed in the sorbent phase when it 

becomes possible to form an additional chelate ring involv-

ing donor nitrogen atoms. For example, proved that the in-

troduction of an additional donor nitrogen atom and an 

ethyl fragment into the structure of surface groups has a 

significant effect on the sorption properties of the material. 

Takagi et al. [17] found that amine centers inhibit the dif-

fusion of aqueous cationic pollutants when using aminopro-

pyl radicals on a matrix. In order to weaken interactions 

around amine centers without losing the high density of 

absorption centers, the authors proposed a method of mix-

ing 3-aminopropyl and N-(aminoethyl)-3-aminopropyl 

groups. The work [18] established that polysilsesquioxane 

xerogels with ethyl spacer in the matrix structure have bet-

ter structural adsorption characteristics than the corre-

sponding polysiloxanes. The authors claim that the pres-

ence of ethyl spacer in the sorbent frame increases the sta-

bility of the sorbent.  

The purpose of this work was to study the influence of 

the modification conditions of poly-3-(2-aminoethyla-

mino)propylsilsesquioxane on its sorption properties silver 

during its sorption from multicomponent systems. In the 

future, the results obtained will be useful for the sorption 

concentration of silver ions from electronic waste, as well 

as in the synthesis of sorption materials with established 

properties. 

2. Experimental Section 

2.1. Reagents 

AgNO3, Mg(NO3)2·6H2O, Ca(NO3)2·6H2O, Pb(NO3)2, 

Cd(NO3)2·4H2O, Zn(NO3)2·6H2O, Mn(NO3)2·6H2O, 

Co(NO3)2·6H2O, Cu(NO3)2·3H2O, Ni(NO3)2·6H2O, 

Fe(NO3)3·6H2O, NH4SCN, thiourea (c.p.); HNO3, H2SO4, 

CH3COOH, NH3·H2O (h.p.); N-(2-aminoethyl-3-aminopro-

pyl) trimethoxysilane from AlfaAesar (98%, USA), tetra-

ethoxysilane from AlfaAesar (98%, USA), ethanol from 

Constanta-Pharm M (95%, Russia). 

2.2. Equipment 

Deionized water was obtained using a Milli-Q Academic 

high purification system (Millipore, USA). The concentra-

tion of metal ions in solutions before and after sorption was 

determined by flame atomic absorption spectrometry using 

a Solaar M6 spectrometer (Thermo Scientific, USA). The 

acidity of solutions was controlled using an I 160MI ion me-

ter with an ESK 10601/7 combined glass electrode (Meas-

uring equipment, Russia). Mixing of the solutions was car-

ried out using a RITM-01 magnetic stirrer (Measuring 

equipment, Russia). Accurate weighed amounts of reagents 

were selected using an Acculab analytical balance (Sarto-

rius, Germany). The IR spectrum of the synthesized samples 

was obtained using an IR Fourier spectrometer with an at-

tenuated total reflection attachment (Thermo Scientific, 

USA). Differential thermal analysis was carried out using a 

TGA/DSC 1 derivatograph (Mettler Toledo) at a heating rate 

of 10 °C/min in flowing air (60 cm3/min). The mass fraction 

of elements C, H and N was determined using an elemental 

analyzer CHN, model PE2400, series II (Perkin Elmer In-

struments, USA) according to the corresponding measure-

ment methods (Appendix). Micrographs of the sorbent were 

acquired using a SEM scanning electron microscope (ZEISS, 

Germany). The specific surface area values were obtained 

using Get 210–2019: State Primary Standard of Units of 

Specific Adsorption of Gases, Specific Surface Area of Pores, 

Specific Volume of Pores, Dimension of Pores, Open 
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Porosity, and Coefficient of Gas Permeability of Solid Sub-

stances and Fabricated Materials. 

2.3. Synthesis of PS1 

24.96 g (0.12 mol) of tetraethoxysilane and 11.40 g (0.06 

mol) of N-(2-aminoethyl-3-aminopropyl)trimethoxysilane 

were mixed using a magnetic stirrer, and 5.94 g (0.33 mol) 

of water was added to the water-ice mixture while cooling. 

The mixture was left for 12 hours, ground and dried at 

100 °C for 24 hours. The obtained gel was washed with wa-

ter and dried again at 100 °C to constant weight. PS1 prod-

uct weight is 12.87 g.  

2.4. Synthesis of PS1-D1, PS1-D2, PS1-D3 

PS1 was thoroughly ground with ammonium thiocyanate (see 

Table 1). The mixture was kept for 2 h s at a temperature of 

150 °C, cooled, and washed with water and ethanol. The 

product was dried to constant weight at room temperature.  

2.5. Synthesis of PS1-D4, PS1-D5 

2.00 g (5.70 mmol) of PS1 was uniformly impregnated in 

0.65 cm3 (11.40 mmol) of water (PS1-D4) or acetic acid 

(PS1-D5) and thoroughly ground with 1.30 g (17.10 mmol) 

of ammonium thiocyanate. The mixture was kept for 

2 hours at a temperature of 150 °C, cooled and washed with 

water 10 times in portions of 40 cm3 and once with ethanol 

in portions of 40 cm3. The precipitate was dried to constant 

weight at room temperature. The product was additionally 

washed 6 times with water in portions of 50 cm3 and dried 

to constant weight at room temperature. PS1-D4 product 

weight is 1.51 g; PS1-D5 product weight is 1.25 g. 

