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1. Introduction

Water is the most important resource for the existence 
of life. However, in the last few decades, a large amount of 
wastewater has entered freshwater bodies, making them 
unsuitable for use by living beings. The main cause of wa-
ter pollution is anthropogenic activity [1]. Municipal waste, 
industrial waste, agricultural wastewater, and radioactive 
waste are among the main sources of water pollution. Natural 
phenomena (volcanoes, earthquakes, etc.) also deteriorate the 
quality of freshwater. In the last few decades, water pollution 
has been increasing at an alarming rate and poses a serious 
threat to the environment. According to the State Agency of 
Water Resources of Ukraine, about 4 billion m3 of polluted 
wastewater is discharged into the country’s water bodies 
annually. In particular, in many rivers, the concentrations of 
biochemical oxygen demand exceed the maximum permissi-
ble concentrations by 2–4 times, and the phosphate content 
reaches 1.5–2.5 mg/dm3 with a standard of ≤0.5 mg/dm3. The 
main indicators of water quality assessment are biochemical 
oxygen demand (BOD), chemical oxygen demand (COD), 
heavy metals (lead, cadmium, mercury), nitrates, phosphates, 
and microplastics. These indicators are regularly recorded 
during monitoring of water bodies according to WHO stan-
dards and national environmental services. One of the main 
pollutants of industrial wastewater is dyes. Synthetic dyes are 

toxic, non-biodegradable, carcinogenic, and mutagenic mate-
rials that cause serious health problems in both humans and 
aquatic systems [2, 3].

The largest amount of colored wastewater is generated 
at light industry enterprises. Thus, in dyeing and finishing 
industries, textile, knitted, leather and fur products undergo 
successive mechanical and chemical preparation for dyeing, 
dyeing, and final processing.

The high stability of dyes ensures their high resistance to 
aerobic decomposition, light, heat, and oxidants. Therefore, 
the separation of dyes from aqueous solutions is a complex 
problem that has been faced in recent years. Some of the 
widely used methods for purifying water saturated with dyes 
are coagulation, precipitation, filtration, reverse osmosis, 
photodegradation, ion exchange, electrochemical methods, 
and adsorption [4, 5].

Devising an effective, environmentally friendly, and in-
expensive technique for removing dyes from wastewater is 
an urgent task.

2. Literature review and problem statement

The increasing cost of tap water and the obligation to 
comply with environmental standards for wastewater dispos-
al have forced manufacturers to rethink wastewater manage-
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ment. The authors of [6] suggest considering wastewater with 
a high dye content as a resource, especially for consumers 
with high water consumption. At the same time, the authors 
note the need for further research to explore the possibilities 
of scaling up the proposed solutions and integrating differ-
ent technologies with simultaneous resource recovery from 
them. Reducing water consumption, wastewater treatment, 
and the possibility of wastewater reuse should become cru-
cial factors for sustainable production.

In [7], it is shown that the textile industry emits the larg-
est amount of dye wastewater, which accounts for more than 
half (54 %) of the existing dye wastewater discharged into the 
environment worldwide. The large amount of textile waste 
is caused by the rapid population growth and the increasing 
demand for textile products. The transition to a circular econ-
omy is one way to reduce waste, but the textile industry is 
only taking the first steps on this path. One of the barriers is 
the high cost of waste processing. An option to overcome this 
barrier is to find optimal process conditions and devise simple 
operating procedures to automate the process and increase the 
cost-effectiveness of implementation in the industry.

In [8], the benefits of wastewater reuse are considered, 
such as reducing the environmental burden, improving 
productivity, and increasing the amount of treated water. At 
the same time, it is shown that existing methods cannot com-
pletely remove color from wastewater. A similar conclusion 
is drawn in [9]: the goal of measures to develop innovative 
technologies should be not only to reduce pollution but also 
to preserve water resources, restore and reuse water.

There are many technologies for removing dyes from 
wastewater, each with its own characteristics and differing 
in environmental friendliness, efficiency, and cost-effec-
tiveness. However, research is still ongoing, as there is no 
method that fully meets the needs of consumers. The aim of 
the research is not only to reduce pollution but also to con-
serve water resources through innovative technologies that 
support water recovery and reuse.

In [10], the removal of methyl blue dye from wastewater 
and its simultaneous recovery in the foam phase were consid-
ered. Foam fractionation is an adsorption bubble separation 
method that is considered suitable for treating low-concen-
tration wastewater. It is widely used for removing dyes from 
wastewater and is attracting more and more attention due 
to its simple equipment, low investment, and low energy 
consumption.

The authors of [11] proposed a foam fractionation method 
for dyeing wastewater and wastewater containing dyes and 
surfactants simultaneously. Model solutions contained the 
dye rhodamine B, which is a common organic dye, used in 
many industries and difficult to remove by conventional and 
biochemical methods. The work reports a high degree of pu-
rification – 95 %. The optimal pH range for effective removal 
of the dye is 5.5–10.5. Increasing the temperature reduces the 
efficiency of dye removal and leads to foam instability, which 
is a negative factor.

Despite its effectiveness, the foam fractionation method 
of dyes has several drawbacks. Thus, the effectiveness of 
the method strongly depends on the pH of the solution, the 
concentration of electrolytes, temperature, the type and con-
centration of the surfactant, and the size of the bubbles. That 
is, careful selection of parameters is required for each specific 
case. In addition, the resulting foam, which contains con-
centrated dyes and surfactants, must be further purified or 
neutralized. This can create certain environmental problems.

The solution to this problem can be the solvent sublation 
method, which is a variety and improvement of ionic flota-
tion. The method differs in that the concentration of the dye 
does not occur in the foam but in the organic layer of a liquid 
that does not mix with water. Therefore, all the problems 
associated with foam are absent.

In work [12], the authors note that the use of solvent sub-
lation is the most widely used method for the removal and 
recovery of organic pollutants, such as dyes, toxic organic 
solvents from the aqueous phase. Many methods have been 
devised for the removal of dyes that form complexes with 
various surfactants from the aqueous phase. 

