Mining of Mineral Deposits

Volume 18 (2024), Issue 3, 126-134

JOURNAL / MINING.IN.UA

https://doi.org/10.33271/mining18.03.126

Research on purification of tailings solutions from metal
Impurities at lead dust processing enterprises

Bagdat Altaibayev " ®, Nessipbay Tussupbayev 2@, Zhiger Kenzhetaev 3@,
Omirserik Baigenzhenov 1 ®, Alibek Khabiyev “®, Zekail Tyulyubayev *=, Alexey Leksin 3

1 Sathayev University, Almaty, Kazakhstan

2 Institute of Metallurgy and Ore Beneficiation, Almaty, Kazakhstan
3 Institute of High Technologies, Almaty, Kazakhstan

4 Baiken — U, Kyzylorda, Kazakhstan

*Corresponding author: e-mail kzhiger@yahoo.com

Abstract

Purpose. The research aims to develop a technology for tailings solution purification using membrane nanofiltration to
reduce waste volume and enterprise costs by reusing the purified water.

Methods. The research uses polyamide nanofiltration membranes on a semi-industrial plant. The nanofiltration process is
conducted at a pressure of 3.5 MPa with 30% permeate yield. The chemical composition of the solutions is analyzed using
atomic-absorption and chemical methods.

Findings. Removal of 69% arsenic, 68.5% zinc and 95.7% iron has been achieved under optimal conditions. The purified
solution with a residual sulphuric acid concentration of ~3.5 g/l can be used again for leaching lead dust. The concentrated
metal solution allows for additional zinc extraction. The use of technology reduces waste volumes by more than 30% and
reduces the enterprise’s recycling costs.

Originality. The research proposes a new environmentally friendly nanofiltration technology for tailings solution purifica-
tion that can effectively remove heavy metals and extract valuable components. This approach uniquely integrates membrane
nanofiltration at an optimized pressure of 3.5 MPa, achieving high removal rates of heavy metal ions such as As*", AsO+>",
Zn*, Fe*, and Fe*", while reducing waste by 30% and enabling the reuse of sulfuric acid and water in the leaching process,
leading to significant cost and resource savings.

Practical implications. Implementation of the proposed technology at lead dust processing enterprises reduces the costs of
wastewater treatment, reduces the waste volume and allows for the reuse of water and acids in the production process.

Keywords: membrane nanofiltration, heavy metals, wastewater treatment, lead dust, resource saving, extraction of

valuable components

1. Introduction

Kazakhstan’s mining industry plays a central role in the
country’s economic development, contributing significantly to
its Gross Domestic Product (GDP) and providing the basis for
industrial growth and exports [1], [2]. Kazakhstan is one of the
world’s leading countries in mining minerals such as copper,
lead, zinc, uranium and rare-earth metals, making it an im-
portant player in the global market [3], [4]. The country’s
fields have unique reserves of resources that are actively used
in the metallurgical, chemical and machine-building industries
[5]. With a strong mineral resource base and growing demand
for metals, especially given the development of technologies
and increasing need for raw materials for the production of
electronics, energy and transport, Kazakhstan is well posi-
tioned for continued dynamic growth in the mining sector [6].

At the same time, production growth is accompanied by
serious environmental challenges, especially in the context of
sustainable waste management and minimizing environmen-

tal impact [7]. Ore and metal processing processes inevitably
generate significant volumes of industrial wastewater con-
taining heavy metals, acids and other toxic substances [8]-
[10]. These wastes pose a risk to both ecosystems and human
health. In particular, lead and arsenious compounds, which
are often found in processed products, require special treat-
ment and disposal methods to prevent their release into water
and soil resources. In the context of the global trend towards
more environmentally friendly production, environmental
protection issues are becoming an integral part of the sus-
tainable development of the mining industry, requiring the
introduction of innovative technologies to effectively recycle
waste and minimize environmental damage [11]-[13].
Modern approaches to waste management in the mining
industry are oriented towards the use of state-of-the-art tech-
nologies for wastewater treatment and reuse, which also
allows for the extraction of valuable components from
waste [14], [15]. Membrane technologies, in particular nano-

Received: 18 March 2024. Accepted: 16 September 2024. Available online: 30 September 2024

© 2024. B. Altaibayev et al.
Mining of Mineral Deposits. ISSN 2415-3443 (Online) | ISSN 2415-3435 (Print)