2.6. Preparation of model solutions 

Solutions containing metal ions (CmМе = 1·10–4 mol/dm3; 

CmМе = 4·10–4 mol/dm3) were prepared by dissolving the cor-

responding salts in deionized water. The acidity of the medium 

was created using nitric acid (up to pH 2) and ammonium ac-

etate buffer solution (pH from 3 to 10). Pb2+ и Fe3+ were not 

introduced into solutions with a pH above 7 to prevent the for-

mation of poorly soluble compounds due to hydrolysis.  

2.7. Static sorption investigation 

50.0 cm3 of a standardized test solution  

(CmMe = 1·10–4 mol/dm3) containing the metal salts under 

study was added to a sample of sorbent weighing 0.0100 g 

(grain diameter (dgrain) less than 0.071 mm); the systems 

were left with periodic stirring for 24 hours and then fil-

tered. The concentration of components was determined, 

and the amount of sorbed metal ions per unit mass of 

sorbent (a, mmol/g) was calculated by the Equation 1: 

𝑎 =
𝑉 ∙ (𝐶0 − 𝐶)

𝑔 ∙ 𝑀
, (1) 

where C0 and C are the concentration of the metal ion in the 

solution before and after sorption, respectively, mg/dm3; V 

is the volume of solution, dm3; g is the mass of the sorbent, 

g; M is the molar mass of the metal, g/mol. 

The values of the selectivity factors were determined as 

the ratio of the corresponding distribution coefficients of 

metal ions between the solution and the sorbent. Determi-

nation of the concentration of metal ions with their joint 

presence in solutions before and after sorption was carried 

out using a Solaar M6 Atomic Absorption Spectrometer 

(AAS). Each experiment was repeated three times and the 

average of the three is reported. For the results of sorption 

in static condition, the error is less than 8%.  

2.8. Dynamic sorption investigation  

A sorbent weighing 0.1000 g (0.071 mm < dgrain < 0.100 mm) 

was placed in a concentrating cartridge with a diameter of 

0.5 cm. A standardized test solution was passed through the 

cartridge at a certain rate (CAg+ = 1·10–4 mol/dm3;  

CmМе = 8·10–4 mol/dm3). The filtrate was selected in por-

tions of 15.0 cm3 at the outlet of the cartridge, and the concen-

tration of metal ions was determined. For the results of sorp-

tion in the dynamic condition, the error is less than 5%.  

2.9. Methodology for isochronous study of the 

stability of sorption properties of modified 

polysilsesquioxanes  

Samples of synthesized polysilsesquioxanes were separated 

into two parts. One of these (part 1) was stored at room 

temperature, the other (part 2) was stored at 120 oC in an 

oven for five hours. The sample was then removed from the 

oven. After cooling the sorbent, sorption was carried out in 

a static mode using a standardized test solution with pH 1.5 

(CmМе =1·10–4 mol/dm3). The remaining part of the sorption 

material was again placed in the oven at a given tempera-

ture and kept for five hours; this procedure was repeated 9 

times. 

Table 1 Modification conditions of poly-3-(2-aminoethylamino)propylsilsesquioxane. 

Sorbent 

Reagent weights Washing 

Product weight, g 
Amount of PS1 

Amount of ammo-
nium thiocyanate 

Water 
(1st stage) 

Ethanol 
(2nd stage) 

PS1-D1 
3.50 g 

(9.92 mmol) 
1.51 g 

(19.80 mmol) 

The dried precipitate was 

washed 6 times in portions of 

35 cm3 

1 time in por-
tions of 35 cm3 

4.64 

PS1-D2 
10.00 g 

(27.80 mmol) 

8.46 g 

(111.10 mmol) 

The dried precipitate was 

washed 9 times in portions of 

100 cm3 

1 time in por-

tions of 100 cm3 
13.52 

PS1-D3 
8.00 g 

(22.80 mmol) 

5.20 g 

(68.40 mmol) 

The dried precipitate was 
washed 11 times in portions of 

100 cm3 

1 time in por-

tions of 100 cm3 
8.27 
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The first part of the sorbent was stored for two years, 

and sorption was carried out periodically in a static mode 

using a standardized test solution with pH 1.5. 

The duration of the stability study τ at fixed storage tem-

peratures is estimated by the Equation 2 

τ =
𝑇

2
𝑡1−𝑡0
10

, (2) 

where T is the expected shelf life of the material, h; t0, t1 

are the storage temperature of the material and the storage 

temperature during accelerated aging, °C. 

3. Results and Discussion 

3.1. Research object and its synthesis  

A series of modified polysilsesquioxanes was obtained by 

functionalizing the hydrolytic polycondensation product of 

tetraethoxysilane with N-(2-aminoethyl-3-aminopro-

pyl)trimethoxysilane in the presence of ammonium thiocy-

anate, as illustrated in Figure 1. The synthesis conditions 

for the sorbents are summarized in Table 1. Hydrolytic 

copolycondensation of tetraethoxysilane with N-(2-ami-

noethyl-3-aminopropyl)trimethoxysilane in the presence of 

water resulted in the formation of a polysilsesquioxane 

framework bearing aminoethylaminopropyl groups on the 

surface. At the stage of polysilsesquioxane network for-

mation, the aminoethylaminopropyl groups are introduced 

predominantly onto the particle surface due to differences 

in the hydrolysis rates of the silane precursors [19]. All 

obtained sorbents are fine powders composed of non-spher-

ical particles with colors ranging from light yellow to bright 

orange. 