For example, in [13], the anionic dye bromophenol blue 
was effectively removed from an aqueous solution as a 
complex with hexadecyl-pyridine chloride into the organic 
layer of isopentanol. The stoichiometric amount of surfac-
tant (surfactant:dye=2:1) was the most effective for removal. 
More than 95 % of the dye was removed from the aqueous 
solution in 10 min. The removal rate was slightly increased 
by increasing the air flow rate, but the purification efficiency 
decreased at high gas flow rates due to an increase in the 
average bubble radius. This is explained by the decrease in 
bubble residence time because larger bubbles moved faster 
to the extractant layer. Acidic pH increased the removal rate, 
but pH above 10 reduced the efficiency of dye removal.

In [14], the cationic dye methyl violet was removed from 
aqueous solution by solvent sublation of a complex of methyl 
violet with sodium dodecylbenzenesulfonate in 2-pentanol. The 
stoichiometric amount of surfactant (surfactant:dye=1:1) was 
the most effective for removal, with more than 97 % of the dye 
being removed from the aqueous solution in 10 min. Increasing 
the air flow rate enhances the solvent sublation process provided 
that the bubble size remains small. The highest efficiency of dye 
removal was observed without pH adjustment. However, lower 
pH values reduced the removal efficiency. 

Indigo carmine, an anionic dye, was removed from 
aqueous solution by solvent sublation of a complex of indigo 
carmine and cetyltrimethylammonium bromide in 2-oc-
tanol [15]. The stoichiometric amount of surfactant (sur-
factant:dye=2:1) was the most effective for removal, with 
more than 93 % of the dye being removed from the aqueous 
solution in 5 min. The removal rate increased with higher 
air flow rates and was almost independent of the volume of 
organic solvent in the upper part of the flotation column.

The authors of [16] investigated the solvent sublation of 
a complex of bromocresol green with the cationic surfactant 
hexadecyl pyridine chloride in 2-octanol. The surfactant to 
dye ratio (1.25:1) was the most effective for removal, with 
more than 99 % of the dye being removed in 5 min. The re-
moval rate increased with increased air flow rates and was 
somewhat dependent on the volume of organic solvent. The 
dye removal efficiency reached maximum values at pH 3 to 4 
and was 99 % in 5 min, but higher pH values reduced the 
degree of removal.

Solvent sublation is very suitable for removing traces (or 
ultra traces) of elements from the aqueous phase into the 
organic phase. However, at high concentrations of solutions, 
the separation efficiency is unsatisfactory. Therefore, the 
authors of [17] do not propose a solvent sublation method for 
real wastewater treatment due to secondary contamination 
of the organic solvent and lower separation efficiency for 
concentrated solutions.

One of the options for overcoming this problem is to 
construct new adequate mathematical models to study 
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the influence of factors on the efficiency of the solvent 
sublation process and predict the quality indicators of the 
purified water.

Although much work has been done on solvent sublation, 
laboratory studies prevail, so scaling up this technology for 
wastewater treatment can be very difficult and time-con-
suming.

The introduction of the solvent sublation method into 
industry is hampered precisely because of the presence of 
numerous factors that affect the efficiency of the process.

Therefore, it can be argued that it is advisable to conduct 
a study aimed at highlighting the factors that could ensure 
maximum efficiency of solvent sublation puri-
fication from dyes of various structures. These 
studies will allow us to propose a mathematical 
model on the basis of which the optimal condi-
tions for the solvent sublation process will be 
determined.

3. The aim and objectives of the study

The purpose of our study is to formalize 
and solve the problem of optimizing the process 
of solvent sublation of dyes from model solu-
tions. This will provide an opportunity to deepen 
knowledge about the process and highlight the 
capabilities of this method for wastewater treat-
ment under industrial conditions.

To achieve the goal, the following tasks 
were set:

– to perform a correlation analysis of factors 
affecting the efficiency of the solvent sublation 
process of dyes, and to conduct a study of the process to de-
termine the conditions of the main experiment;

– to design an experimental plan and conduct experimen-
tal studies in accordance with the plan;

– based on the results of experimental studies and cor-
relation analysis of the parameters of the solvent sublation 
process, to obtain and investigate a mathematical model that 
describes the degree of wastewater treatment from dyes by 
the solvent sublation method.

4. The study materials and methods 

The object of our study is the process of solvent sublation 
treatment of wastewater contaminated with dyes.

The subject of the study is the influence of process pa-
rameters on the efficiency of solvent sublation treatment of 
wastewater from synthetic dyes to ensure maximum efficien-
cy (minimum values of residual pollutant concentrations).

The hypothesis of the study assumes that the efficiency 
of the solvent sublation process for removing dyes from 
wastewater could be significantly increased by determining 
the most important process parameters using correlation 
analysis and experimental studies. The results to be ob-
tained would become the basis for building an adequate 
mathematical model, the study of which involves deter-
mining the optimal conditions for removing dyes of various 
structures.

Solvent sublation is a combined method that combines 
flotation (removal of impurities to the surface using gas bub-
bles) and extraction (transition of impurities to the organic 

phase using an extractant). When treating wastewater, this 
method allows for the effective removal of heavy metal ions, 
organic pollutants, and petroleum products. Gas (usually 
air) is introduced into the flotation column from the bottom 
through a disperser, forming microbubbles that capture hy-
drophobic particles with contaminants and carry them to the 
surface of the extractant.

Fig. 1 shows the parameters that affect the efficiency of 
solvent sublation purification of dyes from aqueous solutions.

It was assumed that the correlation between the factors 
and the quality indicators of the solvent sublation process is 
linear.

Model dye solutions (active bright red (BR), active bright 
blue (ABB), bromocresol green (BCG), indigo carmine (IC)) 
were studied, which imitate wastewater contaminated with 
dyes. For simplification, solutions containing one dye were 
used. Solvent sublation removal of dyes occurred in the form 
of a complex or ionic associate with surfactants. Descriptions 
of the laboratory setup and experimental research methodol-
ogy are given in [18, 19]. The degree of purification (removal) 
of the dye was taken as a measure of the efficiency of the 
solvent sublation process. 

The correlation analysis method was used to establish a 
correlation between factors that affect the degree of purifica-
tion of wastewater from synthetic dyes, as well as to assess 
the strength of the relationship between the parameters 
under study. The strength of the relationship was estimated 
using the Pearson correlation coefficient according to the 
following formula [20]:
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At the stage of the preliminary experiment, the process 
parameters varied within the limits determined from the 

Fig. 1. Factors affecting the efficiency of solvent sublation of dyes
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literature. This approach allowed us to determine 
the conditions of the main experiment and the type 
of model.

