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The solvent sublation method was used to remove Ni(II), Cu(Il) 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(Il), 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/dm?.
The results showed that the models successfully allows simulating the process efficiency
and predicting Ni(II), Cu(Il) 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
Ukraine!, 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].

! 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 Ni**, Cu?* and Fe** 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.

Ni?*, Cu?* and Fe**-containing model solutions
were prepared from NiSO,-7H,0, CuSO,-5H,0 and
Fe(NO;),-9H,0, respectively. The stock solution
concentration was 1 g/dm? for Ni** and Cu?" model
solutions, and 0.5 g/dm?® for Fe3* ions. Working
concentrations of each type of pollutant are presented
in Table 1.

Table 1
Working concentrations of the studied pollutants

StO.Ck Working concentrations,
Pollutant  [solution, 3
o/dm’ mg/dm
NiZ* L |5:10,20,50,100, 150, 200,
250 and 300
Cu®’ 1 |20, 50, 100, 150, 200 and 250
Fe'' 0.5 |10,20, 50 and 100
Cu” and Ni*" | 0.5 |50, 100 and 150
Fe'" and Ni*" 0.5 |5, 10,20, 50 and 100

Potassium palmitate, potassium laurate and
sodium caprylate surfactants (0.05 mol/dm?®) were
used to remove pollutants. Hexane, heptane, octane,
2,2 4-trimethylpentane, butan-1-ol, 2-methylpropan-
I-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/dm?) was used to adjust
the pH value. All studies were conducted in the
temperature range 15—30°C.

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 Ni**, Cu?* and Fe3* heavy metal ions. In
all experiments, the volume of the studied aqueous
solution was 200 cm?® and the volume of organic

extractant was 10 cm?. 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):

x =5 "% 100%,
C

0

(1)

where C, and C, are the initial concentration of
pollutant in the solution (mg/dm?®) and the residual
concentration of pollutant (mg/dm?), 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 Ni**, Cu?*,
Fe’* removal degree was assessed using a scatter chart.
The sample correlation coefficient r was calculated
by the following equation:

(2)

where x; and u; (i =, 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:
T-C, +C, =f(u), (3)
where C, is the residual concentration of pollutant
(mg/dm?3); 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) o 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 initial
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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Fig. 1. Scatter chart for the studied pollutants and their mixtures: a — Ni** removal degree and pH; b — Fe** removal degree and
pH; ¢ — Cu?* removal degree and pH; d — mixture of Cu?* and Ni** ions removal degree and pH, mixture of Fe** and Ni?* ions
removal degree and pH

efficiency. An example of a scatter charts for studied
pollutants is shown in Fig. 1, which depicts
dependence of the Ni**, Cu?*, Fe3*, mixture of Cu?*
and Ni?* ions and mixture of Fe* and Ni** ions
removal degree on pH. The sample correlation
coefficient varies from 0.795 to 0.928 (Table 1); the
maximum value was obtained for Ni*" ions, while
the minimum value was obtained for the mixture of
(Fe**+Ni?*) 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
Ni** ions, Cu?* ions, and Fe3* ions, respectively;
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Table 2

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

Poltutant Removal Degree, %

Process variables Correlation coefficient of studied pollutants
Ni*" | Cu®* | Fe*" | mixture of Cu?" and Ni*' ions |mixture of Fe*"and Ni*' ions
pH 0.928 | 0.913 | 0.887 0919 0.795
Pollutant initial concentration | 0.999 | 0.883 | 0.459 0.858 0.679
Me:surfactant ratio 0.643 | 0998 | 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
BCul+
Propan-1-ol mFe3+
3-Methylbutan-1-ol ) BNi2+
Decan-1-ol W
mCu+Ni
Hexan-1-ol 9
2-Methylpropan-1-ol )
Butan-1-ol
2.2 4-Trimethvlpentane |
Octane
Heptane y
Hexane ———m
0 20 40 60 80 100