Figure S1 (Supplementary) and Table 3 show the IR 

spectra of poly-3-(2-aminoethylamino)propylsilsesquiox-

ane before and after its modification. The bands in the 

range of 440–1300 cm–1 are present in all samples and cor-

respond to the deformation vibrations of the Si–O bond, 

symmetric stretching vibrations of the Si–O bond, charac-

teristic bands of the polysilsesquioxane framework of the 

matrix, stretching vibrations of the Si–OH bond, stretching 

vibrations of the Si–O–Si bond [20, 21]. Although these 

bands are preserved in all sorbents, which indicates the 

preservation of the polysilsesquioxane structure of the ma-

trix, the shifts and changes in the band intensity in the sam-

ples after modification are observed. This confirms minor 

changes in the structure of silsesquioxanes and an increase 

in the number of hydroxyl groups on the surface of the ma-

trix. Also, in the PS1-D5 sample, broadening of the bands at 

557 cm-1 and 691 cm–1 is observed, which is explained by 

slight destruction of the structure in an acidic medium.  

The broadening of the band corresponding to the Si–O–

Si stretching vibrations is due to its overlap with the char-

acteristic absorption band of the C=S bond at 1143 cm⁻¹, 

which is consistent with the incorporation of thiourea 

groups. The appearance of the band at 2052–2057 cm⁻¹ is 

attributed to the equilibrium isomerization of thiourea 

groups to thiocyanate fragments. 

 

 
Figure 1 Scheme for the synthesis of thiocarbamoylated poly-3-(2-aminoethylamino)propylsilsesquioxane.

Table 2 Results of elemental analysis of poly-3-(2- aminoethylamino)propylsilsesquioxane samples before and after modification. 

Sorbent 
Theoretical mass fraction of element, % Elemental analysis data, % 

C H N Si S C H N Si S 

PS1 17.68 4.27 7.94 31.63 - 17.67 4.24 7.94 31.63 - 

PS1-D1 17.65 3.52 10.23 24.69 11.43 17.70 3.54 10.26 24.90 11.46 

PS1-D2 16.55 4.11 10.62 24.04 11.04 16.53 4.11 10.62 24.04 11.05 

PS1-D3 20.42 3.65 10.96 26.74 11.10 20.67 4.21 11.20 27.33 11.34 

PS1-D4 19.06 4.01 12.11 22.91 12.78 19.09 4.18 12.14 22.96 12.81 

PS1-D5 20.25 4.47 10.89 23.25 10.19 20.19 4.22 10.86 23.19 10.16 
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Table 3 IR spectra data of poly-3-(2-aminoethylamino)propylsilsesquioxane samples before and after modification. 

Assignment PS1 PS1-D1 PS1-D2 PS1-D3 PS1-D4 PS1-D5 

st (-OH) ~3500–2750 m.br 

st (N-H) 3367 w. 3289 w. 3293 w. 3289 w. 3300 w. 3305 w. 

st (N-H) 3285 w. 3189 w. 3188 w. 3185 w. 3176 w. 3185 w. 

st (C-H) 2935 w.  2943 w. 2957 w. 2934 w. 2934 w. 3076 w. 

as (C-H) 2879 w. 2885 w. 2809 w. 2788 w. 2810 w. 2924 w. 

st (SCN-)   2052 s. 2052 s. 2055 s. 2056 s. 2057 s. 

δ as (NH3
+) 1652 w.  1668 sh. 1669 sh. 1664 sh. 1664 sh.   

st (C-N)   1615 w. 1613 m. 1614 m. 1614 m. 1617 m. 

δ (N-H) 1598 sh. 1557 w.   1552 w. 1554 w. 1556 w. 

st (C-N)   1517 w. 1520 w. 1520 w. 1521 w.   

δ (C-H) 1460 w.br. 1455 w.  1464 m. 1453 m. 1450 m. 1452 m. 

δ (C-H) 1412 v.w. 1410 sh. 1413 sh. 1410 sh. 1413 sh.   

r (NH2)  1354 v.w. 1354 m. 1359 m. 1354 m. 1357 m. 1369 m. 

st (C=S) 1143 sh 1143 sh. 1143 sh. 1143 sh. 1143 sh. 1143 sh. 

st (Si-O-Si) 1037 v.s.br. 1046 v.s.br. 1060 s.br. 1069 v.s.br. 1080 v.s.br. 1077 v.s.br. 

st (Si-OH) 945 sh. 954 sh. 957 sh. 946 sh. 946 sh. 949 m. 

sy (Si-O) 783 m. 791 m. 792 m. 794 m. 793 m. 795 m. 

γ (Si-O-Si) 

694 sh. 692 w. 693 w. 693 w. 692 w. 690 w. 

568 w.br. 562 w.br. 566 w.br. 558 w. br. 544 w.br. 557 w.br. 

δ (Si-O) 447 s. 444 s. 453 s. 460 s. 449 s. 447 s. 

Note: w. = weak, m. =medium, s. = strong, v. = very, sh. = shoulder, br. = broad. 

