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Abstract. The development of a comprehensive approach to preventing the pollution of natural objects is necessary due 

to the high requirements of environmental legislation for the discharge of industrial wastewater. Adsorbents are used 

in various industries to extract heavy metals from wastewater. In this study the possibility of using saponite clay as  

a raw material for the production of sorbent for the extraction of copper ions Cu2+ from industrial wastewater is con-

sidered, a recipe and technology of sorbent production are developed, and its chemical composition is established. 

It has been established that the optimum temperature for heat treatment of the sorbent and corresponds to 550 ºC, since 

at this temperature saponite extrudates acquire strength (strength 34.1 kg/mm2) and textural properties (specific surface 

area of pellets 22.803 m2/g), allowing them to be used as sorbents. The kinetics of molecular adsorption was studied 

using model solutions of copper (II) sulfate. The extraction efficiency of copper (II) ions from the model solutions is 

93 %. Extraction efficiency of copper (II) ions from copper plating wastewater reaches 94 %. SEM results confirm the 

presence of metal on the sorbent surface. 
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Introduction. Enterprises that use the hydrometallurgical process of processing of nonferrous 

metal ores are characterized by high profitability of production of the target commercial products, so 

hydrometallurgy is quite widespread.  However, such enterprises are a source of heavy metal pollu-

tion of wastewater, which, in most cases, is discharged directly into open water bodies [1]. Extraction 

of various metals and wastewater treatment is one of the most important tasks of the metallurgical 

industry, for which sorption methods using inorganic natural and synthetic mineral sorbents are 

widely used [2, 3]. The share of the use of sorbents of natural origin for industrial wastewater treatment 

is insignificant. Currently, research is being actively conducted on the development of sorption materi-

als based on natural aluminosilicates: bentonite, montmorillonite, cambrian clay, etc. [4, 5]. 

There are 32.83 million tons of unclaimed reserves of saponite clay in Russia. The use of this 

raw material as a sorbent base is an understudied area, studies of saponite clay are mainly aimed at 

studying it as an ameliorant, building material [6-8]. 

Saponite is a clay mineral of montmorillonite group, a layered silicate with specific surface area 

Sss = 35-40 m2/g, pore volume Vpores = 0.40 cm3/g, the plasticity of the clay base is 28.4 %. Saponite 

has cation-exchange properties, so the development of a special sorbent composition and its applica-

tion for extraction of Cu2+ cations and other heavy metals is an important task.  
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Statement of the problem. Analysis of the literature showed that the main characteristics of the 

sorbent are mechanical strength and chemical resistance, as well as sorption efficiency and low cost 

of obtaining a commercial product. 

The sorbents for wastewater treatment have the following requirements: mechanical and chemi-

cal resistance; consistency of fractional composition; sorbent solubility in liquid, release of volatile 

components, separation of the absorbed substance on the alternative material, permeability; regene-

ration ability with subsequent use of the recovered sorbent in the water treatment process.  

In the interplanar distance of the saponite mineral, there are the cations Mg2+, Ca2+, which are 

responsible for the exchange complex, and water molecules [9]. It is known that the exchange capa-

city of saponite is 0.68 mg-eq/g [10]. The presence of OH– groups in the mineral structure promotes 

the anion exchange [11]. The specific surface area of the sorbent is maximized due to acid activation 

of the clay mineral, and the introduction of peptisators contributes to the manifestation of lyophilic 

properties [12].  

According to the analyzed data, the creation of an environmentally friendly method of producing 

clay sorbent for the purpose of its involvement in water treatment procedures after hydrometallurgical 

processes is an important task. 

Materials and methods. Viscoplastic mass of decanted saponite clay of one of the deposits of 

the Arkhangelsk region was used as the basis of saponite. The main mineral component according to 

the X-ray phase analysis is represented by the following minerals, wt.%: dolomite (CaCO3·MgCO3) – 

20, каолинит (Al4[Si4O10](OH)8) – 22, saponite (Ca0.25(Mg,Fe)3((Si,Al)4O10)(OH)2·nH2O) – 45, 

badellite ((Na,Ca)0.5 – 0.3Al2(Si,Al)4O10(OH)2·nH2O) – 14 [10, 13, 14].  

