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Ton-exchange treatment is a process used to remove heavy metals, salts of alkaline and alkaline earth metals, free mineral acids,
alkalis, and some organic substances from the wastewater of electroplating plants. This method of purification is widely used to
make valuable solutions from electroplating plants suitable for reuse and to produce clean process water that can be used in cleaning
processes. lon exchange is reversible, so saturated ionite can be regenerated and reused.

The process of removing suspended particles from a liquid using bubbles generated during electrolysis is called electroflotation.
During electroflotation, gas bubbles generated by electrolysis and suspended in the liquid interact with the contaminant particles,
causing the particles and gas bubbles to adhere to each other due to the low surface energy at the liquid-gas interface. The resulting
flocculant has a lower density than water, which facilitates its transport to the surface of the liquid, where it accumulates a suspended
sediment that is periodically removed from the equipment.

Wastewater treatment by electrodialysis involves the removal of dissolved mineral salts, acids, alkalis, and radioactive substances
in a multi-chamber device (electrodialyzer) under the influence of direct current. This method is also widely used for brine desalination.
It is used to treat wastewater from fluorine and chromium compounds with a desalination rate of 75-80 %.

Impurities can be removed from wastewater by arranging several membranes through which positively or negatively charged ions
alternately pass. These membranes form a concentration chamber and a desalination chamber. lons are concentrated in one chamber
and removed in the other.

Ultrafiltration is a membrane separation process designed to purify water from impurities up to 0.01-0.1 microns in size.
The average operating pressure for this technology is 2-3 MPa. The average pore size of an ultrafiltration membrane is 0.01—
0.03 microns. The driving force behind ultrafiltration is the pressure difference between the two sides of the membrane (operating
pressure and atmospheric pressure). Key words: ion-exchange treatment, electroplating, electroflotation, electrodialyzer, ultrafiltration.

Orsix MeToiB exoJIorizauii cTivHUX Boj rajibBaHivHuX BUPoOHUUTB. Penenko FO.M., Kocenko K.O.

loHOOOMIHHE OUHIIEHHS — 1€ IPOLEC, IKMH BUKOPUCTOBYETHCS ISl BUAAICHHS BAXKKHX METaiB, COJEH JIy)KHUX 1 JTy>KHO3EMeJIb-
HUX METaJiB, BUIBHUX MIHEPaJbHUX KHUCIIOT, JIYTIiB 1 JESIKMX OPraHIYHUX PEUYOBHH 31 CTIYHHX BOJ| rallbBaHIYHUX BUPOOHUNTB. Lleit
METOJI OYMIICHHS IUPOKO BUKOPUCTOBY€ETHCS IS TOTO, 11100 3pOOUTH IIHHI PO3UYMHH, OTPHMaHI Ha FaJIbBAaHIYHUX BUPOOHHUIITBAX, IPH-
JaTHUMH U1 IOBTOPHOI'O BUKOPUCTAHHS, @ TAKOXK [JIs1 OTPUMaHHA YUCTOT TeXHi'—lHO.I' BOJIM, AKa MOXEC 6yTl/I BHUKOpHCTaHa B mpouecax
ouHIeHHs. [oHHMIT 0OMIH € 000pPOTHHNM, TOMY HaCHYEHI i10HITH MOXYTb OyTH pereHepoBaHi 1 BUKOPHCTaHI TOBTOPHO.

ITporiec BHUAAICHHS 3BaXCHHX YaCTOK 3 PIIMHM 3a JOMOMOTOK OyIbOAIIoK, 110 YTBOPIOIOTECS MiJT Yac eJIEKTPOIi3y, Ha3UBAEThCS
enekrpodmorarniero. [Ipu enexrpodmoTarii Oymp0aIIKu rasy, 0 YTBOPIOIOTECSA B PE3YNIBTATI €IEKTPONI3y 1 3HAXOIATHCS B 3BAKEHOMY
CTaHi B PiiNHI, B3a€MOJIIIOTh 3 YACTUHKAMH 3a0pyIHEHNKa, B PE3yJIbTaTi YOro YaCTUHKH 1 Oy/b0aIIKy Ta3y MPUIMIAIOTH OIHA 10 OJHOT
4yepe3 HU3bKY OBEPXHEBY €HEprito Ha Mexi noainy a3 pinxuHa-ra3. YTBopeHui (QoKyIsIHT Mae MEHIIY IIUTBHICTh, HDK BOJIA, L0 T10JIer-
Irye HOro TpaHCIIOPTYBAHHS JI0 HOBEPXHI PiNHH, Ie HAKOIINIYETHCS 3BayKEHHI 0cal, SIKMI NepioANIHO BUAAISETHCS 3 0018 JTHAHHSL.