Thus, this band does not indicate the presence of free 

ammonium thiocyanate but rather confirms the existence 

of –C(S)–NH₂-containing moieties in the polysilsesquioxane 

structure, which arise from the isomerization of thiourea 

units [22]. 

The absorption band at 1652–1669 cm–1 corresponds to the 

asymmetric deformation vibrations of NH3
+ ions formed in 

small quantities on the surface. Shifts and changes in the in-

tensity of the absorption bands corresponding to symmetric 

and asymmetric stretching vibrations and asymmetric defor-

mation vibrations of the C–H bonds confirm the formation of 

propylene and ethylene groups on the matrix [23]. 

The shift in the absorption bands of stretching vibrations 

of amino groups at 3367 cm–1 and 3285 cm–1 indicates a change 

in amino groups from aminoethyl to more electron-saturated 

amine-containing groups during the modification process. The 

appearance of absorption bands in the products PS1-D1–PS1-

D5 at 1614–1617 cm–1 and 1517–1520 cm–1 corresponding to 

various amine and thioamide groups, and a change in the ratio 

of these bands in the products indicates the formation of thio-

urea and dithiobiuret groups [23]. The permamency of the 

band at 1552–1557 cm–1 corresponding to N–H vibrations in 

the spectra before and after modification of PS1 indicates the 

interaction of ammonium thiocyanate with the primary amino 

group. 

Based on the results of elemental analysis of the samples 

(Table 2), the proportions of sulfur-containing groups 

formed on the sorbents as well as the total concentration of 

sulfur-containing groups (Table 4) were calculated. Differ-

ences in the results of elemental analysis and theoretical 

values are explained by sorption of water and carbon diox-

ide on the surface of the samples. 

An increase in the fraction of the inorganic matrix by 

14.2–18.4% relative to aminoethylaminopropyl pol-

ysilsesquioxane is recorded from the ratio of the pol-

ysilsesquioxane matrix to the organic radical (Z) in samples 

PS1-D1–PS1-D3 obtained under solid-phase synthesis condi-

tions. These changes are possible due to the thermal remove 

of aminoethylaminopropyl groups weakly bound to the sur-

face during prolonged heating (2 hours) at a temperature 

of 150 °C under conditions of solid-phase modification with 

ammonium thiocyanate. Losses of the organic component 

are practically not observed in samples PS1-D4, PS1-D5 ob-

tained using an aqueous medium.  

Table 4 Characteristics of samples of thiocarbamoylated poly-3-(2-aminoethylamino)propylsilsesquioxanes. 

Sorbent 

Proportion of thi-

ourea groups 
(X), % 

Proportion of dithi-

obiuret groups 
(Y), % 

Ratio (SiO1/5):R (Z) 

Total concentra-
tion of sulfur-con-

taining groups, 

mmol/g 

Specific surface 

area, m2/g 

PS1-D1 9.4 90.6 4.7 1.88 1.84 

PS1-D2 33.4 66.6 4.1 2.07 1.32 

PS1-D3 41.4 58.6 4.4 2.23 0.97 

PS1-D4 29.0 71.0 3.5 2.34 0.95 

PS1-D5 61.8 38.2 3.6 2.29 0.94 
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The formation of predominantly dithiobiuret groups 

with equimolar loadings of nitrogen and ammonium thio-

cyanate is explained by the greater reactivity of the primary 

amino group as well as a steric factor that hinders interac-

tion with the aminopropyl group. An increase in the pro-

portion of thiourea groups when using excess thiocyanate 

is possible due to the competing reaction of isomerization 

of excess ammonium thiocyanate into thiourea with its sub-

sequent thermal decomposition [24]. 

There were no significant differences in the process of 

thermal decomposition of samples PS1 and PS1-D1 accord-

ing to thermogravimetric and differential thermal analysis 

(Figure 2), which confirms the stability of the inorganic 

matrix after modification of the organic component. Pri-

mary weight loss (about 5%) occurs in the range of 30–

115 °C for both samples; this is explained by the desorption 

of carbon dioxide and water from the surface of the matrix. 

The main destruction takes place in the range of 225–

550 °C, followed by complete decomposition at 550–700 °C, 

which corresponds to the decomposition of aminoethyla-

minopropyl fragments and sintering of the matrix. The de-

struction of the PS1-D1 sample in the range of 225–550 °C 

occurs with a greater mass loss in several steps, which in-

dicates a different structure of organic radicals on the sur-

face of the sorbent. 

To characterize the textural properties of sorbents, their 

micrographs were obtained at different magnifications, and 

the specific surface area values were determined (Table 4). 

Micrographs of the PS1-D1 sample are shown in Figure 3. 

It was found that the sorbent particles are irregular in 

shape. The materials are non-porous and have a relatively 

small specific surface area (Table 4). According to the liter-

ature data [25] this should contribute to the sorption of sil-

ver(I). 

Based on IR spectroscopy, thermogravimetric and ele-

mental analysis data, the structure of the sorbents was pro-

posed (see Figure 4). 