The synthesis of the D-optimal experimental 
plan [21] and the coefficients of the mathematical 
model of the process involved using the mathemati-
cal apparatus of the STAR system [22]. The general 
form of the mathematical model:

2
0

1 , 1 1
,

k k k

i i ij i j i i
i j
i j

y a a x b x x c x
=

≠

= + + +∑ ∑ ∑               (2)

where y is the quality indicator of the solvent sub-
lation process, xi, xj (i, j=1, k) are the factors that 
have the greatest impact on the process and are se-
lected based on the results of correlation analysis; 
ai , bij, cj are the coefficients of the mathematical 
model.

The adequacy of the resulting model was as-
sessed using the following model characteristics, 
which are calculated using the STAR system: 
F-ratio, correlation ratio, standard deviation, as 
well as the estimated and critical values of the 
Student’s t-test for the model coefficients. The 
approximation error was calculated using the fol-
lowing formula:
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where n is the number of experiments; yi, yip are the experi-
mental and calculated values of the degree of dye extraction, 
respectively.

To solve the optimization problem, the program “OPTI-
MIZ-M” [23] was used, which makes it possible to determine 
the optimal conditions for the processes described by regres-
sion equations.

5. Results of investigating the influence of 
parameters on the efficiency of solvent sublation 

removal of dyes

5. 1. Correlation analysis and determination of the 
conditions of the main experiment

5. 1. 1. Results of correlation analysis
The values of the Pearson correlation coefficient were 

calculated using formula (1). The generalized results of the 
correlation analysis are shown in Fig. 2. Parameters that 
have a significant effect on the degree of dye extraction 
are marked with green flags, and parameters that have an 
insignificant effect on the solvent sublation process are 
marked with red flags; all other factors are marked with 
yellow flags.

Parameters for which the Pearson correlation coefficient 
values are close to unity have a significant impact on the 
process of dye removal from wastewater by solvent subla-
tion. Therefore, the following parameters were selected for 
further experimental studies: pH, initial pollutant concen-
tration, surfactant:dye ratio, and gas flow rate. The varia-
tion intervals of these parameters were selected based on 
the results of investigating their impact on solvent sublation 
removal of dyes.

5. 1. 2. Dependence of the degree of extraction on 
the initial concentration of the dye

The dependence of the degree of removal of dyes on its 
initial concentration over time was investigated. The results 
are given in Tables 1, 2.

The nature of change in the degree of removal of the 
BR dye depending on the initial concentration over time is 
shown in Fig. 3.

Fig. 3 shows that at initial dye concentrations of 
5…20 mg/dm3, the degree of removal of active bright red 
reaches a maximum after 10 min. On the other hand, when 
the initial concentration is increased to 50 mg/dm3, the 
maximum degree of purification is observed after 25 min.

The nature of change in the degree of removal of the 
ABB dye depending on the initial concentration over time is 
shown in Fig. 4.

Table 1

Dependence of the degree of extraction of the active dye BR 
on its initial concentration

Time, 
min

Starting concentration, mg/dm3

5 10 20 25 50
5 80.34 91.09 85.10 70.57 21.58

10 89.11 96.14 87.87 75.25 30.68
15 89.31 96.04 90.54 88.44 64.58
20 89.11 96.04 93.60 93.58 89.14
25 89.11 96.10 95.80 96.44 97.12

Table 2

Dependence of the degree of extraction of the ABB dye on 
its initial concentration

Time, min
ABB starting concentration, mg/dm3

5 10 20 25 50
5 82.75 90.34 90.69 66.34 23.70

10 92.40 97.24 92.59 75.17 32.84
15 93.80 97.24 96.2 87.17 64.69
20 93.80 97.59 96.72 93.66 91.45
25 93.10 97.24 96.9 95.17 97.93

Fig. 2. Values of the Pearson correlation coefficient for the studied 
parameters of the solvent sublation process:  – a parameter that has 
a significant effect on the degree of dye extraction;  – a parameter 

that has an insignificant effect on the solvent sublation process;  – a 
parameter that has an intermediate value of the correlation coefficient
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Fig. 4 shows that in the case of removal of active bright 
blue dye with a concentration of 5…25 mg/dm3 the process 
reaches a maximum after 10 min. When the dye concen-
tration increases to 50 mg/dm3 the maximum degree of 
purification is observed after 20 minutes. In general, in 
all cases, a degree of purification of 91…97 % is achieved 
after 20–25 minutes. The maximum degree of extraction – 
97.93 % – is observed at a dye concentration of 50 mg/dm3 
after 25 minutes.

5. 1. 3. Dependence of the degree of pollutant ex-
traction on pH

The influence of pH on the process of solvent sublation of 
active bright red was experimentally investigated. The initial 
solution has a pH of 6. The results are given in Table 3.

The nature of the influence of pH on the extraction of 
active bright blue was investigated. The pH range: 2–11. 
The pH of the initial solution is 5.5. The results are given 
in Table 4.

Fig. 5 shows the dependence of the degree of purification 
of the BR dye on pH over time.

Table 3

Dependence of the degree of extraction of the BR dye on pH

Time, min
рН

2 4 6 8 10
5 88.80 90.70 91.10 90.30 89.80

10 93.86 95.25 96.13 95.44 94.85
15 94.06 95.55 96.04 95.54 94.95
20 94.06 95.64 96.04 95.74 94.95
25 94.06 95.64 96.14 95.74 95.05

Table 4

Dependence of the degree of extraction of ABB dye on pH

Time, min
рН value

2 3 6 9 11
5 76.90 88.97 90.34 86.20 76.20

10 85.86 95.52 97.24 93.45 84.48
15 86.55 96.55 97.24 93.45 85.17
20 86.55 96.55 97.59 93.80 85.52
25 86.90 96.90 97.24 93.80 85.52

Fig. 6 shows the dependence of the degree of purification 
of the active bright blue dye on pH over time.

The nature of change in this parameter shows that the 
change in pH affects the efficiency of solvent sublation of 
active bright blue over the entire time period.