OuuIIeHHs CTIYHUX BOA METOIOM EJICKTPOialli3y Moisrae y BUJAICHHI PO3YMHEHNX MiHEPAIbHUX COJEH, KHCIIOT, JIyTiB 1 paio-
aKTHBHMX PEYOBHH y OaratokaMepHOMY MPUCTPOI (€IEKTPO/ianizaTopi) il BILIMBOM IOCTiHHOrO cTpyMmy. Lleit MeTon TakoX MIHpPOKO
BHUKOPHCTOBYETHCS ISl ONIPICHEHHST PO3COJIIB. 3aCTOCOBYETBCS JUIsl OYMIIEHHS CTIYHUX BOJ BiJ CHONIYK (GTOpy 1 XpOoMy 3i CTyreHeM
3HeconeHns 75-80 %.

Jlomimky MOXXyTh OyTH BHJIQJIEHI 31 CTIYHHX BOJ IIISIXOM PO3TAIlyBaHHS NEKITBKOX MeMOpaH, depes sIKi Mo 4ep3i MpOXOIATh
MO3UTUBHO a00 HEraTUBHO 3apsKeHi 10HU. L{i MeMOpaHM yTBOPIOIOTH KaMepy KOHLIEHTpalii Ta kamepy onpicHeHHs. B onHiil kamepi
IOHHM KOHLICHTPYIOTBCS, @ B HINIH — BUAANSIOTHCSL.

VYnbrpadutsTpaltis — 11e nporec MeMOpaHHOTO PO3IUICHHS, TIPU3HAYCHHH JUTSI OYMIIICHHSI BOJIH BT TOMIIIOK po3mipoM 1o 0,01-0,1 mikpona.
Cepenniit pobounii Trck st i€l TexHoorii € 2-3 MIla. Cepenniii po3mip mop ynsTpadinsrpaniiaoi MemOpanu craHoButh 0,01-0,03 MrM.
PymiiiHoro crioro ynsTpadiasTparii € pisHHULE THCKY MK ABOMA CTOPOHAMH MeMOpanH (poOoumii TUCK 1 arMocdepHuii THCK). Krouosi crosa:
ioHOOOMIHHA 00pOOKa, raJIbBAHOIIIACTHIKA, eIEeKTPOIOTALLS, eIeKTPOiaNi3arop, yasTpadiisTpais.

technology and solve only the tasks of either coating
or metal surface treatment, with little or no regard
for the processes of removing heavy metal ions from
wastewater, recycling galvanic waste, and protecting the
environment [1].

Introduction. Electroplating is one of the most
hazardous industries. Since the enterprises are
characterized by a wide variety of technological
processes, the composition of solutions and electrolytes,

and a wide range of processed parts, the resulting
wastewater is quite diverse in terms of both its qualitative
and quantitative composition. The workshops and
sites operating in the country are built using the same

Many enterprises still use old and no longer effective
treatment processes, and sometimes do not have any
treatment facilities at all, which leads to untreated and
insufficiently treated wastewater entering surface water
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bodies. A fundamental solution to the problem of water
pollution is to develop and implement closed water
recycling cycles and resource-saving technological
processes that allow valuable components to be returned
to production, eliminating the discharge of polluted
wastewater into water bodies, and are economically
viable and environmentally friendly. The existing
technological scheme for the treatment of wastewater
from electroplating shops of coal mining enterprises
has been improved based on its post-treatment by ion
exchange. The use of ion exchange filters at the final stage
of wastewater treatment is proposed. The implementation
of the proposed improved technological scheme of
wastewater treatment significantly reduces the content
of pollutants, such as heavy metal compounds, to water
quality standards and, thus, the production system of
closed water circulation, i.e., returning up to 95 % of the
purified water to its own production needs (preparation of
solutions and electrolytes, washing operations, etc.) [1].

Ion-exchange method. lon exchange purification is
a process used to remove heavy metals, salts of alkaline
and alkaline earth metals, free mineral acids, alkalis,
and some organic substances from the wastewater of
electroplating operations.

This method of purification is widely used to make
valuable solutions from the electroplating process
suitable for reuse, as well as to produce clean process
water that can be used in cleaning processes.

Ionite is an organic and inorganic polymeric
material. It can absorb positively or negatively charged
ions from electrolyte solutions and exchange them in
equal amounts with other ions of the same charge sign.
Depending on the charge sign, the exchanged ions are
cations and anions. There are also amphoteric ionite
and amphoteric solvents that can exchange cations and
anions simultaneously [2—4].