Sorption materials based on melamine-formaldehyde-

thiourea resin [26] for the sorption of palladium(II) and hy-

perbranched polyacrylonitrile [27] for the sorption of 

gold(III) modified with thiourea fragments with a total con-

centration of functional groups from 1 to 3.28 mmol/g are 

known in literature. A high degree of modification in the 

above works could be achieved due to the use of materials 

with a hyperbranched structure, which include resins, since 

the contact area of the modifier reagent with the surface of 

the material increases. In addition, there is a high probabil-

ity of embedding a modifier into the internal structure of 

the sorbent, which will complicate the possibility of sorp-

tion. 

Combining the “sol-gel” method with subsequent modi-

fication makes it possible to obtain organic-inorganic 

sorbents in which the concentration of grafted sulfur-con-

taining groups is currently considered to be quite high. The 

great advantage of this method for producing sorption ma-

terials is the ability to vary the concentration of modifier 

groups, since it determines the sorption capacity of the re-

sulting sorbent. The use of the sol-gel technique in the syn-

thesis of the intermediate product PS1 leads to the produc-

tion of a material with a highly developed surface, which 

ensures a high concentration of thio-containing fragments 

in the final product. 

 
Figure 2 Thermograms of poly-3-(2-aminoethyl amino)propyl silsesquioxane before and after modification. 
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Figure 3 Micrographs of the PS1-D1 sample. 

 
Figure 4 Functional groups on the surface of thiocarbamoylated 

poly-3-(2-aminoethylamino)propylsilsesquioxane. 

3.2. Study of the selective properties of sorbents 

under static conditions 

The mass fraction of silver in printed circuit boards and 

electronic waste is estimated to be around 0.008–0.035% 

and 0.2%, respectively [28–30]. Other metals included in 

the recyclable materials (copper, nickel, cobalt, cadmium, 

zinc, etc.) are present in excess or in equimolar quantities 

and in some cases have a significant interfering effect in the 

process of silver concentration [9, 31]. Therefore, the study 

of the selective properties of the synthesized sorbents in re-

lation to Ag+ was carried out by sorption from a solution 

containing Fe3+, Mn2+, Pb2+, Ca2+, Mg2+, Cu2+, Co2+, Ni2+, 

Cd2+, Zn2+. This composition of the model solutions was se-

lected based on the composition of commercially available 

radio components from which silver extraction can poten-

tially be realized(I) (Table 5).  

The obtained dependences of the sorption of metal ions 

on the pH value of the model solution to sorbents are pre-

sented in Figure 5. 

All the synthesized sorbents extract silver(I). The high-

est values of the degree of extraction (90% or more) of this 

ion are observed in the pH range from 0 to 8 for sorbents 

PS1-D1, PS1-D2 and PS1-D3. Quantitative extraction on 

these sorbents is realized in a narrower pH range from 3 to 

7 with an increase in the concentration of silver(I) to 4·10–

4 mol/dm3 against the background of accompanying metal 

ions (CmМе = 1·10–4 mol/dm3). 

Table 5 Composition of some radio components containing silver. 

Object 
Appearance of the 

radio component 
Metal 

Mass 

fraction 

of metal, 
% 

Contact 

from the 

switch (re-

lay)  

Ag 32 

Cu 52 

Pb 10 

Mn, Fe, 

Co, Ni 
<3 

Capacitors 

 

Ag 2.5 

Cu 54 

Pb 30 

Fe, Co, 
Ca 

<1 
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Figure 5  Effect of the pH of the solution on the sorption of metal ions on sorbents. gsorbent = 0.0100 g; Vmodel solution = 0.05 dm3, 

dgrain < 0.071 mm; CmМе = 1·10–4 mol/dm3. 

The selective properties of sorbents are largely deter-

mined by the ratio of the amounts of thiourea and dithiobi-

uret groups, and, consequently, by the synthesis conditions. 

Thus, sorbents PS1-D3 and PS1-D2 with similar contents of 

thiourea and dithiobiuret groups (Table 4) are character-

ized by similar dependences of the sorption of metal ions 

on pH (Figure 5). These materials, in addition to silver(I), 

are capable of sorbing calcium(II) and magnesium(II) (ex-

traction degree 30–70%) in a wide pH range. However, the 

sorption of these ions on PS1-D2 and PS1-D3 does not lead 

to a decrease in the sorption of silver(I), which means that 

the sorption centers in the case of calcium(II) and magne-

sium(II) are –OH groups. There is a slight uptake of manga-

nese(II) and copper(II) at pH 4–8 (the degree of extraction 

does not exceed 15%) for sorbents PS1-D2 and PS1-D3, 

which also indicates the presence of free sulfur-containing 

groups that begin to sorb manganese and copper ions in ab-

sence of silver ions and with insignificant influence of pro-

tons. Thus, polysilsesquioxane modified with thiol groups 

is also capable to extracting manganese(II) and mercury(II) 

in a weakly acid medium [32]. Sorption of copper(II)  does 

not occur in an acid medium, which can be explained by the 

lower stability of thiourea complexes of copper compared 

to thiourea complexes of silver.   

Some general patterns can be identified in the behavior 

of sorbents PS1-D4 and PS1-D5, the modification of which 

was carried out by prior soaking PS1 in water or acetic acid, 

respectively. These materials are characterized, on the one 

hand, by a slight decrease in the sorption of silver(I) at pH 

> 3 up to 65%, and on the other, by an increase in the sorp-

tion of copper(II) . 
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The highest content of dithiobiuret groups (90%) is 

characterized by PS1-D1 obtained by solid-phase modifica-

tion with an aminopolymer to modifier ratio of 1:2. This 

sorbent provides quantitative and highly selective sorption 

of silver(I) over a wide pH range. PS1-D1 extracts copper(II)  

ions, but the degree of their extraction does not exceed 22% 

at pH 5–7. 