Fig. 3. Dependence of the degree of extraction on the initial 
concentration of the active bright red dye for different process 

durations:  – degree of purification from 20 to 40 %; 	
 – degree of purification from 40 to 60 %; 	
 – degree of purification from 60 to 80 %; 	
 – degree of purification from 80 to 100 %
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Fig. 4. Dependence of the degree of extraction on the initial 
concentration of the active bright blue dye for different 

durations of the process: 	
 – degree of purification from 20 to 40 %; 	
 – degree of purification from 40 to 60 %; 	
 – degree of purification from 60 to 80 %; 	
 – degree of purification from 80 to 100 %
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Fig. 5. Dependence of the degree of extraction of the active 
bright red dye on pH for different process durations: 	

 – degree of purification from 20 to 40 %; 	
 – degree of purification from 40 to 60 %;	
 – degree of purification from 60 to 80 %
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5. 1. 4. Dependence of the degree of removal of pol-
lutants on gas flow rate

A study was conducted on the dependence of the effi-
ciency of extraction of active bright blue on gas flow rate 
in the range of 65…146 cm3/min. The results are given 
in Table 5.

Table 5

Dependence of the degree of extraction of the ABB dye on 
gas flow rate

Time, min
Gas flow rate, cm3/min

65 96 127 146
5 82.75 85.52 90.34 78.96

10 88.62 91.72 97.24 86.2
15 89.66 94.14 97.24 86.2
20 90.34 94.48 97.59 86.9
25 90.34 94.48 97.24 86.9

Fig. 7 shows the dependence of the degree of purification 
of the ABB dye on gas flow rate. The most efficient extraction 
of the dye is at an air flow rate of 140 cm3/min and is equal 
to 97.71 % in 10 min.

The maximum extraction of the dye occurs at a gas flow 
rate of 127 cm3/min – after 20 minutes of solvent sublation, 
the degree of purification is 97.59 %.

The results of experiments investigating the dependence 
of the efficiency of bromocresol green removal on gas flow 
rate in the range of 75–140 cm3/min are given in Table 6.

Table 6 

Dependence of the degree of extraction of the BCG dye on 
gas flow rate

Time, min
Gas flow rate, cm3/min

75 90 115 140
5 – 49.89 62.36 90.24

10 24.16 77.24 86.09 97.71
15 34.88 81.80 86.89 91.85
20 47.88 84.34 87.96 92.25
30 60.35 86.35 89.97 92.52

Fig. 8 shows the dependence of the degree of purification 
of bromocresol green on gas flow rate. The most efficient ex-
traction of the dye is at an air flow rate of 140 cm3/min and is 
equal to 97.71 % in 10 min.

The dependence of the efficiency of indigo-carmine dye 
removal on gas flow rate was investigated. The experimental 
results are given in Table 7 and Fig. 9.

Table 7 

Dependence of the degree of IC dye extraction on gas flow rate

Time, min
Gas flow rate, cm3/min

40 80 120
5 58.34 20.27 18.26

10 77.37 35.68 30.99
15 78.71 77.37 63.83
20 80.19 83.67 85.01
30 80.99 87.96 91.31

The most efficient extraction of indigo carmine is ob-
served at a flow rate of 120 cm3/min and is 91.31 % in 30 min.

Fig. 7. Dependence of the degree of extraction of the active 
bright blue dye on gas flow rate for different process durations: 

 – degree of purification from 60 to 80 %; 	
 – degree of purification from 80 to 100 %
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Fig. 8. Effect of gas flow rate on the degree of removal of 
bromocresol green dye over time: 	

 – degree of purification less than 20 %;	
 – degree of purification from 20 to 40 %;	
 – degree of purification from 40 to 60 %; 	
 – degree of purification from 60 to 80 %; 	
 – degree of purification from 80 to 100 %
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Fig. 9. The effect of gas flow rate on the degree of extraction of 
indigo-carmine dye:  – degree of purification less than 20 %; 

 – degree of purification from 20 to 40 %; 	
 – degree of purification from 40 to 60 %; 	
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5. 1. 5. Dependence of the degree of removal of pol-
lutants on the surfactant:pollutant ratio

A series of experimental studies were conducted and the 
change in the degree of removal of active bright blue over time 
was determined for different ratios of dye:surfactant. The stud-
ies were conducted for ratios of 1:0.5; 1:1; 1:1.5; 1:2. The results 
are given in Table 8 and Fig. 10.

The purification efficiency in just 10 minutes is 97.24 %. 
When using other molar ratios of surfactant:dye, the efficien-
cy of pollutant removal is lower.

A series of experiments were conducted for bromocresol 
green and the change in the degree of removal of this dye 
over time for different ratios of dye:surfactant was deter-
mined. The results are given in Table 9 and Fig. 11.

To study the efficiency of solvent sublation, a series of exper-
iments were conducted and the change in the degree of purifi-
cation of the indigo-carmine dye over time was investigated for 
different dye:surfactant ratios. The results are given in Table 10.

The most effective molar ratio for indigo carmine is 
the ratio of dye:surfactant=1:1 (Fig. 12). This ratio provides 
86.7 % removal of the indigo-carmine dye in just 10 minutes.

Table 8

Dependence of the degree of extraction of ABB on the ratio 
of surfactant:dye

Time, min
Surfactant:dye ratio

0.5:1 1:1 1.5:1 2:1
5 39.66 80.34 90.34 78.28

10 54.50 82.10 97.24 86.55
15 55.17 84.14 97.24 88.97
20 57.24 84.48 97.59 93.10
25 57.58 84.14 97.24 93.45

Table 9 

Dependence of the degree of extraction of BCG on the ratio 
of surfactant:dye

Time, min
Surfactant:dye ratio at рН 5

1:0.5 1:1 1:1.5 1:2 1:2.5
5 45.47 58.34 20.27 18.26 24.29

10 46.27 77.37 35.68 30.99 28.04
15 46.68 78.71 77.37 63.83 35.82
20 50.56 80.19 83.67 85.01 41.45
30 54.05 80.99 87.96 91.31 51.77

Table 10 

Dependence of IC extraction degree on the surfactant:dye ratio

Time, min
Surfactant:IC dye ratio 

1:0.5 1:1 1:1.5 1:2
5 64.50 74.43 57.93 53.21

10 74.90 86.70 65.94 59.98
15 75.38 83.87 68.77 59.34
20 72.08 83.40 71.60 62.64
30 69.25 80.09 74.43 65.00

At other molar ratios, worse purification degrees are 
observed.