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.33271/mining18.03.126
mailto:bagdat777.87@gmail.com
https://orcid.org/0000-0002-7405-6854
mailto:ntuss2010@gmail.com
https://orcid.org/0000-0002-6110-0772
mailto:kzhiger@yahoo.com
https://orcid.org/0000-0003-2009-6655
mailto:O.baigenzhenov@satbayev.university
https://orcid.org/0000-0001-5803-7680
mailto:alibek1451324@gmail.com
https://orcid.org/0000-0001-9397-2367
mailto:ztyulyubayev@baiken-u.kazatomprom.kz
mailto:a.m.leksin@iht.kazatomprom.kz
mailto:kzhiger@yahoo.com

B. Altaibayev et al. (2024). Mining of Mineral Deposits, 18(3), 126-134

filtration, are becoming increasingly in demand due to their
ability not only to purify industrial water from heavy metals,
but also to reduce processing costs by returning purified
solutions to the production process, which is especially
important for enterprises working with highly toxic waste
such as lead dust [16], [17].

At present, the generation of industrial wastewater from
metallurgical enterprises is one of the urgent problems of
liquid waste utilization in various areas of national economy,
as emissions contain pollutants that pose a threat to human
health, ecology and biodiversity on Earth [18]. Mining, phar-
maceutical, textile, agro-industrial, plastics and other indus-
tries produce a large amount of wastewater containing hazar-
dous pollutants that have a negative impact on the environ-
ment [19]. The composition and concentration of harmful
impurities in industrial wastewater depends on the type of
processed raw materials, availability of treatment facilities and
filtering equipment [20], [21]. Wastewater composition is also
affected by the nature of the technological processing process,
the composition of the initial mineral raw materials, intermedi-
ate products, output products, water composition, as well as
the characteristics of equipment and other factors [22]-[24].

The lead dust processing enterprise at the Balkhash Cop-
per Smelting Complex extracts metallic lead and copper as
commercial products from arsenious lead dust. As a result of
hydrometallurgical processing, large volumes of tailings
solutions are generated. This requires disposal or burial as
solid waste, or additional processing of recycled liquors for
neutralization and reuse. However, the utilization of tailings
solutions requires large amount of lime milk and associated
costs to construct and maintain a tailings dam. In this case,
the reuse of industrial wastewater depending on the degree of
purification determines the quality and cost of the resulting
commercial products [24]-[27].

Conventional technologies for wastewater treatment
from hazardous pollutants such as heavy metals, organic
pollutants, dyes, micro plastics and nanoplastics involve
physical, chemical, biological methods to reduce the con-
centration of pollutants [28]. Processes may include gravita-
tional settling of solids and suspended particles using coagu-
lants, adsorption of polluting elements depending on their
properties with ion-exchange sorbents [29], [30]. However,
this requires complex technological processes involving
large amounts of chemical reagents, electricity and labor to
remove pollutants from the water.

In recent years, significant attention has been paid to the
use of nanomembranes for the purification of process solu-
tions and wastewater from enterprises [31]-[33]. The nanofil-
tration process is performed at medium to high pressure. In
essence, nanofiltration is a process similar to reverse osmosis
process, where the membrane has a slightly more open struc-
ture, allowing monovalent ions to pass through it.

The potential of nanomembranes in various solution
treatment applications, such as water purification and desali-
nation was studied in [34]-[39]. These nanomembranes,
typically composed of thin films with a porous structure,
have unique properties and functional capabilities that make
them applicable to a wide range of solutions. The following
papers [40]-[42] describe laboratory and pilot tests of multi-
component arsenic-containing solutions using a two-stage
nanofiltration-reverse osmosis system. The conducted re-
search has proved the high efficiency of water purification

technology from highly mineralized and saline solutions
containing micropollutants, including heavy metals.

The present research is devoted to the development of
tailings solution purification technology using membrane
nanofiltration at lead dust processing enterprises.

2. Research methods
2.1. Methodology for obtaining the initial
solution for membrane filtration

This paper studies the composition of the initial solution
and treated solutions obtained after purification with nanofil-
tration membranes. The initial solution is a tailings solution
after gyrometallurgical processing of lead dust (Fig. 1).
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Figure 1. Lead dust processing technology: 1 — vat agitator for lead
dust leaching; 2 — frame press filter for lead cake filtra-
tion; 3 —vat agitator for copper cementation; 4 — frame
press filter for copper cake filtration; 5 — acidic tailings
solution pool; 6 — vat agitator for acidic solution neutrali-
zation; 7 — frame press filter for tailings cake filtration

The technology for obtaining the initial solution includes
sulphuric acid leaching of lead dust in vat agitators 1.
Afterwards, the pulp is sent to a frame filter press 2, where a
50% lead concentrate and copper solution are obtained [43],
[44]. The copper solution containing at least 20 g/l Cu is
exposed to cementation precipitation in agitators 3 using
iron powder to produce cementation copper. The pulp is
then sent to a frame filter press 4 to obtain 75% copper con-
centrate and tailings solution. The tailings solution is sent to
pool 5 for further neutralization of the acidic tailings solu-
tion. The tailings solution is neutralized in agitators 6, using
lime milk, thus producing a large amount of waste 7, calcium
arsenate, iron and zinc. The harmful and toxic compounds
contained in the waste have a negative impact on the envi-
ronment and are to be disposed of in special burial grounds.
Construction and maintenance of burial grounds increases
capital and operating costs of the enterprise, thereby increa-
sing the cost of final product.