Saponite clay sludge is decanted at the Flottweg plant, the pit cake moisture content before the 

acid activation procedure is 39 %. The process of acid activation with hydrochloric acid with a con-

centration of 0.1 N, exposure time of 1 h, alkaline neutralization with cement, peptization with ferric 

chloride (III) of the viscoplastic clay mass was carried out in a specialized stationary mixer [15]. 

Cylindrical sorbent granules with a diameter of 6 mm and a height of 5-10 mm were formed  

by extrusion. The obtained pellets were subjected to removal of free moisture at 21 C for 24 h. 

Then the heat treatment of the pellets was carried out in a muffle furnace in the temperature range 

of 400-550 C [16].  

Evaluation of sorbent textural characteristics such as specific surface area, micro- and meso-

porosity, total pore volume and pore size distribution was performed by capillary condensation on 

a NOVA 1000e Quantachrome gas sorption analyzer at 77 K in nitrogen medium both for the 

formed sorbent and for the saponite base [17]. To confirm the results obtained, the total pore volume 

in water was determined according to GOST 17219-71 “Active coals. Method for determining the 

total pore volume by water”. Radial crushing strength of extrudates was determined according to 

ASTM D6175.  

As part of a study of the kinetics of ion-exchange adsorption, the calculation of the static volume 

capacity of the clay sorbent for the extractable ion by the titrimetric method in the presence of the 

indicator murexide with trilon B 0.05 M was carried out. 

Determination of the adsorption activity of the obtained sorbent with respect to Cu2+ cations with 

calculation of the sorption isotherm was performed under static conditions [18]. In a 100 ml flask 

filled with the model solution, the sorbent was added in a ratio of 1/50 [19]. Copper sulfate solution 

with concentrations from 0.25 to 2.1 mg/dm3 was used as a model solution. The sorbent suspensions 

were stirred intensively for 20 min on a shaking apparatus, then left in a static state for 30 min with 

periodic shaking for 1 to 2 min. Time of the adsorption experiment was 50 min. Extraction efficiency 

of copper cations from solutions was determined according to GOST 4388-72 “Drinking water. 

Methods for Determination of Copper Mass Concentration” [20, 21]. 

Copper-containing wastewater after electroplating bath copper electrolyte based on potassium 

pyrophosphate (K4P2O7) was taken for sorbent testing. 
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The experiments were carried out as follows: a cylindrical and semi-cylindrical sorbent with 

a diameter of 6 mm was loaded into the laboratory filter columns with a filter plate (pores 100) with 

a volume of 300 ml. The volume of copper-containing wastewater with initial concentration of 

Cinitial = 18.0 mg/dm3 and pH = 8.64 in the filter column was 100 ml, adsorption time – 24 h, the mass 

of the sorbent in the filter column – 20 g. 

The morphology of samples of sorbent granules before and after sorption was studied using an 

electron raster microscope of TESCAN Vega 3 [22]. 

Results and discussion. Chemical analysis of saponite clay and obtained sorbent is shown in 

Table 1. The results of the oxide composition showed that the most important major components 

of the material before and after treatment with chemicals followed by clay heat treatment are com-

pounds of silicon, magnesium, calcium. 
 

Table 1 

Chemical composition of the sorbent base and molded sorbent after heat treatment  

Sample 
Content, wt.% 

SiO2 MgO CaO Fe2O3 SO3 K2O TiO2 Al2O3 Other 

Saponite clay before sorbent molding 52.73 22.14 4.58 9.91 – 1.68 1.52 5.73 1.71 

Sorbent after heat treatment at 550 C 41.10 17.89 28.55 1.99 1.01 0.91 0.37 5.68 2.5 

 

Textural and strength characteristics of the obtained sorbent depending on the thermal regime are 

presented in Table 2. 
 

Table 2 

Results of measuring the porosity of saponite base samples after high-temperature treatment 

Sample 
Specific surface Sss, 

m2/g 

Total pore  

volume Vpore, 

cm3/g 

Pore diameter distribution, % Pellet 

strength, 

kg/mm2 0-20 Å 20-50 Å 50-100 Å 100-320 Å >320 Å 

Saponite base 30.352 0.21 0.081 12.57 10.67 11.9 64.76 14.1 

Processing at Т = 400 С 36.653 0.61 0 0.51 0.43 0.51 98.4 23.6 

Processing at Т = 500 С 21.192 0.48 0 0.44 0.92 0.5 98.54 22.3 

Processing at Т = 550 С 22.803 0.44 0 3.86 5.0 5.68 85.45 34.1 

Processing at Т = 600 С 18.497 0.49 0 3.06 4.9 4.49 87.55 44.96 

 

