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ABSTRACT 
This article provides information on the technology of obtaining multifunctional sorbents based on natural and 
technogenic raw materials for the treatment of wastewater from chemical enterprises. The article contains results of 
thermodynamic studies of the aluminosilicates and aluminum silicates formation in the presence of oil sludge in the 
range of 323-1323K; they are characterized by high negative Gibbs energies, that indicates the thermodynamic 
probability of these chemical reactions. To determine the physical and mechanical parameters of activated bentonite 
clays with the addition of oil sludge, the effect of granules’ density, specific surface area and average diameter was 
studied. As it was determined on the basis of experimental data and results of mathematical planning, the wastewater 
purification degree from P2O5 reaches its maximum value (99.5%) at pH of 4.4-4.6. In this case, the total content of 
calcium oxide and phosphorus pentoxide depends on the mass of the precipitate formed and the pH of the test 
solution after the sorption purification. The results obtained indicate the possibility of using the developed sorbents 
for high-quality sorption treatment of industrial wastewater. 
Keywords: Sorbent, Bentonite, Refractory Clay, Oil Sludge, Adsorption, Activation, Swelling, Wastewater 
Treatment, Multifunctional Sorbent. 
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INTRODUCTION 
Industrial wastewater has a complex composition and always contains, individually or in combination, 
various poisonous and toxic substances. Discharge of such wastewater into open water bodies or city 
sewer networks without appropriate treatment is unacceptable. Liquid wastes such as waste degreasing 
solutions, waste oils and cutting fluids containing products of oil refining and organic synthesis play an 
important role in the problem under consideration.1 
The problem of environmental pollution with oil wastes, the study of their properties, as well as the 
development of highly effective environmentally friendly methods of utilization and neutralization of oily 
effluent and oil sludge is urgent. At the same time, chemical plants producing yellow phosphorus, as well 
as mineral fertilizers, are a source of a huge amount of industrial wastewater containing a significant 
amount of mineral impurities, phosphorus-containing compounds and harmful toxic metal-containing 
substances that require effective technologies for their purification.2 Wastewater accompanying any 
process, any technology and any production occupies a special place in the industrial and domestic waste 
structure. And they do not just accompany, but reflect its specificity, become carriers, and sometimes 
concentrators of a significant part of industrial emissions and, accordingly, production problems. In 
addition, in the processes of waste disposal, wastewater plays the same important role as in the main 
technological processes.3 

In the general issue of waste utilization of the main industries, special attention is paid to the technology 
of extracting valuable and neutralizing harmful impurities from wastewater of the most important 
productions. In terms of water consumption, all productions can be divided into three groups:low-water-
intensive (up to 10 m3/t), medium-water-intensive (from 10 to 100 m3/t) and high-water-intensive ones 
(over100 m3/t). 4-5 
The share 6 of the chemical industry accounts for about 25% of the water consumed by all industries. At 
some enterprises, in accordance with their technological requirements, water purification and wastewater 
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discharge are already carried out at the initial and intermediate stages of technological processes. In the 
past, this has led to irreversible pollution of groundwater and surface water in industrial areas, and 
attempts to purify discharges have led to significant costs and the alienation of vast territories. 
Most often, a wastewater is a complex system containing mixtures of various subsystems. Concentrations 
of impurities in wastewaters are different: water used for cooling products and equipment is practically 
not contaminated, and water from technological processes contains pollutants in large quantities.7-9 
Bentonite clays are inexpensive but effective materials that are used in many areas of adsorption 
technology, including the removal of metal ions, phenols, organic molecules, polymers, pesticides, 
radionuclides and dyes. When synthesizing porous materials, one strives to increase the specific surface 
area, since an increase in the specific surface area and, accordingly, a decrease in the average pore size 
increases the adsorption capacity of the sorbents.10 
There are various methods of activation and modification of natural bentonite clays. Choosing the method 
it is necessary to take into account the nature of the extracted substances and the medium (liquid or 
gaseous) in which the sorption process will take place. It is recommended to use available and 
inexpensive activators that can provide a high adsorption capacity of sorbents, and at the same time 
reduce the cost of the obtained materials.11The removal of mineral impurities, as well as oil products from 
water using multifunctional sorbents based on natural aluminosilicate minerals, is a very promising 
direction in solving the problem of industrial wastewater treatment. The given research has fulfilled using 
an adsorption installation which allowed regulating such parameters as temperature, humidity, solution 
flow rate, and the process duration.12-13 

