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The solvent sublation method was used to remove Ni(II), Cu(II) and Fe(III) ions from

wastewater. The purpose of this work was to develop a mathematical model of the solvent

sublation process and identify the parameters that affect the degree of pollutant removal.

The correlation analysis was used to evaluate parameters that influence on the process,

and multiple correlation coefficient, Fisher’s test and root-mean-square deviation were

calculated to assess the adequacy of the suggested model. It was shown that such parameters

as pollutant initial concentration, organic extractant type, the Me:surfactant ratio,

temperature, and the process time have a significant impact on the solvent sublation

process efficiency. The removal degree of the studied ions above 90% was achieved with

the following parameters: pH of 9, 5 and 7 for solutions with Ni(II) ions, Cu(II) ions and

Fe(III) ions, respectively; and Me:surfactant ratio of 2:1, 1.5:1 and 2:1 for solutions with

Ni(II), Cu(II) and Fe(III) ions, respectively. The process time for all type of pollutants

should be 15–20 minutes, and the initial concentration should be more than 100 mg/dm3.

The results showed that the models successfully allows simulating the process efficiency

and predicting Ni(II), Cu(II) and Fe(III) ions removal. The obtained results can be used

to optimize the solvent sublation process as a technique for post-treatment of wastewater

produced in electroplating industry.
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Introduction
Notwithstanding the ever water quality

requirements tightening, the overall water pollution
is steadily increasing. Among the most dangerous
pollutants are heavy metals. As reported by the
Ministry of Energy and Environment Protection of
Ukraine1, heavy metals make a significant
contribution to the water pollution in Ukraine.
According to studies, they enter water bodies together
with insufficiently treated wastewater from
electroplating industry, tanning and other processing
industries [1]. Most often, wastewater treatment
technology in such enterprises includes only pre-

clarification and mechanical impurities and
suspended solids removal in the settling tanks, and
heavy metal ions treatment is almost not carried out
[2]. Thus, the existing wastewater treatment methods
require revision and extension.

The solvent sublation technique is one of the
available methods, which combines the advantages
of flotation and extraction [3–5]. The model
approach makes it possible to study the influence of
process parameters on the removal of heavy metal
ions from contaminated water, as well as to predict
the residual concentration of pollutants over time
[6].

1 National report on drinking water quality and the state of drinking water supply  in Ukraine in 2019. Official website of the Ministry

for Communities and Territories Development of Ukraine. URL: https://www.minregion.gov.ua/wp-content/uploads/2020/11/proekt-

nacz.-dop.-za-2019.pdf.
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In this paper, the modeling of solvent sublation
process is used to assess the impact of technological
parameters on the Ni2+, Cu2+ and Fe3+ removal from
the model waters, which simulate real wastewater.

Experimental
Equipment and materials
The solvent sublation process was carried out

in a cylindrical glass column where a model solution,
a surfactant and organic extractants were added [7–
9]. The compressor supplied gas to the bottom of
the column through a porous glass baffle. The gas
flow rate was flattened out by a rotameter.
Determination of the residual pollutant concentration
was carried out by means of a scanning
spectrophotometer Portlab 501 and pH of aqueous
solutions was defined with a ionometer pH-150MI.

Ni2+, Cu2+ and Fe3+-containing model solutions
were prepared from NiSO47H2O, CuSO45H2O and
Fe(NO3)39H2O, respectively. The stock solution
concentration was 1 g/dm3 for Ni2+ and Cu2+ model
solutions, and 0.5 g/dm3 for Fe3+ ions. Working
concentrations of each type of pollutant are presented
in Table 1.