5. 2. Results of the main experiment
According to the results of the previous experiment, the 

maximum and minimum values of the parameters that have 
the greatest impact on the solvent sublation process were 
selected (Table 11), and a D-optimal experimental plan was 
synthesized using the STAR system.

For each point of the plan, three parallel experiments (y1, 
y2, y3) were conducted on the extraction of dyes (active 
bright red (ABR), active bright blue (ABB), bromocresol 
green (BCG), and indigo carmine (IC)) by solvent sublation. 
The experimental results, which correspond to the best math-
ematical model, are given in Table 12.

Fig. 10. Dependence of the degree of extraction of the active 
bright blue dye on the ratio of surfactant:dye for different 

process durations:  – degree of purification from 40 to 60 %; 
 – degree of purification from 60 to 80 %; 	
 – degree of purification from 80 to 100 %

5 min

10 min
15 min

20 min
25 min

0

20

40

60

80

100

0.5:1 1:1
1.5:1 2:1

D
ye

 re
m

ov
al

 ra
te

, %

Surfactant:Dye ratio

Fig. 11. Change in the degree of purification of bromocresol 
green over time depending on the ratio of dye:surfactant: 	

 – degree of purification less than 20 %; 	
 – degree of purification from 20 to 40 %; 	
 – degree of purification from 40 to 60 %; 	
 – degree of purification from 60 to 80 %; 	
 – degree of purification from 80 to 100 %
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Fig. 12. Dependence of the degree of extraction of indigo 
carmine on the molar ratio of dye:  – degree of purification 

from 40 to 60 %,  – degree of purification from 60 to 
80 %,  – degree of purification from 80 to 100 %
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Table 11

Intervals of variation in parameters for the solvent sublation 
process

Parameter Designa-
tion 

Minimum and maxi-
mum parameter value

xmin xmax

рН x1 2 10
Initial dye concentration, mg/dm3 x2 5 250

Ratio of surfactant:pollutant x3 0.5:1 2:1
Gas flow rate, cm3/min x4 40 146

Table 12 

Experimental results from three parallel experiments

Pollutant removal rate, % y1 y2 y3

1 95.05 91.10 86.89
2 94.06 91.10 84.44
3 95.05 91.10 93.448
4 94.06 93.10 91.10
5 95.05 85.52 84.44
6 94.06 84.44 86.90
7 95.05 85.52 89.11
8 94.06 89.11 57.59
9 95.05 91.10 93.45

10 94.06 91.10 93.45
11 91.10 93.45 95.05
12 93.10 93.46 94.06
13 95.05 85.52 84.44
14 94.06 84.44 80.99
15 95.05 93.10 85.52
16 94.06 93.10 89.11

The results were used to identify the coefficients in the 
mathematical model of general form (2).

5. 3. Mathematical model of solvent sublation re-
moval of dyes and its analysis

In total, 25 variants of mathematical models were calcu-
lated and analyzed. Regression models of 1st and 2nd orders 
were proposed as models.

When modeling using the STAR program, the best was 
the 2nd order regression model of the following form:

− −

− − −

− −

− −

−

= + ⋅ + ⋅ + +

+ ⋅ − ⋅ − ⋅ −

− ⋅ − − ⋅ −

− − ⋅ − ⋅ −

− ⋅ −

2 3
1 2 3

3 2 2
4 1 2 1 3

2 2
1 4 2 3 2 4

2 2 2 2
3 4 1 2

2 2 2
3 4

79.01 7.1 10 6.6 10 5.3
2.9 10 8.1 10 5.2 10
4.05 10 0.25 4.8 10
0.18 2.3 10 9.9 10
1.2 10 0.23 ,

y x x x
x x x x x

x x x x x x
x x x x

x x 		 (4)

which describes a change in the degree of dye removal de-
pending on pH (х1), initial pollutant concentration (х2), sur-
factant:pollutant ratio (х3), and gas flow rate (х4).

Characteristics of the resulting model: F-ratio is 68.18; 
correlation ratio r=0.99 standard square deviation σ=2.09.

The approximation error calculated from formula (3) 
is 0.834; therefore, the proposed model describes the exper-
imental data with a reasonable degree of accuracy.

In order to study the response surface, the parameters 
were sequentially changed from the minimum to the max-
imum value, while fixing the other values. The results of 

the study on the influence of parameters of the solvent sub-
lation process on the degree of dye extraction are shown 
in Fig. 13.

Fig. 13. Dependence of the degree of dye extraction on:  
a – x1 (pH) at x2, x3, x4 – const;  

b – x2 (initial pollutant concentration) at x1, x3, x4 – const;  
c – x3 (surfactant:pollutant ratio) at x1, x2, x4 – const;  

d – x4 (gas flow rate) at x1, x2, x3 – const
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The mathematical model (4) was used as an objective 
function to find the optimal conditions for the solvent subla-
tion process. The degree of pollutant removal from wastewa-
ter was chosen as the optimization criterion. Then the opti-
mization problem can be stated as follows: let it be necessary 
to maximize function (4), where the following constraints are 
imposed on x1, x2, x3, x4:

12 10,x≤ ≤

25 250,x≤ ≤

30.5 : 1 2 : 1,x≤ ≤

440 146.x≤ ≤

According to the instructions for the program “OPTI-
MIZ-M”, the number of factors and responses, their limits, 
and coefficients of equation (4) were introduced, as well as the 
search direction – maximization of the optimization criterion.

As a result of the work of “OPTIMIZ-M”, the following 
optimal parameter values were obtained: 

x1=6, x2=20 mg/dm3, x3=1,5:1, x4=140 cm3/min. 

These parameters provide the maximum degree of re-
moval of the studied dyes from aqueous solutions – 96.2 %.

6. Discussion of results based on the experiment, 
modeling, and optimization of the solvent sublation 

process

From the experimental results shown in Fig. 3, 4, one can 
see that the degree of purification of 89…97 % is achieved 
in all cases within 25 min. At the same time, the maximum 
degree of extraction – 97.12 % – is observed at a concentra-
tion of 50 mg/dm3 after 25 min. The relatively short time of 
the solvent sublation process can be explained by the easy 
formation of complexes of dyes with surfactants, which are 
adsorbed on the surface of gas bubbles, which contributes to 
rapid mass transfer.

Under known methods for removing dyes from aqueous 
solutions, such as photocatalytic [24] and adsorption on 
zeolites [25], a similar value of the degree of purification is 
achieved in 30 min. and 50–100 min., respectively.