EXPERIMENITAL 
Studies on the production of sorbents based on local Lenger field bentonites and refractory clays with the 
addition of oil sludge for sorption treatment of wastewater from chemical industries were carried out at a 
laboratory setup, where the processes of destruction of the water structure and the removal of toxic 
compounds from it were studied. The experiments at the setup were implemented many times to ensure 
the maximum purification degree and separation of organic and mineral components. The water 
purification degree and the mineral and organic impurity extraction degree were calculated on the basis of 
the difference between the impurity contents in the initial and purified wastewater. 
Analytical control included the following analyzes: a) determination of the phosphorus compounds 
content in the original waste water and water obtained as a result of the sorption treatment; b) 
Determination of insoluble residue; c) determination of trace impurities by a semi-quantitative spectral 
method. Spectral, X-ray phase and microscopic analysis techniques were used to determine the elemental 
composition of solid mineral residues of the spent sorbent and the resulting product, and their chemical 
compositions were determined using a complexometric method. The probability of formation of 
aluminosilicate minerals characteristic of bentonite and refractory clays during the heat treatment of 
mixtures with the addition of oil sludge was considered for the following reactions: 
 

CaO+Al2O3+2SiO2+3C+3O2(g) = CaO*Al2O3*2SiO2+3CO2(g) ,                                            (1) 
СaO+Al2O3+2SiO2+C2H6(g)+3,5O2= CaO*Al2O3*2SiO2+2CO2(g)+3H2O,                               (2) 
Al2O3+SiO2+C+O2(g)=Al2O3*SiO2+CO2(g),                 (3) 
Al2O3+SiO2+C2H6(g)+6.5O2(g)=Al2O3*SiO2+4CO2(g)+5H2O(g).       (4) 

 

Changes in the heat effect, entropy and Gibbs energy values for these reactions of anorthite and aluminum 
silicate formation are shown in Figs.-1 to 4. 
It can be seen from the calculated data that the formation of calcium aluminosilicate and aluminum 
silicate in the presence of carbon and ethane, characteristic of the oil sludge, in the temperature range of 
323-1323K is thermodynamically possible. This is evidenced by the negative values of the Gibbs energy 
in the entire investigated temperature range. The relatively stable insignificant change in enthalpy and 
entropy characterizes the absence of noticeable phase transformations of the reaction components (Fig.-1 
and 2). The thermodynamic probability14 of formation of the aluminosilicate compounds typical for 
sorbents in the presence of organic compounds containing in the oil sludge was determined on the basis of 
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changing in Gibbs free energy (G 0
T ), enthalpy and entropy, which were calculated for the temperature 

range of 323-1323K using a software package HSC Chemistry 5.1 of the Finnish company Outkumpy. 
 

  
Fig.-1: Effect of the sorbent production temperature on 

the thermodynamic parameters of reaction 1 
Fig.-2: Effect of the sorbent production temperature on 

the thermodynamic parameters of reaction 2 
 

  
Fig.-3: Effect of the sorbent production temperature on 

the thermodynamic parameters of reaction 3 
Fig.-4: Effect of the sorbent production temperature on 

the thermodynamic parameters of reaction 4 
 

Thermodynamic indicators of the formation of aluminosilicate, typical for refractory clays, in the 
presence of carbon and ethane (reactions 3-4) are represented in Figs.-3 and4. A comparative analysis of 
the Gibbs energy values in the studied temperature range proves the thermodynamic probability of these 
reactions. Moreover, the formation of aluminosilicate in the presence of ethane is much more preferable. 
This is evidenced by more negative values of the Gibbs energy: from 1287.4 to -1359.6 kJ/mol. 
It should be noted that the system under study is heterogeneous. It consists of several homogeneous 
phases, which, when exposed to temperature, are characterized by visible boundaries. In this case, all 
individual gaseous components are part of one gaseous phase, and condensed components can form both 
separate phases and condensed solutions. Moreover, the presence of a gas phase is considered mandatory, 
since gases contribute to the formation of pores and swelling of the sorbent granules.15-16 The mechanism 
of sorption of contaminants from water on clay minerals is quite complex and is due to various chemical 
interactions: hydrogen bonds, ion-dipole and ion-ion interactions, coordination bonds, acid-base reactions, 
and Van der Waals forces. Sorption processes carried out by montmorillonite aluminosilicate systems 
occur according to three mechanisms: a) substitution of an exchange complex, located both between 
elementary layers and on the surface of mineral particles, by cations; b) with the help of hydrogen bonds 
in external hydroxyl groups (the formation of chelate complexes with the surface hydroxyl groups of the 
mineral); c) with the help of dangling valence bonds at the edges and corners, at shear growth stages of 
aluminosilicate crystals. Acid activation of bentonite clay samples was carried out with 0.2-0.5 M 
hydrochloric acid. The results of the chemical analysis of the activated samples showed that the content of 
acidic components, such as Al2O3and SiO2, increases by 2.3-2.8% as the acid molarity increases. 
The acid-activated bentonite clays and Lenger refractory clays with 5-20% oil sludge additives were heat 
treated at a temperature of 323-1323K with isothermal holding for 60 minutes. 
The results of the analysis are shown in Table-1. As follows from the above data, the acidity of activated 
bentonite clay samples containing up to 10% of oil sludge is higher than the acidity of Lenger refractory 
clay samples and their mechanical strength is higher when they contain to 15% of oil sludge.  