To reduce the volume of tailings solutions, with the sub-
sequent possibility of obtaining additional metals and in-
creasing the volume of recycled acidic liquors for leaching
lead dust, the possibility of using membrane nanofiltration
technology is studied. The purified acidic solution (per-
meate) with a residual sulphuric acid content of 3.5 g/, pH —
2.9 can be returned to the initial stage of the process 1 — per
leaching. At the same time, from products of nanofiltration —
concentrated solution (retentate) of metals, it is possible to
additionally extract zinc.
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2.2. Analytical assessment of the initial solution
using chemistry and thermodynamics

To determine the chemical composition of the studied
ores, certified methods for determining As, Fe by titrametric
method, Cu, Zn — by atomic absorption method, have been
selected. Atomic-absorption analysis of samples for copper
and zinc content is conducted in an AAS-1IN atomic-
adsorption spectrometer.

The main results of the experimental tests on purification
of tailings solutions from impurities using membrane nano-
filtration are given below. Table 1 shows the results of the
initial solution chemical analysis.

Table 1. Results of the initial solution chemical analysis (tailings
solution)

Content, g/l
As®* AsOs3 Zn? Fe?* Fedt Cu?t

Name H2S04 pH

Tailings solution 5.25 15.09 22.06 7.23 11.39 0.10 9.54 25

Chemical analysis of the initial solution shows the con-
tent of heavy metals and acid in the initial solution with im-
purities: As** —5.25; AsO.> —15.09; Zn?* —22.06; Fe? —
7.23; Fe** —11.39 g/l. Arsenic, iron, zinc content above 5 g/l
in the recycled liquor has a negative impact when reused for
the processes of hydrometallurgical processing of lead dust.

Figure 2 shows the Eh-pH diagram of a solution in the
presence of metal ions of arsenic, iron, zinc and copper,
which illustrates the stability fields of mineral or chemical
particles in terms of hydrogen ion activity (pH) and elec-
tron activity (Eh).
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Figure 2. Eh-pH solution diagram in the presence of As, Fe, Zn
and Cu
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Figure 2 shows the Eh-pH diagram illustrating the ther-
modynamic behavior of a solution containing metal ions
such as arsenic, iron, zinc and copper at 25°C. The diagram
demonstrates the range of possible ions and compounds that
can exist in the system. Eh values below 0.0 indicate a reduc-
tion potential, while values above represent an oxidation
potential. In the presence of arsenic, iron, zinc and copper
ions, the identification of a reduction potential leads to the
formation of reduced oxygen-free compounds such as FeAs,
FeAs;, AsHz and CusAs. Conversely, when an oxidation
potential is created by using different oxidizing components,
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various arsenate-ions of copper and zinc, arsenic and arse-
nious acids are formed. Also, the diagram indicates that the
hydrolytic purification method cannot effectively remove
arsenic ions due to the thermodynamic limitations of arsenic
hydroxide formation in a wide pH range.

The dotted lines in the diagram represent the boundaries
between the different types of equilibrium reactions in the
system. At low pH, the system changes from an oxidation
state of approximately 1.25 millivolts to a reduction state at
0.4 millivolts.

Moreover, the diagram shows that for effective arsenate-
ion separation in combination with copper and zinc, it is
necessary to maintain an oxidation potential above 0.5 milli-
volts and a pH — below 9.5. Given the different radii of
metal-containing arsenate ions, arsenic and arsenious acids
formed at pH above 9, information can be obtained that
provides valuable guidance for selective separation by nano-
filtration process [45].

2.3. Characterization of the equipment
and membranes used

A semi-industrial nanofiltration pilot plant is used to con-
duct research on the technology of nanofiltration separation
of tailings solutions from the lead dust processing enterprise.
Structurally, the nanofiltration plant is a metal frame on
which a low-pressure pump, a pre-filter with a 5 pm pore
size for fine purification from mechanical suspended and
foreign particles, nanofiltration membranes in housings,
pressure gauges, rotameters and shut-off valves are installed.
Stainless steel pipes are used for high-pressure areas. Polyvi-
nyl chloride pipes are used for low pressure areas. The nano-
filtration pilot plant is designed for concentrating and sepa-
rating target initial solution components by filtering through
membranes under pressure.