Table  1

Working concentrations of the studied pollutants

Pollutant 

Stock 

solution, 

g/dm3 

Working concentrations, 

mg/dm3 

Ni2+ 1 
5, 10, 20, 50, 100, 150, 200, 

250 and 300 

Cu2+ 1 20, 50, 100, 150, 200 and 250 

Fe3+ 0.5 10, 20, 50 and 100 

Cu2+ and Ni2+ 0.5 50, 100 and 150 

Fe3+ and Ni2+ 0.5 5, 10, 20, 50 and 100 

 
Potassium palmitate, potassium laurate and

sodium caprylate surfactants (0.05 mol/dm3) were
used to remove pollutants. Hexane, heptane, octane,
2,2,4-trimethylpentane, butan-1-ol, 2-methylpropan-
1-ol, hexan-1-ol, decan-1-ol, 3-methylbutan-1-ol
and propan-1-ol were used as organic extractants.
Sodium hydroxide (0.1 mol/dm3) was used to adjust
the pH value. All studies were conducted in the
temperature range 15–300C.

Laboratory tests
Laboratory tests were performed in order to

determine the effect of variables of solvent sublation
process, such as pH, pollutant initial concentration,
organic extractant type, the Me:surfactant ratio,
temperature, and the process time, on the removal
degree of Ni2+, Cu2+ and Fe3+ heavy metal ions. In
all experiments, the volume of the studied aqueous
solution was 200 cm3 and the volume of organic

extractant was 10 cm3. The solvent sublation process
lasted until the residual heavy metal ions
concentration stays at a constant level [10].

Pollutant removal degree X (%) was calculated
by the following equation (1):

0 r

0

C C
X 100%,

C


    (1)

where C0 and Cr are the initial concentration of
pollutant in the solution (mg/dm3) and the residual
concentration of pollutant (mg/dm3), respectively.

Correlation analysis and modeling of solvent
sublation process

Correlation analysis was fulfilled to define
process variables, which have a significant impact
on the solvent sublation process. A matching between
process parameters and heavy metal ions Ni2+, Cu2+,
Fe3+ removal degree was assessed using a scatter chart.
The sample correlation coefficient r was calculated
by the following equation:
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where xi and ui  i (1, n )  are the pollutant removal
degree and the studied process variables, respectively;
x  and u  are the means of X and U, respectively; n
is the number of measurements.

As a mathematical model, it was proposed to
choose an ordinary differential first-order equation:

 r rT C C f u ,     (3)

where Cr is the residual concentration of pollutant
(mg/dm3); and u is the process variables that
significantly influence on the process.

Using system the STAR [11] software, the
mathematical model coefficients and such statistical
parameters as multiple correlation coefficient R,
Fisher’s test F and root-mean-square deviation
(RMSD)  for each pollutant were calculated.

Results and discussion
The scatter charts and calculated correlation

coefficients showed that the following process
variables have a significant impact on the heavy metal
ions removal degree: pH, pollutant init ial
concentration, organic extractant type, the
Me:surfactant ratio, and the process time, whereas
temperature has a minor effect on the process
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efficiency. An example of a scatter charts for studied
pollutants is shown in Fig. 1, which depicts
dependence of the Ni2+, Cu2+, Fe3+, mixture of Cu2+

and Ni2+ ions and mixture of Fe3+ and Ni2+ ions
removal degree on pH. The sample correlation
coefficient varies from 0.795 to 0.928 (Table 1); the
maximum value was obtained for Ni2+ ions, while
the minimum value was obtained for the mixture of
(Fe3++Ni2+) ions. Thus, the matching between the
pH and the removal degree is quite strong. It should
be noted that cases (b)–(e) in Fig. 1 have a nonlinear

dependence.
Similar results were obtained for other process

parameters: pollutant initial concentration, the
Me:surfactant ratio, temperature, and the process
time. The generalized results are presented in Table 2.