 



 
 Vol. 15 | No. 2 |1085-1090| April - June | 2022 

1088 
MULTIFUNCTIONAL SORBENTS                                                                                                                                              B.M. Smailov et al. 
 

Table-1: Physicochemical and physicomechanical parameters of sorbents based on local refractory clays with the 
addition of waste 

Sample Density, 
g/cm3 

Specific 
surface, cm2/g 

Average diameter 
of granules, mm 

Strength, 
MPa 

Bentonite 2,07 1380 10-13 4,4 
Lenger refractory clay 2,2 1330 10-13 4,0 
Lenger refractory clay + 5% oil sludge 2,4 1320 10-13 4,3 
Lenger refractory clay + 10% oil sludge 2,3 1335 10-13 4,6 
Lenger refractory clay + 15% oil sludge 2,25 1342 10-13 4,85 
Lenger refractory clay + 20% oil sludge 2,2 1365 10-13 5,1 
Acid activated bentonite 2,35 1428 10-13 4,9 
Acid activated bentonite + 5% oil sludge 2,32 1437 10-13 5,18 
Acid activated bentonite + 10% oil sludge 2,30 1445 10-13 5,25 
Acid activated bentonite + 15% oil sludge 2,25 1465 10-13 5,33 
Acid activated bentonite + 20% oil sludge 2,0 1480 10-13 5,30 

 

Wastewater used in the experiments was: Industrialwastewater of the Mineral Fertilizer Plant 
(Kazphosphate LLP, Taraz, Kazakhstan) containing the following chemical compounds,%: P2O5 – 2.0-
2.1, SO3– 0.6-0.8, CaO – 2.8-3,1, K2O – 0.6-0.8, MgO – 0.8-1.1, A12O3– 0.8-0.9, Fe2O3– 0.3-0.4; 
Wastewater from Petro Kazakhstan Oil Products LLP containing oil impurities.17 
The studies of the process of sorption purification of wastewater formed after filtrationof wet-process 
phosphoric acid and flushing of pipelines and apparatuses were carried out atthe laboratory setup using 
sorbents based on the bentonite clay activated with hydrochloric acid and with the addition of up to 15% 
of oil sludge as a swelling component. The experiments were implemented in a temperature range of 20-
40℃ at the automatically controlled liquid flow rate from 1 to 4 l/min.  
The results obtained during the sorption purification of waste waters of the Mineral Fertilizer Plant are 
presented in Table-2. As follows from the data in Table-2, the maximum purification degree for the 
activated bentonite is at m = 80 mg/g. Thus, when the content of aluminosilicate compounds in the 
activated bentonite is 80 mg/g, the sorbent has the best sorption characteristics. 
Then, similar experiments were fulfilled using the PetroKazakhstanOilProducts LLP oil-containing 
wastewater. Comparative analysis of experimental and calculated indicators testifies to the adequacy of 
the obtained mathematical relationship (Table-3). Graphs of the obtained theoretical and experimental 
dependences of the wastewater purification degree on the sorption treatment duration are represented in 
Fig.-5. 
As it follows from Fig.-5, the experimental values of the extraction degree of inorganic impurities from 
the Mineral Fertilizer Plant (Kazphosphate LLP) wastewater have insignificant differences from 
theoretical one.18 So with an increase in the amount of impurities in the time interval of 30-40 sec, the 
experimental values are higher than the theoretically calculated values. Three-dimensional graphical 
dependences of the phosphorus-containing wastewater purificationon two independent factors – pH of the 
water, as well as variable indicators of the P2O5 and CaO contents – are shown in Figs.-6 to 8. 