From the data obtained it is clear that the specific surface area decreases [23] with increasing 

treatment temperature of the clay sorbent base, the diameter changes insignificantly in terms of pore 

distribution. Mechanical strength of the sorbent treated at 400-500 °C is lost when interacting with 

the model solution, the clay swells, this leads to clogging of the model solution with clay particles 

due to the fact that intercrystalline water from the clay particles does not fully come out. According 

to measurements of the mechanical crush strength of extrudates, we can conclude that the strongest 

sorbent granules are obtained at a firing temperature of 600 C. However, treatment of the sorbent at 

600 °C leads to sintering of aluminosilicate layers, which reduces the specific surface of the sorbent, 

in turn, the adsorption capacity of the sorbent decreases. Consequently, heat treatment to obtain the 

sorbent is usually carried out in the range of 500-550 C. 

Studies of the kinetics of molecular adsorption and static sorption capacity, limiting stage of 

the ion exchange process. The kinetic curve of copper ions sorption by the clay sorbent, as well as 

changes in their concentration depending on the contact time of solid and liquid phases, are shown in 

Fig.1. Initial concentrations of model solutions were not used in the construction of the kinetic de-

pendence, they are presented in the legend of the histogram. The graph shows the dependence of the 

molecular adsorption kinetics from the titration, the starting point of the curves is the treated initial 

solution (0 min) with a different concentration due to the presence of impurities (used for the titration 

reaction). 
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Figure 1 shows that adsorption equilib-

rium is reached for the concentration of 

0.0281 mol/l – at the 80th minute; for the 

concentration of 0.0155 mol/l at the 40th 

minute; for concentrations of 0.043 and 

0.022 mol/l – at the 130th minute. Thus, by 

the 130th minute of the experiment the equi-

librium is reached by all solutions with the 

considered concentrations of copper (II) ions 

at the ratio of the sorbent and the model so-

lution 1:50 [24]. The value of sorption ca-

pacity reaches 1.2 mol/kg 

The static exchange capacity (SEC) and 

rate constants (K) of the ion exchange reac-

tion, corresponding to the slope tangent of 

the dependence for different concentrations 

[25, 26], are given in Table 3. The sorption 

of copper ions from the solution by the clay 

sorbent proceeds in accordance with the ki-

netic model of the first order, as demonstrated by the dependence lgC = f (t) for the concentration 

of copper ions 0.022 mol/l (Fig.2), with the coefficient of determination equal to 0.966. 

 
Table 3 

Calculated parameters of the model of Cu2+  

adsorption by granules saponite sorbent in static conditions 

C initial, mol/l Сfinal, mol/l *, % SEC, mol/kg R2 K 

0.036 0.012 72.1 0.043 0.88 0.043 

0.028 0.013 53.6 0.028 0.97 0.015 

0.022 0.009 61.4 0.021 0.94 0.023 

0.016 0.007 56.3 0.015 0.91 0.036 

 
* − current water treatment level. 

 

The data obtained from the limiting stage 

of the process indicate a “film” kinetics and in-

dicate external diffusion at high concentra-

tions, which is visualized by the expiration of 

the sorption time on the surface of the pellets 

(Fig.3). The decrease in static volume capacity 

is consistent with the dependence of the reduc-

tion of SEC on the concentration of ions in the 

water [27].  

The experimental data were analyzed using 

the kinetic model of first-order adsorption; it was 

proved that the rate of the chemical reaction does 

not depend on the concentration of Cu2+ ions and 

is determined by the ratio of the amount of 

sorbent and solution introduced (w:s); this is 

characteristic of the heterogeneous process tak-

ing place on the phase interface [28, 29].  

Fig.1. Kinetic curves of copper ions sorption on the clay 

sorbent at various initial concentrations of the model solution 

1 – 0.043; 2 – 0.0281; 3 – 0.022; 4 – 0.0155 mol/l 
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Fig.2. Dependence of lgC = f (t) for the solution  

with initial concentration 0.022 mol/l 
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According to the data obtained, the depo-

sition of CuSO4 on the clay sorbent can be  

described by the following scheme [30, 31]: 

CuSO4  Cu2+ + SO4
2–; 

SO4
2– + Сa2+  CaSO4; 

Сu2+ + H2O 
sorbent surface
→          Cu(OH)2 + Н+; 

Cu(OH)2 
t
→ CuO black sludge + H2O. 