However, the removal of bright blue dye using an ad-
sorbent based on Zizyphus Spina-Christi [26] requires an 
increase in temperature to 45 °C. Thus, unlike photocatalytic 
and adsorption methods, solvent sublation dye removal takes 
less time and does not require temperature adjustment.

Analysis of the results shown in Fig. 5, 6 revealed that pH 
has a negligible effect on the efficiency of solvent sublation, 
in contrast to methods using photocatalytic-hybrid materials 
and sorbents.

In [25] it is shown that the best results were obtained at pH 8 
for adsorption on zeolites. The photocatalytic-hybrid composite 
material considered above, which the authors of [24] used to re-
move the bright red dye (acid red 1), is most effective at pH 7. In 
a similar study [27], the highest degree of dye extraction was also 
observed at pH 7 for photocatalytic water purification.

The results reported in [28] indicate that for biosorbents 
based on magnetized peanut shells and tea waste, the optimal 
pH value is 8 at a temperature of 312 K.

Unlike the methods considered, solvent sublation re-
moval of dyes does not require pH adjustment, and the best 
results were obtained at the initial pH of the aqueous solution 
of the dye.

Studies on the dependence of the degree of pollutant ex-
traction on gas flow rate (Fig. 7–9) showed that it is rational 
to carry out the solvent sublation process at a gas flow rate 
in the range of 110–130 cm3/min. This makes it possible to 
achieve high degrees of extraction (over 97 %) without de-
stroying the organic layer.

Further increase in the intensity of gas flow leads to a 
significant decrease in the purification efficiency since the 
integrity of the organic solvent and the formed sublate is de-
stroyed. As a result, only partial removal of the pollutant and 
the reverse transition of the sublate from the organic to the 
aqueous phase is carried out, which causes re-contamination 
of the water.

It should be noted that for the removal of bromocresol 
green at a gas flow rate of 75 cm3/min, only 60 % removal 
was observed in 30 min. To achieve higher removal values, it 
is necessary to increase the process time.

The ratio of surfactant:pollutant significantly affects the 
purification efficiency, which is illustrated in Fig. 10–12.

In the case of ratios of 0.5:1…1:1, worse purification 
efficiency is observed. This is explained by the fact that in-
complete formation of the ionic associate occurs due to the 
lack of collector (surfactant). When the excess of surfactant 
is 2 or 2.5 times greater, the degree of removal also decreases, 
because there is competition of the excess amount of collector 
for space on the gas bubble with the hydrophobic dye:surfac-
tant complex. The excess amount of surfactant also causes 
emulsification of the extractant, due to which the sublate 
from the organic phase partially returns back to the aqueous 
phase, and as a result, re-contamination occurs.

Perhaps, for ratios less than stoichiometry, incomplete 
formation of the dye-surfactant ionic associate occurs, which 
is why lower degrees of purification are observed. But if the 
number of moles of surfactant is increased, then there is 
competition between the sublate and the excess surfactant for 
a place on the surface of the gas bubble. The study on the in-
fluence of ratios of dye and surfactant on the efficiency of pu-
rification of aqueous solutions requires further investigation.

At other molar ratios, we observe worse degrees of pu-
rification, and therefore a higher residual concentration of 
the dye in water. For example, in the same 10 min for the 
ratio of dye:surfactant=1:0.5, only 74.9 % of dye extraction is 
achieved, for 1:1.5 – 65.94 %, and for 1:2 – 59.98 %.

The mathematical model (4) makes it possible to calcu-
late the degree of purification of wastewater from dyes with 
high accuracy. This is confirmed by the small approximation 
error calculated from formula (3), as well as other character-
istics of the model obtained by means of the STAR system. 
Comparison of the calculated values of the Student’s t-test 
with the critical values for two levels of significance (q=0.05 
and q=0.01) showed that all coefficients of model (4) are 
significant.

An important advantage of our model is the possibility 
of its application not only for finding the optimal conditions 
for the solvent sublation process but also for predicting the 
degree of wastewater purification from the dyes studied. 
The proposed mathematical model can be used as part of 
the mathematical support in automated control systems for 
the process of purification of industrial wastewater from 
synthetic dyes. Model (4) is universal, i.e., the results of the 
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calculation by the model have the same accuracy for all dyes 
considered in the work. This is its difference from the math-
ematical models given in [22], which describe the depen-
dence of the residual concentration for each dye separately. 
Compared with the models reported in [22], the proposed 
mathematical model takes into account all parameters that 
have a significant impact on the quality of solvent sublation 
purification. The presence of a universal mathematical model 
of the solvent sublation process significantly simplifies the 
integration of the method with other promising technologies, 
which would make it possible to more effectively resolve the 
task related to the growing amount of industrial waste.

The optimization results given in chapter 5. 3 define the 
optimal conditions for the solvent sublation process: the 
highest degree of purification is achieved at pH 6 with an 
initial pollutant concentration of 20 mg/dm3, the optimal 
surfactant:pollutant ratio is 1.5:1, and the gas flow rate 
is 140 cm3/min. Our results are confirmed by the experi-
mental data shown in Fig. 13.

Solving the task of optimizing the solvent sublation pro-
cess of dyes accelerates the introduction of the solvent subla-
tion method into industry while applying the “OPTIMIZ-M” 
program will make it possible to quickly adjust the optimal 
area when moving from laboratory to industrial conditions.

Carrying out the solvent sublation process under optimal 
conditions will improve the quality of wastewater treatment 
and thus reduce the total cost of processing textile industry 
waste. The ranges of variation of the input variables, deter-
mined at the stage of the preliminary experiment, will make 
it possible to quickly adapt the process to industrial operation 
conditions.

It should be noted that the mathematical model and 
optimal conditions for the solvent sublation process were 
obtained for a data set with a limited number of dyes (active 
bright red, active bright blue, bromocresol green, and indigo 
carmine).

In addition, all experimental data were obtained using 
model solutions, which is a drawback of this study. In the 
future, it is necessary to investigate the process of solvent 
sublation removal of dyes on real wastewater.

Further research to build on our study should include 
verification of mathematical models and determination of 
optimal solvent sublation conditions for other dyes and their 
mixtures.