Figure 2 shows that the 3-methylbutan-1-ol is
most versatile of the studied organic extractants. From
the laboratory tests, it can be observed that the highest
removal degrees are achieved at the following
parameters: pH is 9, 5, and 7 for solutions containing
Ni2+ ions, Cu2+ ions, and Fe3+ ions, respectively;

e

Fig. 1. Scatter chart for the studied pollutants and their mixtures: a – Ni2+ removal degree and pH; b – Fe3+ removal degree and

pH; c – Cu2+ removal degree and pH; d – mixture of Cu2+ and Ni2+ ions removal degree and pH, mixture of Fe3+ and Ni2+ ions

removal degree and pH

                                             a                                                                                       b

                                       ñ                                                                                          d
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Table  2

Degree of correlation between process variables and heavy metal ions removal degree

Correlation coefficient of studied pollutants 
Process variables 

Ni2+ Cu2+ Fe3+ mixture of Cu2+ and Ni2+ ions mixture of Fe3+and Ni2+ ions 

pH 0.928 0.913 0.887 0.919 0.795 

Pollutant initial concentration 0.999 0.883 0.459 0.858 0.679 

Me:surfactant ratio 0.643 0.998 0.826 0.642 0.775 

Temperature –0.779 –0.188 0.264 – – 

Process time 0.971 0.255 0.945 0.858 0.661 

 

Coefficients of Eq. (4) Statistical parameters

Case description 
T k F r 

root-mean-squa

deviation

Model water with initial concentration of Ni2+ ions is  

20 mg/dm3, pH 9, Me:surfactant ratio=2:1, organic 

extractant is 3-methylbutan-1-ol 

11.77 0.0017 5.53 0.9 0.0520 

Model water with initial concentration of Ni2+ ions is  
100 mg/dm3, pH 9, Me:surfactant ratio=1:2, organic 

extractant is 3-methylbutan-1-ol 

17.13 0.0586 5.59 0.91 0.4700 

Model water with initial concentration of Fe3+ ions is  

10 mg/dm3, pH 7, Me:surfactant ratio= 2:1, organic 
extractant is 3-methylbutan-1-ol 

14.45 0.0642 7.04 0.93 0.0393 

Model water with initial concentration of Fe3+ ions is  

10 mg/dm3, pH 7, Me:surfactant ratio=2:1, organic 

extractant is 3-methylbutan-1-ol 

21.34 0.0626 10.44 0.95 0.0668 

Model water with initial concentration of Cu2+ ions is  

20 mg/dm3, pH 5.5, Me:surfactant ratio=1.5:1, organic 

extractant is 3-methylbutan-1-ol 

9.48 0.0102 6.65 0.92 0.0580 

Model water with initial concentration of Cu2+ ions is  

100 mg/dm3, pH 5.5, Me:surfactant ratio=1:1, organic 

extractant is 3-methylbutan-1-ol 

15.23 0.0403 5.81 0.91 0.4600 

Model water with initial concentration of Cu2+ ions is  

10 mg/dm3, pH 9, Me:surfactant ratio=2:1, organic 

extractant is 3-methylbutan-1-ol 

14.06 0.0210 7.49 0.93 0.4000 

Mean value 14.78 0.037    

 

Table  3

Comparative table of constructed mathematical models

Fig. 2. Bar chart for organic extractants and the removal degree of Ni2+, Cu2+ and Fe3+ ions and their mixtures
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Me:surfactant ratio is 2:1, 1.5:1, and 2:1 for solutions
containing Ni2+, Cu2+, and Fe3+ ions, respectively;
the optimal process time for all studied solutions is
15–20 minutes. The highest removal level is achieved
at the initial concentration of more than 100 mg/dm3.

With regard to the solvent sublation process
simulation, the mathematical model (3) parameters

were calculated. In total, 7 models were constructed
with satisfactory statistical parameters: multiple
correlation coefficient is higher than 0.9 and RMSD
is less than 0.5. The coefficients and statistical
parameters of the obtained models are shown in Table 3.
Since the obtained coefficients are similar, it was
proposed to use a generalized model with averaged

                                            c                                                                                            d

                                            a                                                                                        b

e

Fig. 3. Comparative chart of experimental data (Exp_data) and calculated results (Calc_res): a – change in Ni2+ residual

concentration over time; b – change in Fe3+ residual concentration over time; c – change in Cu2+ residual concentration over

time; d – change in mixture of Fe3+ and Ni2+ ions residual concentration over time; and e – change in mixture of Cu2+ and Ni2+

ions residual concentration over time
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coefficients as presented below:

r r14.78 C C 0.037u,     (4)

where Cr is the residual concentration of studied
pollutant (mg/dm3); and u is the process variable.