Figure 6 shows the selectivity coefficients for the sorp-

tion of silver(I) by the studied sorbents. Thus, the most se-

lective sorbent with respect to silver(I) is PS1-D1, the syn-

thesis of which involves solid-phase modification at a 

“modifier to aminopolymer” ratio of 1:2. When the amount 

of modifier increases against the background of a constant 

amount of amino polymer, the selective properties of the 

sorbent sharply decrease, and the modification in the pres-

ence of weak Bronsted acids negatively affects both the se-

lective properties and the degree of silver(I) extraction. 

Thus modified polysilsesquioxanes are characterized by 

greater sorption selectivity compared to poly(N-thiocar-

bamoyl-3-aminopropylsilsesquioxanes) in this work [33]. 

The increase in the selectivity of silver(I) sorption can be 

associated, firstly, with the presence of dithiobiuret groups 

on the surface of the sorbents under study, and secondly, 

with less steric hindrance during complex formation due to 

the presence of an ethylamine spacer in the sorbents. 

The high selectivity of the studied materials (especially 

PS1-D1) can be explained as follows: according to the Pear-

son classification, silver belongs to the so-called "soft ac-

ids". Therefore, it exhibits affinity for ligands representing 

"soft bases" (sulfur-containing ligands). Thus, the coordi-

nation of silver with donor sulfur atoms in the composition 

of the sorbent functional groups is most likely. If there is a 

significant predominance of dithiobiuret groups in the com-

position of the material and their sufficiently dense distri-

bution along the polymer chain, it becomes possible to form 

complexes with 4 sulfur atoms (2 atoms each of neighbor-

ing dithiobiuret groups). The formation of such a complex 

(with a silver coordination number of 4) makes it difficult 

for functional groups to interact with ions of other metals, 

which leads to increased sorption selectivity compared with 

sorbents with a lower content of dithiobiuret groups. 

 
Figure 6  Values of selectivity coefficients of synthesized sorbents. 

рН = 2, gsorbent = 0.0100 g; dgrain < 0.071 mm; CmМе = 1·10–4 mol/dm3. 

It was found that the introduction of an aminopropyl 

linker into the structure of polysilsesquioxane promotes the 

formation of mono and disubstituted thiourea groups on the 

sorbent surface, and the presence of an aminoethyla-

minopropyl linker promotes dithiobiuretic and thiourea 

groups. Both types of functional groups exhibit high affinity 

for noble metal ions, but sorbents with dithiobiuretic 

groups have the highest sorption capacity. 

In the experiment, a sharp darkening of the sorbent was ob-

served after sorption in a static mode at pH > 4 after two days 

of keeping the sorbent in a model solution. In the literature, this 

phenomenon is attributed to the reduction of Ag+ to the metallic 

state or the formation of Ag2S on the surface of the sorbent [34].  

It was established that maximum silver recovery is 

achieved over a wide acidity range. However, for further 

research, we selected the pH 1–2 range. The use of such a 

pH value for sorption is preferable not only from the point 

of view of a high degree of silver extraction, but also from 

the point of view of high selectivity of sorption (absence of 

interfering influence from base metal ions). The acidity of 

solutions obtained by dissolving real objects (including sec-

ondary raw materials) often corresponds to a pH of 1.0–2.0. 

Sorption at these acidity values eliminates the need to add 

additional reagents after the sample is dissolved. There-

fore, a pH value of 1.5, which excludes the occurrence of 

redox processes with the participation of silver(I) and cor-

responds to the high selectivity of sorption of these ions, 

was selected for further studies of the properties of 

sorbents in a dynamic investigation. 

In most previously published works the effect of accom-

panying metal ions on silver(I) sorption was not studied 

(Table S2, Supplementary). 

3.3. Sorption in dynamic investigation 

According to literature data [35], the dynamic version of sorp-

tion is most often realized at a solution transmission rate 

through the sorbent layer of 2–15 cm3/min; this rate directly 

affects the efficiency of the sorption process. A low transmis-

sion rate promotes a higher degree of extraction of compo-

nents from the mixture, but a decrease in the rate increases 

the time required for sorption. A solution transmission rate of 

2 cm3/min was chosen to obtain dynamic output curves for the 

sorption of metal ions by the studied sorbents at pH 1.5. 

It was not possible to obtain the output sorption curves 

for sorbents PS1-D4 and PS1-D5, since the diameter of the 

sorbent particles is smaller than the pore diameter of the 

filter, which leads to clogging of the cartridge filter after 

passing the first portion of the solution and the passage of 

sorbent particles through the cellulose membrane. 

Figure 7 shows the output sorption curves of metal ions 

PS1-D1. The dependences obtained for sorbents PS1-D2 and 

PS1-D3 have a similar form. Sorption of base metal ions in 

the dynamic mode is not realized. This indicates the high 

affinity of the synthesized sorbents for silver(I), which sug-

gests the selective extraction of silver ions from a multi-

component solution. 
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Figure 7 Output sorption curves of metal ions on samples PS1-D1, 

PS1-D2, PS1-D3. pH = 1.5; CmМе = 1·10–4 mol/dm3; gsorbent = 0.1000 g; 

0.071 < dgrain < 0.1 mm; solution transmission rate – 2 cm3/min. 