Nanofiltration membranes are thin polymer films with a
dense structure and nanoporous surface. The pore size in
such membranes is typically 1-5 pum, which allows high-
molecular compounds, multiply charged ions and colloidal
particles to be retained, but low-molecular ions and mole-
cules to be passed through.

The main operating element of a nanofiltration plant is
the membrane modules, consisting of housings capable of
withstanding pressure up to 70 bar and the membranes them-
selves, connected to each other. The experiments on the
nanofiltration unit use nanofiltration membranes from
Dupont Company: “FilmTec” (NF 270 8040-34i). The main
nanomembrane materials are polyamide (PA) and thin film
composite (TFC). The performance characteristics of the
nanomembranes used in the experiments are given in Table 2.
Thus, the nanofiltration pilot plant is optimally configured to
ensure efficient separation of tailings solution components.

Table 2. Operating parameters of nanomembranes used for
experiments

No. Parameter Value
1 Membrane diameter 99 mm
2 Active membrane area 7.6 m?
3 Maximum flow delivery rate 3.6 m%hour
4 Membrane length 1016 mm
5 Maximum pressure 4 MPa
6  Maximum temperature 40°C
7 pHrange 2.5-3.0




B. Altaibayev et al. (2024). Mining of Mineral Deposits, 18(3), 126-134

The use of membranes with high strength and pressure
resistance parameters enables reliable filtration processes in
real production conditions. The obtained data can confirm
the possibility of using this technology for effective purifica-
tion and concentrating valuable components from industrial
solutions, which contributes to resource saving and reducing
the environmental burden caused by the enterprise.

2.4. Technological scheme of nanofiltration pilot plant

To increase the degree of retention of arsenic, zinc and
iron, three membrane modules connected in series are in-
stalled during nanofiltration experiments of tailings solu-
tions. The technological scheme of the nanofiltration pilot
plant is presented in Figure 3.

Initial tailing solution

First stage of nanofiltration

Permeate Second stage of nanofiltration

Figure 3. Technological scheme of the nanofiltration pilot plant

In accordance with the scheme, the initial solution passes
successively three stages of nanofiltration, producing at each
stage finished products — permeates and at the third stage —
finished concentrate (retentate), one part of which — recycle
is sent back to the 1% stage of nanofiltration. Permeate after
the third nanofiltration stage and the resulting concentrate are
sent to the appropriate containers.

2.5. Methodology of conducting experiments

The initial solution (Fig. 4) with a volume of 1 m® from
container 1 flows by gravity into low-pressure pump 2 and
under pressure is directed to the filter of fine purification 3
for purification from mechanical suspended and foreign
particles. After the filter of fine filtration, the solution is fed
to the high-pressure pump 4 and then to the membrane of the
first nanofiltration stage. When the resulting solution passes
through the membrane 5 of the first nanofiltration stage, it is
separated into two solutions: solution passed through the
membrane — permeate, and solution not passed through the
membrane — concentrate.

Permeate from the first nanofiltration stage is combined
with permeate from the second and third stages and is re-
moved from the process and discharged into the permeate
container 7. The resulting concentrate of the first nanofiltra-
tion stage is fed to the second nanofiltration stage through
the membrane 2 according to the technological scheme, and
then to the third nanofiltration stage through the membrane
3. The concentrate obtained at the third stage is separated
into two parts.

Permeate
° [}
o °
) o .
o Ol o s e®. "
o
=Poys-® o o™ ; 1l < 7
o o— 0 - P pLa
o0 L4
Permeate
© - small molecules (water, acid, alkali)
@ - metal ions and complexes (As,Fe,Zn,Cu)
Figure 4. Membrane nanofiltration of tailings acidic solutions: | —top view; 11 —side view; 1 — initial solution container; 2 — low-pressure

pump; 3 — filter of fine purification; 4 — high-pressure pump; 5 — membrane; 6 — concentrate container; 7 — permeate container

In accordance with the technological scheme, one part of
the concentrate is fed to the concentrate container 6, the other
part is returned to the recycle and fed together with the initial
solution to the first nanofiltration stage for further purifica-
tion. The amount of combined permeate, third-stage concen-
trate and recycle produced is controlled by rotameter rea-
dings. The concentrate yield after the third stage and recycle
(recycled concentrated solution or part of the concentrate) are
set according to the rotameter readings and regulated by
needle valves. The permeate yield is set by regulating the
pressure in pumps 4 at the inlet to the membrane unit 5.
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3. Results and discussion