Therefore, multilayer “film” sorption is 

observed on the surface of the sorbent , firstly 

due to Cu(OH)2 – blue area on the sorbent, and 

then due to the low solubility of CuO – black 

area on the sorbent. 

Determination of adsorption activity under static conditions. Studies of the sorption activity with 

respect to Cu2+ cation were carried out with the sorbent sample after thermal processing at 550 C, the 

mechanical strength of the obtained sample is 34.1 kg/mm2, Sss = 22.8 m2/g. 

A decrease in specific surface area due to the introduction of cement is observed when measuring 

the specific surface area of a molded laboratory sample thermally treated at 550 C, but the strength 

characteristics of the sorbent pellet increase. 

The degree of extraction of copper ions from the model solution with different concentrations 

under static conditions on the obtained sorbent and the purification efficiency are presented in Table 4. 

It was found that the efficiency of sorption extraction of Cu2+ ions from the model solution 

was 86.3-100 % depending on the concentration. Parameters of the isotherm for the obtained 

sorbent sample are shown in Table 5, according to the obtained data the sorption isotherm is con-

structed (Fig.4) [32]. 

According to data obtained on the Quantachrome NOVA 

analyzer, the isotherm is of type V-BET (Brunauer, Emmet and 

Teller), correlation coefficient R = 0.99, KBET = 7.176, is a mul-

tilayer adsorption isotherm, also related to type II and III iso-

therms, in which adsorption is limited to mesopores. In the case 

of the adsorption of a model solution on saponite clay, the ad-

sorption mechanism is mono- and multilayer adsorption plus 

capillary condensation. It can be concluded that copper sorp-

tion proceeds first according to the Freundlich model and con-

sists in filling the monomolecular layer, then the process pro-

ceeds according to the BET model and represents the formation 

of polymolecular layers. 
 

Table 5 

Experimental data on Cu2+ sorption on clay saponite sorbent 

C0, mol/l C∞, mol/l q, mol/kg lgC lgq* 1/C, mol/kg 1/q, mol/kg ns·10–5, g/l 
Equation  

of adsorption 
qmax, mmol/g 

3.94·10–6 1.57·10–10 1.97·10–4 –9.80 –3.70 6.35·109 5.08·103 1.25 

q = 0.0143С0.1965 7.8·10–4 
7.87·10–6 7.72·10–8 3.9·10–4 –7.11 –3.41 1.30·107 2.57·103 2.48 

1.97·10–5 1.07·10–6 9.31·10–4 –5.97 –3.03 9.34·105 1.07·103 5.91 

2.76·10–5 2.68·10–6 1.2·10–3 –5.57 –2.91 3.74·105 8.04·102 7.90 

3.31·10–5 3.62·10–6 1.47·10–3 –5.44 –2.83 2.76·105 6.79·102 9.35 
 

Notes: ns – amount of sorbed matter CuSO4 ; C∞
 – current concentration of metal cation in solution, mol/l; С0 – initial concentra-

tion of metal cation in solution, mol/l; q – value of static exchange capacity, mol/kg; qmax – total static exchange capacity, mmol/g. 

 

Table 4 

Extent of extraction of copper (II) ions from 

the model solution 

Cinitial,  mg/dm3 Сfinal,  mg/dm3 
Adsorption 

efficiency, % 

0.25 0 100 

0.5 0.05 99 

1.25 0.07 94.6 

1.75 0.17 86.3 

2.1 0.23 89 

Fig.3. The sorption process: initial soilution of galvanic 

waste (left), purified water with adsorbed copper (right) 
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Approbation studies under dynamic 

conditions. Experiments on the adsorption 

of Cu2+ ions from wastewater after electro-

plating baths of copper plating from the 

production site were carried out, to deter-

mine the adsorption properties of the 

sorbent granules, close to industrial condi-

tions [33, 34]. Prior to the experiment, the 

chemical composition of the source water 

for treatment was determined using an  

X-ray fluorescence analyzer. Six experi-

mental series were conducted. The results 

before (initial concentration) and after 

(samples 1-5) the sorption treatment of 

wastewater are shown in Fig.5.  