Fig. 2. Bar chart for organic extractants and the removal degree of Ni>*, Cu?* and Fe’** ions and their mixtures

Comparative table of constructed mathematical models

Table 3

Cocfficients of Eq. (4) Statistical parameters
Case description T i F : root—me.an'-S(
deviatiol
Model water with initial concentration of Ni*' ions is
20 mg/dm’, pH 9, Me:surfactant ratio=2:1, organic 11.77 0.0017 |5.53| 0.9 0.0520
extractant is 3-methylbutan-1-ol
Model water with initial concentration of Ni*" ions is
100 mg/dm’, pH 9, Me:surfactant ratio=1:2, organic 17.13 0.0586 |5.59]091 0.4700
extractant is 3-methylbutan-1-ol
Model water with initial concentration of Fe’* ions is
10 mg/dm3, pH 7, Me:surfactant ratio= 2:1, organic 14.45 0.0642 | 7.0410.93 0.0393
extractant is 3-methylbutan-1-ol
Model water with initial concentration of Fe®' ions is
10 mg/dm’, pH 7, Me:surfactant ratio=2:1, organic 21.34 0.0626 [10.44]| 0.95 0.0668
extractant is 3-methylbutan-1-ol
Model water with initial concentration of Cu®" ions is
20 mg/dm®, pH 5.5, Me:surfactant ratio=1.5:1, organic 9.48 0.0102 | 6.65 [ 0.92 0.0580
extractant is 3-methylbutan-1-ol
Model water with initial concentration of Cu®" ions is
100 mg/dm’, pH 5.5, Me:surfactant ratio=1:1, organic 15.23 0.0403 | 5.81 (091 0.4600
extractant is 3-methylbutan-1-ol
Model water with initial concentration of Cu®" ions is
10 mg/dm®, pH 9, Me:surfactant ratio=2:1, organic 14.06 0.0210 |7.4910.93 0.4000
extractant is 3-methylbutan-1-ol
Mean value 14.78 0.037
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Fig. 3. Comparative chart of experimental data (Exp_data) and calculated results (Calc_res): a — change in Ni?* residual
concentration over time; b — change in Fe?* residual concentration over time; ¢ — change in Cu?* residual concentration over

time; d — change in mixture of Fe?* and Ni** ions residual concentration over time; and e — change in mixture of Cu?* and Ni?*

ions residual concentration over time

Me:surfactant ratio is 2:1, 1.5:1, and 2:1 for solutions
containing Ni?*, Cu?*, 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/dm?.

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

Modeling of solvent sublation process and identification of parameters affecting the removal of Ni(Il), Cu(ll)

and Fe(Ill) ions



54 ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2022, No. 4, pp. 49-55

coefficients as presented below:

14.78-C. +C, =0.037u, (4)
where C, is the residual concentration of studied
pollutant (mg/dm?®); 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 Ni**, Cu?*, Fe’" 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 Ni** ions, Cu?* ions
and Fe’* ions, respectively; Me:surfactant ratio is
2:1, 1.5:1 and 2:1 for solutions with Ni**, Cu?*" and
Fe** 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/dm?.

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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MOJIEJIIOBAHHSI ITPOLIECY ®JIOTOEKCTPAKIIII I
BCTAHOBJIEHHS [IAPAMETPIB, SIKI BILTUBAIOTH HA
BUJIAJIEHHS IOHIB Ni(II), Cu(II) I Fe(III)