3.1. Mechanism of nanofiltration process
of initial tailings solution

During the experiments, a decrease in the permeate yield
and consequently a decrease in the specific membrane per-
formance has been found. This decrease can be attributed to
the phenomenon of polarization. It is known that all
baromembrane processes are accompanied by polarization
phenomena. This is due to the fact that different substances
behave differently when concentrated: some may exceed the
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solubility limit and precipitate, some may form spatial grids
and turn into a gel, and some may begin to accumulate on the
membrane due to adsorption and surface forces (Fig. 5). In
this case, the concentration of impurities has a significant
influence on the performance of the membrane separation
process. When the concentration of impurities in the solution
increases, there is a decrease in the driving force and process
rate, and there is an increase in the density and viscosity of
the solution, which reduces the permeability value. This
requires an increase in solution pressure and the time to pro-
cess the solutions. Figure 5 shows additional resistance to
mass transfer through the membrane.

Re

RA/’ ‘

Figure 5. Different types of resistance to mass transfer through
the membrane: (Rp-pore blockage; Ra-—adsorption;
Rm — membrane; Rq— gel layer; Rcp — layer of increased
concentration of dissolved substances)

The main separation mechanisms in nanofiltration are ca-
pillary-filtration and electrostatic mechanisms. As is known,
the capillary-filtration mechanism of nanofiltration is based
on the use of ultrathin pores with a diameter of several na-
nometres. These pores allow only molecules of a certain size
to pass through, blocking larger particles. Capillary pressure
plays a significant role in this process, as it involves the
passage of liquid through narrow pores.

The electrostatic mechanism of nanofiltration is based on
the use of charged membranes. Charged membranes attract
and retain particles with a certain charge or charge opposite
to the charge of the membrane. This mechanism works based
on electrical forces and can be effective for removing parti-
cles of different size and charge from a liquid. In our case,
the isoelectric point of the NF-270 membrane is in the range
of pH = 3.3-4.0. Thus, at pH = 4 the membrane is negatively
charged and at pH < 4 the membrane is positively charged.
Consequently, at pH =2.5 the membrane has a positive
charge, thus the cation selectivity becomes high due to elec-
trostatic repulsion. Thus, it can be assumed that the pH value
is a determining factor influencing the efficiency of nanofil-
tration in the wastewater treatment from heavy metal ions.
The negative charge of the membrane surface allows the
retention of multivalent anions, as well as their associated
cations, to maintain electroneutrality. Most divalent ions are
retained by the membrane.
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Sulphuric acid is dibasic and dissociates in solution in
2 stages: at the first stage, a monovalent bisulphate-ion and a
hydrogen ion are formed:

H,S0, « H" +HSO} . @)

The bisulphate-ion is not retained by the membrane and
passes through it, as does the chloride ion. At the second
stage of dissociation, a divalent sulphate-ion is formed, but
this requires a high concentration of sulphuric acid:

H,S0,«2H" +S02~ . )

The sulphate-ion is retained by the membrane, and those
cations associated with the sulphate-ion will also be retained
by the membrane and separated from the sulphuric acid. This
allows for the concentration of metals and the extraction of
sulphuric acid for reuse from weakly acidic solutions.

When the tailings solution passes through a nanofiltration
membrane, the separation of solution components occurs
under the action of applied pressure. Large metal ions such
as As®* AsO,%, Zn?*, Cu?*, Fe?*, Fe*, having large sizes and
high charges, are effectively retained by the membrane and
concentrated in the retentate (concentrate). At the same time,
small H* ions and H;SOs molecules can partially pass
through the membrane pores and be present in the permeate
(purified solution).

3.2. Chemical analysis of the solution after nanofiltration

Experimental tests on purification of tailings solutions
from heavy metals using a special nanofiltration plant in-
clude determining the dependence of harmful impurities
content in permeate on the pressure injected into the mem-
branes and solution temperature. The experiments performed
on the pressure injected into the membranes provide for the
determination of the degree of purification of tailings solu-
tions with an increase of the permeate yield from 15 to 50%
depending on the injected pressure of tailings solutions into
the membranes from 2.5 to 4.0 MPa. Below are the results of
experimental tests on the separation of heavy metal impurities
from the tailings solution, depending on the pressure during
the nanofiltration process and the yield ratio (Table 3).