7. Conclusions

1. The relationship between quantitative and qualitative 
characteristics that affect the degree of solvent sublation 
wastewater treatment from dyes has been analyzed. The 

degree of dye purification was 89…97 % in 25 min without 
pH adjustment, at room temperature, and gas flow rate of 
110–130 cm3/min. The ratio of surfactant:pollutant signifi-
cantly affects the purification efficiency. The following pa-
rameters were selected for experimental studies: pH, initial 
concentration of the pollutant, gas flow rate, and the ratio of 
surfactant:pollutant.

2. The experimental part was carried out according to the 
D-optimal experimental plan. The dependences of purifica-
tion efficiency for four dyes on the selected parameters were 
obtained.

3. Based on our studies, by using the mathematical appa-
ratus of the STAR system, mathematical models were con-
structed, and the best one was selected. This is a 2nd order re-
gression model. The approximation error is 0.834; therefore, 
the proposed model describes the experimental data with 
a reasonable degree of accuracy. The stated optimization 
problem was solved using the “OPTIMIZ-M” program; the 
optimal process conditions were determined, under which 
the maximum removal of dyes (97.20 %) is achieved:

– pH: 6;
– initial pollutant concentration: 20 mg/dm3;
– surfactant:pollutant ratio: 1.5:1;
– gas flow rate: 140 cm3/min.

Conflicts of interest

The authors declare that they have no conflicts of interest 
in relation to the current study, including financial, personal, 
authorship, or any other, that could affect the study, as well 
as the results reported in this paper.

Funding

The research was conducted without financial support on 
initiative topics. State registration numbers: 0124U001966, 
0124U002058.

Data availability

The data will be provided upon reasonable request.

Use of artificial intelligence

The authors used artificial intelligence technologies with-
in acceptable limits to provide their own verified data, which 
is described in the research methodology section.

References 

1.	 Kumari, S., Singh, R., Jahangeer, J., Garg, M. C. (2024). Innovative Strategies for Dye Removal from Textile Wastewater: A 
Comprehensive Review of Treatment Approaches and Challenges. Water, Air, & Soil Pollution, 235 (11). https://doi.org/10.1007/
s11270-024-07532-4 

2.	 Ahsan, A., Jamil, F., Rashad, M. A., Hussain, M., Inayat, A., Akhter, P. et al. (2023). Wastewater from the textile industry: Review of 
the technologies for wastewater treatment and reuse. Korean Journal of Chemical Engineering, 40 (9), 2060–2081. https://doi.org/ 
10.1007/s11814-023-1475-2 

3.	 Yadav, S., Pipil, H., Chawla, H., Taneja, S., Kumar, S., Haritash, A. K. (2022). Textile Industry Wastewater Treatment Using Eco-
Friendly Techniques. Proceedings of International Conference on Innovative Technologies for Clean and Sustainable Development 
(ICITCSD – 2021), 63–74. https://doi.org/10.1007/978-3-030-93936-6_6 

https://doi.org/10.1007/s11270-024-07532-4
https://doi.org/10.1007/s11270-024-07532-4
https://doi.org/10.1007/s11814-023-1475-2
https://doi.org/10.1007/s11814-023-1475-2
https://doi.org/10.1007/978-3-030-93936-6_6


Eastern-European Journal of Enterprise Technologies ISSN-L 1729-3774; E-ISSN 1729-4061	 2/10 ( 134 ) 2025

24

4.	 Periyasamy, A. P. (2024). Recent Advances in the Remediation of Textile-Dye-Containing Wastewater: Prioritizing Human Health and 
Sustainable Wastewater Treatment. Sustainability, 16 (2), 495. https://doi.org/10.3390/su16020495 

5.	 Hynes, N. R. J., Kumar, J. S., Kamyab, H., Sujana, J. A. J., Al-Khashman, O. A., Kuslu, Y. et al. (2020). Modern enabling techniques and 
adsorbents based dye removal with sustainability concerns in textile industrial sector -A comprehensive review. Journal of Cleaner 
Production, 272, 122636. https://doi.org/10.1016/j.jclepro.2020.122636 

6.	 Shindhal, T., Rakholiya, P., Varjani, S., Pandey, A., Ngo, H. H., Guo, W. et al. (2020). A critical review on advances in the practices and 
perspectives for the treatment of dye industry wastewater. Bioengineered, 12 (1), 70–87. https://doi.org/10.1080/21655979.2020.1863034 

7.	 Ndagano, U. N., Cahill, L., Smullen, C., Gaughran, J., Kelleher, S. M. (2025). The Current State-of-the-Art of the Processes Involved in 
the Chemical Recycling of Textile Waste. Molecules, 30 (2), 299. https://doi.org/10.3390/molecules30020299 

8.	 Alsukaibi, A. K. D. (2022). Various Approaches for the Detoxification of Toxic Dyes in Wastewater. Processes, 10 (10), 1968. https://
doi.org/10.3390/pr10101968 

9.	 Kumar, V., Anwar, S., Prabhu, S. V. (2024). A Discussion On Physiochemical And Biomediated Removal Approaches Of Dyes From 
Textile Effluents: A Review. IJCRT. 12 (2), 62–75. Available at: https://www.researchgate.net/publication/378481295

10.	 Gupta, K. N., Kumar, R., Thakur, A. K., Khan, N. A. (2023). Treatment of Dyeing Wastewater Using Foam Separation: Optimization 
Studies. Water, 15 (12), 2236. https://doi.org/10.3390/w15122236 

11.	 Fei, X., Li, W., Zhu, S., Liu, L., Yang, Y. (2017). Simultaneous treatment of dye wastewater and surfactant wastewater by foam 
separation: Experimental and mesoscopic simulation study. Separation Science and Technology, 53 (10), 1604–1610. https://doi.org/
10.1080/01496395.2017.1406951 

12.	 Bi, P., Dong, H., Dong, J. (2010). The recent progress of solvent sublation. Journal of Chromatography A, 1217 (16), 2716–2725. https://
doi.org/10.1016/j.chroma.2009.11.020 

13.	 Lu, Y., Wang, Y., Zhu, X. (2001). The removal of bromophenol blue from water by solvent sublation. Separation Science and 
Technology, 36 (16), 3763–3776. https://doi.org/10.1081/ss-100108361 