T.1. Obywmenko, O.B. Caneinosa, H.M. Toacmonaaoea,
M.JI. Yup’esa

st Bupanenus ioniB Ni(II), Cu(Il) i Fe(I1l) i3 criunux
BOJI BUKOpPUCTaHO MeTo (piiotoekcTpaxiiii. Metoro gaHoi pobo-
TH OyJI0 MaTeMaTUYHe MOJIEJIOBaHHSI rpoliecy IoToeKCTpaKIlii
JUISI OL[IHIOBAHHSI TapaMeTpiB, 110 BIUIMBAIOTh Ha CTYIiHb BUIA-
JIEeHHS 3a0pyaHIoounx peyoBuH. KopensiiitHuit aHasi3 Oyso Bu-
KOHAHO UISI OL[iHIOBaHHSI MapaMeTpiB, IO BIUIMBAIOTh Ha MPO-
1iec, a ISl OL[iHIOBaHHSI aeKBAaTHOCTI 3allPpOINOHOBAHOI MO
pO3paxoBaHO KOeIlliEHT MHOXWHHOI KOpeJsllii, KoedillieHT
®inrepa Ta cepeqHbOKBaIpaTUIHe BinxuiaeHHs. [lokazaHo, 110
Taxi MmapaMeTpu sIK MoyaTkoBa KOHLEHTpaLlisl 3a0pyIHIOBava, TUII
OpPraHiyHOTO €KCTPAreHTy, BiJHOLUEHHS METAJI:TOBEPXHEBO-aK-
TMBHA PEYOBMHA, TEMIIepaTypa i TPUBAIICTb MPOLECY MAIOTh
HaiOLTbIIMIA epeKT Ha e(heKTUBHICTD TIPOLIeCy (IIOTOEKCTPAKIIii.
CTyIiHb BUJTYYEHHS JOCTiIKEeHUX i0HIB Buiie 90% Oya mocsr-
HyTa 3a HACTYyMHUX 3Ha4YeHb napameTpiB: pH 9, 51 7 mist po3-
yuHiB, 1o Mictatb ioHu Ni(Il), Cu(Il) i Fe(Ill), BinnosinHo;
BiJTHOLLIEHHS METaI:IOBEPXHEBO-aKTUBHA peyoBuHa 2:1, 1,5:1 i
2:1 st pogumHiB, wo Mictsate ioHn Ni(Il), Cu(Il) i Fe(III),
BimrmoBigHO. [J1s1 BCiX TUITIB iOHIB TPUBAIiCTh MTPOIIECY MA€E CTa-
HoBUTH 15—20 XB, a rMovyaTkoBa KOHIIEHTpAIllisl TTOBUHHA OyTH
BuiLolo, Hix 100 mMr/om3. Pesynbraty mokasaiu, 10 OTpUMaHi
MoJIeJli MalOTh MPUMHSITHI XapaKTepUCTUKU i MOXYTb OyTH BU-
KopucTaHi Ui nporHo3yBaHHs BuaaieHHs ioHiB Ni(Il), Cu(II)
i Fe(I1I). Pe3ynbrat MOXyTb OYyTM BUKOPMCTaHi IJIs1 OMTUMi-
3arlii mpoiiecy (hIOTOEKCTPAKIIii SIK METOLY TOOYMIIIEHHST CTIYHUX
BOJI raJIbBaHiYHOI TPOMUCIIOBOCTI.

KimouoBi ciioBa: pyioToekcTpakiisi, BaXKKi MeTaIu, CTidHi
BOJIM, MaTeMaTUYHE MOJETIOBAHHSI, KOPEISILiHHMI aHaIi3.
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REMOVAL OF Ni(II), Cu(II) AND Fe(III) IONS

T. Obushenko, O. Sanginova *, N. Tolstopalova, M. Chyrieva

National Technical University of Ukraine «Igor Sikorsky Kyiv
Polytechnic Institute», Kyiv, Ukraine

* e-mail: sanginova@xtf.kpi.ua

The solvent sublation method was used to remove Ni(II),
Cu(Il) and Fe(IlI) 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(Il) ions and Fe(IIl) ions,
respectively; and Me:surfactant ratio of 2:1, 1.5:1 and 2:1 for
solutions with Ni(II), Cu(Il) 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/dm?.
The results showed that the models successfully allows simulating
the process efficiency and predicting Ni(II), Cu(Il) 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.

Keywords: solvent sublation; heavy metal; wastewater;
mathematical modeling; correlation analysis.
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