Table 3. Results of chemical analysis of permeate depending on
membrane nanofiltration pressure (temperature — 25 + 2°C)

Membrane p Content, g/l
ermeate
pr,e\;;uare, yield, % As** AsOs> Zn?* Fe?* Fe3* Cu?
2.5 15 024 545 6.61 0.01 0.98 0.023
3.0 20 0.35 5.97 720 0.02 1.08 0.021
35 30 048 5.83 6.95 0.03 0.77 0.018
4.0 50 140 886 9.67 0.10 4.39 0.020

Table 3 shows that when the nanofiltration pressure is in-
creased from 2.5 to 4.0 MPa, the permeate yield increases from
20 to 50%, but the concentration of most metal ions in the
permeate increases. This is explained by the fact that at higher
pressure, more low-molecular ions and molecules, including
metal ions pass through the membrane pores. However, at a
pressure of 3.5 MPa, an optimal balance between performance
and selectivity is achieved, ensuring a high degree of solution
purification. Efficient purification is achieved at a pressure of
3.5 MPa, while the As** content in the permeate decreases
from 5.25 to 0.48 g/l, AsOs* — from 15.09 to 5.83 g/I.
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Table 4 shows the dependence of purification degree on
temperature increase during the process of membrane nano-
filtration of solutions. Experiments include determining the
degree of tailings solution purification when the tailings
solution temperature is increased from 25.0 to 35°C at a
stable pressure in the membranes of 35 MPa.

Table 4. Results of chemical composition analysis of solutions
depending on increasing temperature of membrane
nanofiltration (pressure — 3.5 MPa)

Temperature, °C Content, g/
’ As** AsO4* Zn**  Fe* Fe¥* Cu*
25+2 048 583 695 0.03 0.77 0.018
302 081 802 870 0.09 208 0.041
35+2 028 1243 845 0.11 6.79 0.084

Table 4 shows that when the temperature is increased
from 25 to 35°C, the AsO4*~ content increases from 5.83 to
12.43. The data analysis shows that when temperature is
increased from 25 to 35°C at a pressure of 3.5 MPa, the con-
centrations of metal ions in the permeate increase. This is
due to the fact that when the temperature of the solution
increases, more dissolved substances, including metal ions,
pass through the membrane. The optimal mode in terms of
purification quality is the process temperature — 25+ 2°C,
pressure in membranes — 3.5 MPa.

Thus, the mechanism of tailings solution nanofiltration is
based on the differences in size and charge of the ions and
molecules present, as well as on selective properties of nano-
filtration membranes that retain large multiply charged heavy
metal ions but allow low-molecular ions and molecules to
pass through. Varying the process parameters (pressure and
permeate yield) allows optimizing solution purification degree
and obtaining concentrated metal solution (retentate) and puri-
fied acidic solution (permeate). Also, the increase of arsenic
content in permeate is described in detail in the paper [46].

3.3. Comparative characterization of solutions
before and after nanofiltration

Figure 6 clearly illustrates the efficiency of solution sepa-
ration using membrane nanofiltration — permeate is a trans-
parent solution with low metal content, and the concentrate is
a turbid solution with high metal concentrations.

Figure 6. Solutions obtained after the membrane nanofiltration
process: (a) permeate; (b) concentrate

A comparative analysis of the results after membrane na-
nofiltration of tailings solutions is presented below (Table 5).

Table 5 demonstrates the effectiveness of membrane
nanofiltration in the separation of heavy metals and acid. A
significant reduction in heavy metal concentrations is
achieved in the permeate (purified solution): As®* — by 90.9%,
AsO4* — by 61.3%, Zn?* — by 68.5%, Fe?* — by 99.5%, Fe** —
by 93.2%, Cu?* — by 82%, compared to the initial solution. In
this case, the H.SO, concentration decreases slightly from
9.55 to 3.02 g/l, which allows the use of the purified solution
as recycled liquor at the leaching stage.

Table 5. Comparative analysis of results before and after membrane nanofiltration of tailings solutions at optimal process parameters
(pressure (const) — 3.5 MPa, yield (const) — 30%, temperature — 25 + 2 °C)

Content, g/l
Name As®* AsOs* Zn* Fe?* Fed* Cu® H.S0 pH
Initial solution
Tailings solutions, g/l 5.25 15.09 22.06 7.23 11.39 0.10 9.54 2.50
Metal content in membrane nanofiltration products, g/l
Permeate (purified acidic solution) 0.48 5.83 6.95 0.03 0.77 0.018 3.50 2.90
Retentate (concentrated acidic solution) 5.11 15.34 21.46 9.29 11.87 0.098 7.54 2.60
Metal content in membrane nanofiltration products, %
Permeate 9.1 38.7 315 0.5 6.8 18.0 - -
Retentate 97.4 101.7 97.3 128.5 104.2 98.0 - -

The concentrate, on the contrary, has a high content of
most metal ions, increased compared to the initial solution:
AsO42 — by 1.7%, Fe** — by 28.5%, Fe®* — by 4.2%, and there
is also a slight decrease in ions of Zn* by 2.7%. This opens
up the possibility of additional extraction of metals such as
zinc from the concentrate.