Quantitative extraction of silver ions is observed in the 

initial section of the output curves of silver(I) sorption (Fig-

ure 7). The calculated values of the dynamic capacity before 

breakthrough and the total dynamic capacity of the 

sorbents for silver(I) are given in Table 6. 

The dependence of the change in the sorption properties 

of sorbents on the ratios of reagents during modification 

has been established based on the results obtained. An in-

crease in the total dynamic sorption capacity occurs with 

an increase in the amount of modifier, while the dynamic 

sorption capacity before breakthrough decreases, which 

can be explained by the interaction of silver ions with vari-

ous types of surface sulfur-containing groups. It is possible 

that the formation of the complex in the case of dithiobiuret 

groups occurs faster, as evidenced by the high value of the 

dynamic sorption capacity before breakthrough for PS1-D1, 

in which the proportion of dithiobiuret groups is about 

90%. The capacity to breakthrough also decreases with a 

decrease in the proportion of dithiobiuret groups, while 

with an increase in the total concentration of sulfur-con-

taining groups; the value of the total dynamic sorption ca-

pacity increases. 

Sorbents PS1-D1, PS1-D2, and PS1-D3 allow quantitative 

extraction of silver(I) at pH 1.5 and can be recommended 

for developing methods for selective and quantitative ex-

traction from multicomponent solutions. 

Comparison of the kind of sorption in static and dynamic 

investigations makes it possible to find the following differ-

ences: in the cases of PS1-D2 and PS1-D3 (Figure 5), calcium 

ions are extracted in addition to silver ions in the static 

mode, since an equilibrium is established between the com-

ponents of the solution and the sorbent in static mode due 

to the long phase contact time. 

The absence of sorption of silver ions in a dynamic in-

vestigation confirms the higher affinity of the grafted sul-

fur-containing groups to the noble metal ion and the high 

rate of interaction of ions with them, because of which the 

selective extraction of silver ions from multicomponent so-

lutions is realized. 

Table 6 Dynamic sorption capacities of sorbents. 

Sorbent 
Dynamic sorption ca-
pacity before break-

through, mmol/g 

Total dynamic 
sorption capacity, 

mmol/g 

PS1-D1 0.120 0.170 

PS1-D2 0.070 0.185 

PS1-D3 0.056 0.244 

3.4. Effect of solution transmission rate and ex-

cess of accompanying metal ions on the sorp-

tion of silver(I) 

Sample PS1-D1, characterized by the highest selectivity of 

sorption under static conditions, was selected for further 

optimization of the conditions for the selective extraction 

of silver on sorbents. The influence of the solution trans-

mission rate and the excess amount of accompanying metal 

ions on the sorption of silver was studied (Figure S1, Sup-

plementary). When the transmission rate is increased to 4 

cm3/min, silver ions are extracted quantitatively; the sorp-

tion capacity of PS1-D1 decreases with these changes, but 

the decrease in its value does not exceed 10%. When the 

solution flow rate is increased to 6 cm3/min, silver is not 

extracted quantitatively. 

An increase in the concentration of accompanying metal 

ions to 8·10–4 mol/dm3 does not affect the sorption of  

silver(I). 

The results obtained allowed determining the permissi-

ble rate limit for transmitting the solution through the car-

tridge at which selective quantitative extraction of silver 

ions is realized: up to and including 4 cm3/min. 

3.5. Desorption 

Desorption of metal ions from the surface of polysilsesqui-

oxane PS1-D1 was carried out immediately after the sorp-

tion stage in a dynamic mode. A prerequisite for choosing 

the composition of eluents was the presence of low-molec-

ular ligands capable of binding silver ions into stable com-

plexes. These include thiourea and thiocyanate ion [36, 37]. 

Cyanide ion is excluded from this list of ligands due to its 

toxicity. Eluents of one group (containing the same ligand) 

were transmitted through the sorbent sequentially one af-

ter another. The composition of the eluents and the results 

of the desorption study are given in Table 7. 

It was found that the use of sulfuric acid solutions of 

ammonium thiocyanate as eluents does not provide quanti-

tative desorption of silver(I): the total value of the degree 

of desorption after the transmission of three solutions with 

increasing concentrations of ammonium thiocyanate is 

41%. 

The total degree of desorption of silver(I) after trans-

mitting through three sulfate solutions of thiourea reaches 

90% (Table 7). However, establishing the feasibility of re-

using the sorbent requires further research. Possible ways 

to increase the degree of desorption include altering the 

concentration gradient during desorption (varying the con-

centration of acid and thiourea) and performing desorption 

under heating. 
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Table 7 Degree of desorption of silver ions by thiourea and thiocy-
anate solutions from the surface of the PS1-D1 sorbent  

(Vsolution = 20.0 cm3, transmission rate: 1 cm3/min). 