Matching between experimental data and results
calculated by Eq. (4) is quite satisfactory, as can be
seen from Fig. 3.

Thus, Eq. (4) can be used to forecast how
residual concentration of different type of pollutants
changes over time. It can also be used to study the
solvent sublation process kinetics and to predict
residual concentration of the pollutant in operating
conditions.

Conclusions
The removal patterns of Ni2+, Cu2+, Fe3+ ions

from aqueous solutions by solvent sublation were
studied. Statistical relation between solvent sublation
process parameters and the removal degree of studied
ions and their mixtures was analyzed. It was shown
that such parameters as pollutant initial
concentration, organic extractant type, the
Me:surfactant ratio, temperature, and the process
time have a significant impact on the solvent sublation
process efficiency.

The removal degree of the studied ions above
90% is achieved with the following parameters: pH
is 9, 5 and 7 for solutions with Ni2+ ions, Cu2+ ions
and Fe3+ ions, respectively; Me:surfactant ratio is
2:1, 1.5:1 and 2:1 for solutions with Ni2+, Cu2+ and
Fe3+ ions, respectively. The process time for all type
of pollutants should be 15–20 minutes, and the initial
concentration should be more than 100 mg/dm3.

The data set obtained under various
experimental conditions and STAR software was used
to construct mathematic model. The ordinary first-
order differential equation was used as a primal
model. The performance of each model was assessed
by such statistical parameters as multiple correlation
coefficient, Fisher’s test and root-mean-square
deviation. Among the 27 obtained models, 7 were
selected that have the best statistical parameters, and
a generalized model was constructed by averaging
coefficients. The proposed generalized model has a
high ability to predict a pollutant residual
concentration. The results obtained can be used both
for studying solvent sublation process kinetics and
for predicting the water quality after treatment.
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ÌÎÄÅËÞÂÀÍÍß ÏÐÎÖÅÑÓ ÔËÎÒÎÅÊÑÒÐÀÊÖ²¯ ²
ÂÑÒÀÍÎÂËÅÍÍß ÏÀÐÀÌÅÒÐ²Â, ßÊ² ÂÏËÈÂÀÞÒÜ ÍÀ
ÂÈÄÀËÅÍÍß ²ÎÍ²Â Ni(II), Cu(II) ² Fe(III)