The efficiency of the membrane process is mainly deter-
mined by the properties of the membranes used. The main
characteristics of membranes are specific performance, selec-
tivity, as well as their chemical resistance in different solu-
tions at different pH values.
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The difference in membrane throughput capacity for dif-
ferent substances leads to their redistribution between per-
meate and retentate, and changes in their concentrations,
which is the main purpose of membrane filtration. To charac-
terize membrane throughput capacity, the term “selectivity”
¢ (retention coefficient) for separating components is used,
determined as follows:

®)
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C1 — the concentration of dissolved substance in concen-
trate-retentate;

C, — the concentration of dissolved substance in permeate.

In the case, when ¢ = 1, it means that the component con-
centration in permeate is 0, that is, the component remains
completely in the concentrate. If ¢ = 0, the component con-
centrations in the concentrate and permeate are equal, that is,
the component “does not notice” the membrane. The specific
membrane performance at constant pressure is characterized
by the volume of filtrate (permeate) passing per unit time
through surface unit and is proportional to the difference of
applied and osmotic pressure:

qsz_n=k(p_A;;),mI/cm2/min, 4
T
where:

Qn — the filtrate volume flow rate;

S — the membrane surface;

7 — the separation time;

k — the membrane permeability coefficient;

p —the applied pressure;

Ar — the difference in osmotic pressures of solutions on
both sides of the membrane.

Concentration factor (K) is determined as the ratio of the
initial solution volume (V;) to the concentrate volume (V,):
K=Yt

Vr

Conversion (C) is expressed as a percentage of permeate

yield from the initial solution flow rate:

Q)

c = 20 1000,

(6)

where:

Qn — the filtrate (permeate) volume flow rate, m%/h;

Qi — the initial solution volume flow rate, m%h.

Thus, the research results have shown that the use of mem-
brane nanofiltration at optimal parameters (pressure 3.5 MPa,
permeate yield 30%, temperature 25 + 2°C) makes it possible
to achieve a high degree of purification of tailings solutions
from heavy metal ions to produce a purified acidic solution
suitable for reuse, as well as concentrated metal solution for
further extraction of valuable components. The developed
technology is resource-saving and environmentally friendly.

4, Conclusions

Experimental tests on purification of tailings solutions
from impurities of heavy metals (iron, arsenic and zinc) have
shown positive results and possibility of using membrane
nanofiltration technology. Effective nanofiltration process
parameters have been developed to achieve a high degree of
tailings solution purification from polluting impurities, rang-
ing from 69.0 to 95.7%. It has been determined that effective
removal of heavy metal ions (arsenic, zinc, iron) is achieved
at a pressure of 3.5 MPa in nanofiltration membranes with a
pore size of 1-5 pm: As®* from 5.25 to 0.48 g/I; AsO,* from
15.09 to 5.83 g/l; Zn?* from 22.06 to 6.95 g/l; Fe?* from 7.23
to 0.03 g/l; Fe** from 11.39 to 0.77 g/l. In this case, a con-
centrated metal solution is formed with the content of As®* —
5.11 g/l; AsO4* —15.34 g/l; Zn?* — 21.46 g/l; Fe?* —9.29 g/l;
Fe3* — 11.87 g/l, as well as purified acidic solution — permeate
with a residual sulphuric acid concentration of about 3 g/I.
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Comparative analysis of the degree of tailings solution
purification from heavy metal ions has shown the following
results: from arsenic — 69%, zinc — 68.5%, iron — 95.7%. The
high degree of purification is achieved by efficient retention
of heavy metal ions by nanofiltration membranes when the
solution passes under pressure.

The zinc content in the concentrate has decreased insig-
nificantly compared to the initial tailings solution, opening
up prospects for further extraction of this metal.

The use of membrane nanofiltration can reduce the
waste volume by 30% by purifying the tailings solution and
reducing the tailings solution when processing lead dust.
The purified acidic solution with a residual sulphuric acid
concentration of about 3 g/l can be returned to the begin-
ning of the process for reuse when leaching lead dust,
thereby reducing the consumption of fresh sulphuric acid
and water by 10-15%. Technical and economic calculations
have shown that the implementation of the developed
technology for tailings solutions purification using mem-
brane nanofiltration will reduce the processing costs by
reusing the purified water, additional zinc extraction from
the concentrate and a significant reduction in the volume of
waste requiring disposal.