According to the results of measurements, we can conclude that the active adsorption of copper 

ions from the solution is carried out on the second-third day of the experiment, in addition to the 

sorption of copper-containing substance on the sorbent surface there is a partial sorption of phospho-

rus-containing compound, which is part of the electrolyte [35]. An increase in the content of iron 

compounds in water occurs after iron chloride, which is introduced into the sorbent as a peptizing 

additive, is washed out of the sorbent.  

The results of spectrometric analysis of wastewater and treatment efficiency after sorption are 

presented in Table 6, the study for the accuracy of the results were conducted in parallel. The series 

number corresponds to the model solution passed through the columns for 6 days (with constant re-

newal of the solution). pH of the aqueous medium after wastewater passed through the sorbent layer 

was recorded simultaneously with the measurement of Cu2+ content in the treated effluent. The initial 

concentration is 18 mg/dm3. 

The data obtained are consistent with Fig.3, adsorption on the surface of the sorbent is carried 

out in the first 2-3 days, then the process is less intense. Adsorption increases with increasing pH, the 

percentage of the sorbed ions increases sharply in a narrow pH range, complete saturation of the 

sorbent is achieved at pH above 9. Above this pH range and up to a pH of 11, copper solutions consist 

of positively charged ions (Cu2+, CuOH+), as well as neutral particles (Cu(OH)2
0, CuSO4

0), strongly 

acidic solutions consist of single cations Cu2+. 
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Fig.4. Isotherm of Cu2+ ion sorption on clayey saponite sorbent 
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Fig.5. Histogram of remaining elements content in wastewater (wt.%) obtained on XRF (Epsilon) 

1-5 – sample number 

Рис.5. Гистограмма содержания оставшихся элементов в сточной воде, полученных согласно 

XRF (Epsilon), масс % 
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Table 6 

Results of sorption purification studies 

Series number 
Сfinal after sorption, mg/dm3 Adsorption efficiency, % рН 

Column 1  Column 2 Column 1 Column 2 Column 1 Column 2 

1 0.98 1.08 94.5 94 12.51 12.58 

2 0.98 1.04 94.5 94.2 12.19 12.27 

3 5.7 5.3 68.3 70.6 11.70 11.74 

4 10.6 11.0 41.1 38.9 11.25 11.32 

5 7.0 6.0 61.1 61.1 11.58 11.65 

6 15.0 15.0 16.7 16.7 9.94 10.01 
 

Morphological studies of the sorbent. The microphotographs of the structures shown in Fig.6 

demonstrate that pores form on the surface of the sorbent and, after adsorption, the saponite sorbent 

surface becomes rough and friable because of surface reactions. The SEM results of the solid product 

after adsorption agree with the results obtained in the previous study.  

SEM images of the original saponite sorbent and the saponite sorbent that adsorbed copper are 

shown in Fig.6. Freshly formed sorbent has pores on the surface (Fig.6, a). Figure 6, b shows that the 

mass transfer of copper ions to the saponite sorbent surface occurs resulting in pore reduction due to 

filling of pores with adsorbed copper. 

Conclusion. The article considers the prospects of application of clay sorbent based on saponite 

decanted sludge for the extraction of copper from waste water of industrial enterprises. The most 

significant research findings: 

Decanted saponite clay is a viscoplastic material and the granules can be easily extruded into the 

optimal shape. Granules after heat treatment at 550 C acquire satisfactory resistance (strength 

34.1 kg/mm2) in interaction with the aqueous medium, as well as high relative porosity, the specific 

surface of the granules is 22.803 m2/g, which allows their use as an adsorbent for wastewater treat-

ment. 

The pellets have a sufficiently high adsorption capacity for copper ions (72 % under static con-

ditions) and can be used to remove them from aqueous solutions at an ambient temperature of 21 C.  

The first order kinetic model satisfactorily describes the kinetics of copper adsorption. Metal 

adsorption by saponite sorbent granules is accurately described by type V isotherm. The adsorption 

mechanism is mono- and multilayer adsorption and capillary condensation. 

The efficiency of Cu2+ removal from wastewater after the copper plating baths of the galvanic 

shop is clearly demonstrated by dynamic tests, the efficiency reaches 94 %. 

The results of morphological studies indicate the presence of metals on the surface of the clay. 

Fig.6. SEM images: saponite sorbent (a); saponite sorbent after sorption (b);  

appearance of the sorbent after copper ions sorption (c)  

a  b  c  
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