Ò.². Îáóøåíêî, Î.Â. Ñàíã³íîâà, Í.Ì. Òîëñòîïàëîâà,
Ì.Ä. ×èð’ºâà

Äëÿ âèäàëåííÿ ³îí³â Ni(II), Cu(II) ³ Fe(III) ³ç ñò³÷íèõ
âîä âèêîðèñòàíî ìåòîä ôëîòîåêñòðàêö³¿. Ìåòîþ äàíî¿ ðîáî-
òè áóëî ìàòåìàòè÷íå ìîäåëþâàííÿ ïðîöåñó ôëîòîåêñòðàêö³¿
äëÿ îö³íþâàííÿ ïàðàìåòð³â, ùî âïëèâàþòü íà ñòóï³íü âèäà-
ëåííÿ çàáðóäíþþ÷èõ ðå÷îâèí. Êîðåëÿö³éíèé àíàë³ç áóëî âè-
êîíàíî äëÿ îö³íþâàííÿ ïàðàìåòð³â, ùî âïëèâàþòü íà ïðî-
öåñ, à äëÿ îö³íþâàííÿ àäåêâàòíîñò³ çàïðîïîíîâàíî¿ ìîäåë³
ðîçðàõîâàíî êîåô³ö³ºíò ìíîæèííî¿ êîðåëÿö³¿, êîåô³ö³ºíò
Ô³øåðà òà ñåðåäíüîêâàäðàòè÷íå â³äõèëåííÿ. Ïîêàçàíî, ùî
òàê³ ïàðàìåòðè ÿê ïî÷àòêîâà êîíöåíòðàö³ÿ çàáðóäíþâà÷à, òèï
îðãàí³÷íîãî åêñòðàãåíòó, â³äíîøåííÿ ìåòàë:ïîâåðõíåâî-àê-
òèâíà ðå÷îâèíà, òåìïåðàòóðà ³ òðèâàë³ñòü ïðîöåñó ìàþòü
íàéá³ëüøèé åôåêò íà åôåêòèâí³ñòü ïðîöåñó ôëîòîåêñòðàêö³¿.
Ñòóï³íü âèëó÷åííÿ äîñë³äæåíèõ ³îí³â âèùå 90% áóëà äîñÿã-
íóòà çà íàñòóïíèõ çíà÷åíü ïàðàìåòð³â: pH 9, 5 ³ 7 äëÿ ðîç-
÷èí³â, ùî ì³ñòÿòü ³îíè Ni(II), Cu(II) ³ Fe(III), â³äïîâ³äíî;
â³äíîøåííÿ ìåòàë:ïîâåðõíåâî-àêòèâíà ðå÷îâèíà 2:1, 1,5:1 ³
2:1 äëÿ ðîç÷èí³â, ùî ì³ñòÿòü ³îíè Ni(II), Cu(II) ³ Fe(III),
â³äïîâ³äíî. Äëÿ âñ³õ òèï³â ³îí³â òðèâàë³ñòü ïðîöåñó ìàº ñòà-
íîâèòè 15–20 õâ, à ïî÷àòêîâà êîíöåíòðàö³ÿ ïîâèííà áóòè
âèùîþ, í³æ 100 ìã/äì3. Ðåçóëüòàòè ïîêàçàëè, ùî îòðèìàí³
ìîäåë³ ìàþòü ïðèéíÿòí³ õàðàêòåðèñòèêè ³ ìîæóòü áóòè âè-
êîðèñòàí³ äëÿ ïðîãíîçóâàííÿ âèäàëåííÿ ³îí³â Ni(II), Cu(II)
³ Fe(III). Ðåçóëüòàòè ìîæóòü áóòè âèêîðèñòàí³ äëÿ îïòèì³-
çàö³¿ ïðîöåñó ôëîòîåêñòðàêö³¿ ÿê ìåòîäó äîî÷èùåííÿ ñò³÷íèõ
âîä ãàëüâàí³÷íî¿ ïðîìèñëîâîñò³.

Êëþ÷îâ³ ñëîâà: ôëîòîåêñòðàêö³ÿ, âàæê³ ìåòàëè, ñò³÷í³
âîäè, ìàòåìàòè÷íå ìîäåëþâàííÿ, êîðåëÿö³éíèé àíàë³ç.
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The solvent sublation method was used to remove Ni(II),
Cu(II) and Fe(III) ions from wastewater. The purpose of this
work was to develop a mathematical model of the solvent sublation
process and identify the parameters that affect the degree of
pollutant removal. The correlation analysis was used to evaluate
parameters that influence on the process, and multiple correlation
coefficient, Fisher’s test and root-mean-square deviation were
calculated to assess the adequacy of the suggested model. It was
shown that such parameters as pollutant initial concentration,
organic extractant type, the Me:surfactant ratio, temperature, and
the process time have a significant impact on the solvent sublation
process efficiency. The removal degree of the studied ions above
90% was achieved with the following parameters: pH of 9, 5 and
7 for solutions with Ni(II) ions, Cu(II) ions and Fe(III) ions,
respectively; and Me:surfactant ratio of 2:1, 1.5:1 and 2:1 for
solutions with Ni(II), Cu(II) and Fe(III) ions, respectively. The
process time for all type of pollutants should be 15–20 minutes,
and the initial concentration should be more than 100 mg/dm3.
The results showed that the models successfully allows simulating
the process efficiency and predicting Ni(II), Cu(II) and Fe(III)
ions removal. The obtained results can be used to optimize the

solvent sublation process as a technique for post-treatment of
wastewater produced in electroplating industry.
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