Composition of the 

solution 

Desorption de-

gree, % 

Total 

desorption 

degree, % 

H2SO4 (1 mol/dm3) 3 

90 
Thiourea (0.5 %) in 

H2SO4 (1 mol/dm3) 

75 

Thiourea (5.0 %) in 

H2SO4 (1 mol/dm3) 

12 

Ammonium thiocya-

nate (0.5 %) in 
H2SO4 (1 mol/dm3)  

10 

41 

Ammonium thiocya-

nate (1.0 %) in 
H2SO4 (1 mol/dm3)  

23 

Ammonium thiocya-

nate (5.0 %) in 
H2SO4 (1 mol/dm3) 

8 

After desorption of silver under the described condi-

tions, repeated sorption of metal ions from multicomponent 

solutions was carried out under selected conditions for two 

cycles (sorption-desorption). The resulting dynamic output 

sorption curves are shown in Figure S2 (Supplementary). 

When sorption is repeated after using sulfuric acid solu-

tions of thiourea or ammonium thiocyanate as eluents, the 

extraction of silver(I) PS1-D1 is no longer quantitative. In 

this case, the extraction degree of silver(I) after desorption 

is higher provided that thiocyanate solutions are used for 

regeneration. Thus, it is necessary to optimize the compo-

sition of the regenerant or the conditions for the dynamic 

concentration of silver(I) on the sorbent after desorption to 

ensure the possibility of repeated use of the sorbent. 

3.6. Isochronous stability study of PS1-D1 

An important property of sorption materials from a practi-

cal point of view is their stability over time, since in some 

cases isomerization of surface organic functional groups 

may occur with possible subsequent decomposition, which 

will lead to a degeneration in the sorption properties of 

sorbents. 

A literature review revealed a lack of studies on the sta-

bility of modified polysilsesquioxanes over time. In order to 

assess the influence of the sorbent storage time on the sta-

bility of its sorption properties, a repeated experiment was 

carried out in static investigation on the PS1-D1 sorbent af-

ter its storage at room temperature in a sealed bottle with-

out access to sunlight for 2 years. It was found that the 

sorption properties of PS1-D1 did not change as a result of 

storage for two years, which indicates the high stability of 

sorption materials with the polysilsesquioxane matrix. 

The “accelerated aging method” was used as an alterna-

tive and more rapid technique for studying the stability of 

PS1-D1. After the first five hours of heating the sorbent, the 

smell of thiourea emanated from the furnace, suggesting 

the possible subsequent deterioration in the extraction of 

silver ions. However, no such deterioration was observed. 

The Figure 4S show that the values of the extraction degree 

of silver(I) depending on the aging time change within the 

error limits of the sorption experiment. The experimental 

results suggest that the PS1-D1 sorbent extracts up to 5% of 

associated metal ions, while the extraction of silver varies 

from 96 to 99%, which further demonstrates the affinity of 

thio-containing groups of the materials for silver ions. 

4. Limitations 

The main disadvantages and limitations of the studied 

sorbents are: the relatively low specific surface area of the 

sorbents (≤1.84 m²/g), which could limit overall capacity; 

incomplete (90%) and non-quantitative desorption, which 

leads to performance degradation over reuse cycles; the in-

ability to use PS1-D4 and PS1-D5 in dynamic mode due to 

particle size and filter clogging; and the potential for redox 

reactions and sorbent darkening at higher pH levels, which 

restricts the operational pH range. 

The following can be formulated as further directions 

for research: selection of eluents to ensure quantitative de-

sorption, which will allow the development of new methods 

for the extraction and concentration of noble metal ions us-

ing the studied sorbents; the use of the studied sorbents for 

the concentration of noble metal ions from secondary raw 

materials; study of the sorption behavior of modified pol-

ysilsesquioxanes in the presence of ions of other noble or 

precious metals.  

5. Conclusions 

The use of the sol-gel method in the synthesis of sorbents 

with subsequent functionalization of the surface of the re-

sulting aminopolymer with sulfur-containing groups made 

it possible to obtain a modified polysilsesquioxane, which 

is characterized by a high degree of functionalization 

among representatives of organosilicon sorbents. It was 

shown that the synthesized material belongs to the group 

of highly selective sorbents with respect to the sorption of 

silver(I). The possibility of reusing modified polysilsesqui-

oxane in a dynamic investigation of sorption has been re-

vealed, and the prospects for its use for concentrating silver 

ions from multicomponent solutions have been established. 

When studying the sorption of silver ions using synthesized 

samples, the most selective and quantitative extraction of 

silver ions was achieved at pH from 1 to 2. Sample PS1-D1 

selectively extracts silver ions over the entire pH range 

studied. An increase in the proportion of thiocyanate during 

synthesis does not lead to an increase in the concentration 

of grafted sulfur-containing groups. When using an excess 

of ammonium thiocyanate for modifying amino groups, the 

proportion of dithiobiuret groups decreases from 90% to 

(71–38)%, depending on the reaction medium and the ratio 

of reagents. All the synthesized sorbents show an affinity 

for silver(I) regardless of the modification conditions. The 

maximum extraction of sorbed ions in the dynamic sorption 

mode was 90 % (eluent - thiourea sulfuric acid solutions). 
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An isochronous study of the stability of the sorption prop-

erties of modified polysilsesquioxanes was carried out for 

the first time. They retain their sorption properties for 

5 years. The results of the work allow asserting the possi-

bility of using the studied sorbents in practice. Modified 

poly-3-(2-aminoethylamino)propylsilsesquioxane can be 

employed for selective and quantitative extraction of sil-

ver(I). 
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