Thus, the research results have demonstrated high effi-
ciency and promising application of membrane nanofiltration
for purification of tailing solutions generated during the pro-
cessing of lead arsenious dust. The developed technology for
tailings solution purification is resource-saving and environ-
mentally friendly, reduces the volume of waste, reuses puri-
fied water and additionally extracts valuable components.
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JocaigkeHHs1 OUHIIIEHHS XBOCTOBHX PO3YUHIB MiIMPUEMCTB 3 NMepepodKu
CBHHIEBOT0 MUY Bill JOMilIOK MeTaTiB

B. Anraiibae, H. Tycyn6aes, XK. Kemxeraes, O. BaiiremxeHoB, A. Xa0ies, 3. Tromo0aeB, A. Jlekcin

Merta. Po3po6uTH TEXHOJIOTII0 OYHIECHHS XBOCTOBHX PO3YMHIB i3 3aCTOCYBaHHAIM MeMOpaHHOI HaHO(DLIBTpanil A1 3MEHIIEHHST 00CATYy
BIZIXO/IiB Ta 3HW)KSHHS BUTPAT MIANPHUEMCTBA 33 paXyHOK MOBTOPHOT'O BUKOPUCTAHHS OYHIIEHOT BOJIH.

MeToauxka. Y IOCTIKEHHI 3aCTOCOBYBAIHMCSA HaHODIIBTPAIliiiHI TOTiaMiHI MEeMOpaHH Ha HamiBIIPOMHUCIIOBIH ycTaHoBIi. [Iporec Ha-
Ho(inpTpanii nmposoxuscs npu THcKy 3.5 MIla 3 Buxomom mepmeary 30%. AHami3 XiMIYHOTO CKIamy PO3YMHIB 3HiHCHIOBABCS aTOMHO-
abcopOuiitHIMU Ta XIMIYHUMH METOJAMHU.

PesyabTaTn. B onTEMansHNX yMOBax IOCATHYTO BHAANeHHS 69% wmumr sky, 68.5% mwmHKY Ta 95.7% 3amiza. Ounmennii po3unH i3
3aJIMIIKOBOIO KOHICHTPAIIE€I0 CipyaHOi KUCIOTH ~3.5 /1 Moke OyTH MOBTOPHO BHKOPHUCTAHUH Ul BHIIyTOBYBaHHS CBHHIICBOTO IIHITY.
KoHIIeHTpOBaHUI PO3YMH METaiB JJO3BOJISIE TOAATKOBO OTPUMYBATH LIMHK. 3aCTOCYBAaHHS JIaHOT TEXHOJIOTII Ja€ 3MOTY CKOPOTHTH 00CSATH
BiZIXoiB OinbI, Hixk Ha 30% Ta 3HU3UTH BUTPATH MiIPUEMCTBA HA TIEPEPOOKY.

HaykoBa HoBHu3HA. [lOCIiPKEHHS IPOMIOHYE HOBY €KOJIOTIYHO OE3MeYHy TEXHOJOTiI0 HaHO(IIbTpalii Il OYHIIEHHS XBOCTOBUX PO3-
YHHIB, KA T03BOJIAE €(PEKTUBHO BUAAIATH Ba)XKKI METAJIM Ta BiJIHOBIIOBATHU I[iHHI KOMIOHEHTH. JlaHWil miaxin yHiKadbHUIT BUKOPUCTAHHSIM
MeMOpaHHOI HaHO(DIIBTpaLii mpu onTHMi3zoBaHOMY THCKY 3.5 MIla, mo 3abe3mnedye BHCOKHMI piBeHb BHAAJICHHS 10HIB BaKKUX METAIIB,
Takux K As®*, AsO+*", Zn*", Fe*" ta Fe*', ckopouenns obcsry BinxoniB Ha 30%, a Tako)k TOBTOPHE BUKOPHCTAHHSA CipYaHOI KHCIOTH 1 BOAX
B MIPOIIECi BUJIYTOBYBaHHS, III0 BEJIE 10 3HAYHOI EKOHOMIi pecypciB Ta 3HIKCHHS BUTPAT.

IIpakTHyna 3HaYMMicTb. BripoBa/keHHS 3aIPOIIOHOBAHOT TEXHOJIOTI] Ha MiAIPUEMCTBAX IepPePOOKH CBHHIIEBOTO IIIITy 3HIKYE BUTPATH
Ha OYMIIEHHS CTIYHHMX BOJ, 3MEHIIY€E 00CAT BIIXOJIB Ta JO3BOJISIE IOBTOPHO BUKOPHUCTOBYBATH BOY 1 KHCIIOTH Y BUPOOHHYOMY MPOLIECI.
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