14.	 Lu, Y., Zhu, X., Peng, Y. (2003). The Removal of Methyl Violet from Water by Solvent Sublation. Separation Science and Technology, 
38 (6), 1385–1398. https://doi.org/10.1081/ss-120018815 

15.	 Lu, Y., Liu, J., Tang, J., Wei, B., Liu, J. (2005). The Removal of Indigo Carmine from Water by Solvent Sublation. Separation Science 
and Technology, 40 (5), 1115–1127. https://doi.org/10.1081/ss-200048175 

16.	 Lu, Y., Wei, B., Wang, Y., Li, J. (2007). Studies on the Removal of Bromocresol Green from Water by Solvent Sublation. Separation 
Science and Technology, 42 (8), 1901–1911. https://doi.org/10.1080/01496390601174398 

17.	 Li, N., Zhang, Y., Gao, M., Yan, C., Wei, Y. (2024). Progress in the technology of solvent flotation. Journal of Chromatography B, 1249, 
124370. https://doi.org/10.1016/j.jchromb.2024.124370 

18.	 Obushenko, T., Tolstopalova, N., Kulesha, O., Astrelin, I. (2016). Thermodynamic Studies of Bromphenol Blue Removal from Water 
Using Solvent Sublation. Chemistry & Chemical Technology, 10 (4), 515–518. https://doi.org/10.23939/chcht10.04.515 

19.	 Obushenko, T., Sanginova, O., Tolstopalova, N., Chyrieva, M. (2022). Modeling of solvent sublation process and identification of 
parameters affecting the removal of Ni(II), Cu(II) and Fe(III) ions. Voprosy Khimii i Khimicheskoi Tekhnologii, 4, 49–55. https://
doi.org/10.32434/0321-4095-2022-143-4-49-55 

20.	 Metody prykladnoi matematyky dlia vyrishennia inzhenernykh zadach khimichnoi tekhnolohiyi. Rozrakhunkova robota (2023). Kyiv: 
KPI im. Ihoria Sikorskoho, 115. Available at: https://ela.kpi.ua/handle/123456789/57131

21.	 Osnovy teoriyi planuvannia eksperymentu: Rozdil dystsypliny «Metodyka ta orhanizatsiya naukovykh doslidzhen». Kyiv: KPI im. 
Ihoria Sikorskoho, 41. Available at: https://ela.kpi.ua/handle/123456789/62842

22.	 Obushenko, T., Sanginova, O., Tolstopalova, N., Reminna, K. (2019). Simulation of solvent sublation process to forecast the amount 
of removed dyes. Water and Water Purification Technologies. Scientific And Technical News, 1 (24), 25–33. https://doi.org/ 
10.20535/2218-93002412019172906 

23.	 Sanhinova, O. V., Bondarenko, S. H. (2021). Avtorske pravo No. 105383. Kompiuterna prohrama «OPTIMIZ-M». Available at: https://
sis.nipo.gov.ua/uk/search/detail/1618634

24.	 Shaheen, R., Hanif, M. A. (2024). High speed removal of toxic acid red dye using photocatalytic-hybrid composite material. 
Desalination and Water Treatment, 317, 100153. https://doi.org/10.1016/j.dwt.2024.100153 

25.	 Alkoshab, M. Q., Al-Amrani, W. A., Drmosh, Q. A., Onaizi, S. A. (2024). Zeolitic imidazolate framework-8/layered triple hydr(oxide) 
composite for boosting the adsorptive removal of acid red 1 dye from wastewater. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 699, 134637. https://doi.org/10.1016/j.colsurfa.2024.134637 

26.	 Oladoye, P. O., Ajiboye, T. O., Omotola, E. O., Oyewola, O. J. (2022). Methylene blue dye: Toxicity and potential elimination technology 
from wastewater. Results in Engineering, 16, 100678. https://doi.org/10.1016/j.rineng.2022.100678 

27.	 Raashid, M., Kazmi, M., Ikhlaq, A., Sulaiman, M., Akram, A., Afaf, A., Shafaqat, S. et al. (2024). Removal of acid red dye 1 from textile 
wastewater by heterogenous photocatalytic ozonation employing titanium dioxide and iron zeolite. Discover Chemical Engineering, 
4 (1). https://doi.org/10.1007/s43938-024-00059-4 

28.	 Yaqub, A., Zahid, M., Un Nisa, M., Iqbal, T., Hussain Shah, K., Samad Shah, N., Draz, M. U. (2024). Sustainable removal of methylene 
blue dye from textile effluents by magnetized Tea waste and Peanut shells. Chemical Engineering Science, 299, 120498. https://doi.org/ 
10.1016/j.ces.2024.120498 

https://doi.org/10.3390/su16020495
https://doi.org/10.1016/j.jclepro.2020.122636
https://doi.org/10.1080/21655979.2020.1863034
https://doi.org/10.3390/molecules30020299
https://doi.org/10.3390/pr10101968
https://doi.org/10.3390/pr10101968
https://www.researchgate.net/publication/378481295
https://doi.org/10.3390/w15122236
https://doi.org/10.1080/01496395.2017.1406951
https://doi.org/10.1080/01496395.2017.1406951
https://doi.org/10.1016/j.chroma.2009.11.020
https://doi.org/10.1016/j.chroma.2009.11.020
https://doi.org/10.1081/ss-100108361
https://doi.org/10.1081/ss-120018815
https://doi.org/10.1081/ss-200048175
https://doi.org/10.1080/01496390601174398
https://doi.org/10.1016/j.jchromb.2024.124370
https://doi.org/10.23939/chcht10.04.515
https://doi.org/10.32434/0321-4095-2022-143-4-49-55
https://doi.org/10.32434/0321-4095-2022-143-4-49-55
https://ela.kpi.ua/handle/123456789/57131
https://ela.kpi.ua/handle/123456789/62842
https://doi.org/10.20535/2218-93002412019172906
https://doi.org/10.20535/2218-93002412019172906
https://sis.nipo.gov.ua/uk/search/detail/1618634
https://sis.nipo.gov.ua/uk/search/detail/1618634
https://doi.org/10.1016/j.dwt.2024.100153
https://doi.org/10.1016/j.colsurfa.2024.134637
https://doi.org/10.1016/j.rineng.2022.100678
https://doi.org/10.1007/s43938-024-00059-4
https://doi.org/10.1016/j.ces.2024.120498
https://doi.org/10.1016/j.ces.2024.120498