 
Table 2 - Sorption properties of the activated 

aluminosilicate material 

 
Table-3: Experimental and theoretical indicators of sorption 

oil-containing wastewater treatment 

  
Where α – the wastewater purification degree; V – linear filtration 
rate; m – content of aluminosilicates in the sorbents.  

To process the results of experiments on the sorption treatment of oil-containing wastewater based 
program used in the Outokumpu HSC-6 system environment was applied. The results of the analysis of 
the three-dimensional graphical dependence of the oil-containing wastewater purification degree are 
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shown in Fig.-9. As it follows from Fig.-8, the oil-containing wastewater purification degree reaches 98% 
at the temperature of 40 0C and the liquid flow rate of 4 l/min. 
 

 
  

Fig.-5: The wastewater purification 
degree-sorption time curve 

Fig.-6: Three-dimensional images of 
the surface for different pH and 
mineral impurity content values 

Fig.-7: Three-dimensional images of 
the surface for different liquid flow 

rate and adsorption time values 
 

 

RESULTS AND DISCUSSION 
Calculation of the thermodynamic characteristics (entropy, enthalpy and Gibbs energy) of the calcium 
aluminosilicate and mono-calcium aluminate formation in the presence of carbon and ethane, typical for 
the composition of oil sludge, in the temperature range of 323-1323K shows that these reactions are 
thermodynamically possible, as evidenced by negative Gibbs energy values.  
 

   
Fig.-8: Three-dimensional images of 
the surface for different humidity and 

adsorption time values 

Fig.-9: Three-dimensional curve of the oil-containing wastewater 
purification degree 

Moreover, the thermodynamic probability of the calcium aluminosilicate formation in the presence of 
ethane is characterized by more negative Gibbs energy values: from -1547.2 to -1622.3 kJ/mol. Analysis 
of the experimental results and graphical three-dimensional curves shows that the P2O5 extraction degree 
reaches its maximum value at pH of 4.4-4.6. The calcium oxide content after the treatment depends on the 
pH and the mass of the precipitate formed. 
The results of the study of the industrial oil-containing wastewater adsorption purification using the 
sorbents based on bentonite clay with the addition of 20% of oil sludge prove that in the temperature 
interval of 30-40℃, the flow rate of the test liquid of 2-2.2 l/min and pH of 2.4-3,6, the purification 
degree reaches 94%. The significance of the coefficients of the equation was checked according to the 
Student's criterion. To confirm the adequacy of the obtained equation, the Fisher's criterion was applied: 
у1 = 1.4533819684928526638∙Т – 0.31225604996096799375∙Т∙R – 0.0064722744781868673296∙ T2– 
6.6693877551020408163∙R2+ 48.385611687297869968∙R – 1.0653974759912027156. у2 = 
4.2783263506567188373∙T – 0.8352849336455893833∙T1∙R2 – 0.015941801785660963301∙ T2 – 
7.6816326530612244898∙R2 + 88.252113304338128694∙R – 156.06975612388106725 
Where T – temperature, 0С; R – liquid flow rate, l/min. 
The study of the sorption treatment of oil-containing wastewater proves the possibility of using the 
sorbents based on the modified bentonite clay with the addition of up to 40% of oil sludge. 
 

CONCLUSION 
On the basis of the results obtained at the preparation of sorbents and implementation of the sorption 
purification of industrial wastewater, it was found that the sorbents based on the bentonite clay activated 
with hydrochloric acid and containing oil sludge as a modifying component have good multifunctional 
characteristics. The developed sorbent is ecologically and economically efficient due to the use of local 
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natural resources and man-made waste. Analysis of the obtained data on the physical and mechanical 
characteristics of sorbents based on the hydrochloric acid-activated bentonite and refractory clays with the 
addition of oil sludge up to 15% shows the possibility to increase the sorbents mechanical strength to 5.1-
5.33 MPa, which allows it to be repeatedly used for wastewater treatment. 
The determination of the thermodynamic characteristics of the calcium aluminosilicate and aluminum 
silicate formation in the range of 323-1323K and in the presence of compounds characteristic of oil 
sludge showed that the reactions are characterized by high negative values of Gibbs energy. This confirms 
the thermodynamic probability of these chemical reactions. The experimental studies of industrial 
wastewater treatment at the wastewater flow rate of 2-2.2 l/min and pH of 2.4-4.4 showed that the 
purification degree reaches 94%.Thus, the suggested sorbents produced on the basis of bentonite and 
refractory clays with the addition of oil sludge can effectively be used for the sorption treatment of 
wastewater of chemical enterprises. 
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