Ion exchange is reversible and the saturated ionite
can be regenerated and reused.

Ion exchange resins are synthesized as microparticles
consisting of a branched polymer matrix and functional
groups. Polymer matrices are classified by the type of
polymer that acts as a linear backbone and crosslinker.
Divinylbenzene (DVB) and styrene-divinylbenzene
(SDB) are the most used.

Depending on the value of the dissociation constant
of the functional group, strongly acidic salts of cationic
acids (such as H" or Na"), strongly basic salts of anionic
acids (such as OH™ or salts), and mixed ionite are
distinguished (Fig. 1) [5].
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Fig. 1. Functional groups of polymeric organic
compounds: a) — strongly acidic, b) — weakly acidic;
¢), d) — strongly basic, e) — weakly basic

Strongly acidic cationic acid salts containing SO, are
used to treat wastewater from electroplating operations.

Table 1 shows the main characteristics of certain
anionites and cationite [6].

Table 1
Properties of cationic and anionic acid salts used
for electroplating wastewater treatment [6]

Characteristic
Granulometric General working
Notation Active . exchan- ability to
composition, e
group geability, | exchange,
mm
mg-eq./g g-eq./L
Cationite
KPS SO,H 0.4-1.3 4.7 1.4
KS 10 SO,H 0.4-1.3 4.6 1.1
Anionite
SBT N(CH,)OH 0.7-2.1 3.1 0.4
AK 40 | NH,-NHR 0.4-1.3 5.6 1.4

Ionic loading of filters of various designs. Typically,
wastewater is treated by passing it through an ion
exchange medium with cations (H") and anions (OH)
in sequence. When strong and weak acidic anions are
present in the water, ion exchange occurs in two stages:
first with a weakly basic anionite to remove strong
acidic anions, and then with a strongly basic anionite to
remove weak acidic anions. In the process of wastewater
treatment, the ionite is saturated with cations and anions
through the following reactions (1, 2):

(1)
2)

Prior to loosening, the saturated ionite is regenerated
with clean water at an intensity of 3—5 dm’/(sec-m?).
Cationic acids are regenerated in 2—-8 % solutions of
mineral acids, while anionic acids are regenerated in
2-6 % solutions of caustic alkalis. These processes can
be represented by the following reactions (3, 4):

nR-H+ Me"" =R —Me+nH",

nR—-OH + An" =R, - An+nOH" .

R, —Me+nH" =nR—- H + Me"" ,

€)
(4)

After regeneration, the ionite is washed. The solution
produced during the ion exchange process is further
processed to recover and neutralize valuable chemicals.

The advantages of ion exchange are high quality waste-
water treatment, ease of operation and maintenance, low
energy consumption and the ability to reuse up to 95 % of the
treated water. However, this method also has disadvantages,
such as the high cost of reagents required for ion exchange,
a large area and high salt concentration in wastewater. The
salts accumulated because of the exchange cannot be dis-
charged directly into the sewerage system. They must also
be brought to MPC standards or sent for disposal [7].

Electroflotation method. The process of removing
suspended particles from a liquid using bubbles generated

R, — An+nOH =nR—-OH + An"".
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during electrolysis is called electroflotation. During
electroflotation, gas bubbles generated by electrolysis
and suspended in the liquid interact with contaminant
particles, causing the particles and gas bubbles to adhere
to each other due to the low surface energy at the liquid-
gas interface. The resulting flocculant has a lower density
than water, which facilitates its transport to the surface
of the liquid, where a suspended sediment accumulates
and is periodically removed from the equipment [8].

The electroflotation method involves the physical
and chemical processes of bubble formation during
electrolysis, the adhesion of bubbles and contaminant
particles, and the transfer of the formed flocculant to the
surface of the treated liquid.

The efficiency of the flotation method can be improved
by increasing the surface area of the bubbles and the area
of contact with the particles. Smaller bubbles increase
the overall surface area and reduce the distance between
the particles and bubbles, increasing the likelihood of
collision between them. In electroflotation, the bubbles
are 100 microns or smaller, resulting in a higher degree
of purification compared to conventional flotation [9].

The main actor in electroflotation is the hydrogen
bubbles released at the cathode. The size and density
of hydrogen bubbles depend on the composition and
temperature of the process solution, the surface tension
of the electrode-solution interface, the material, shape
and roughness of the electrode, and the current density.
By changing these parameters, it is possible to adjust
the size and density of gas bubbles during electrolysis,
i.e., the technological process of water purification in
accordance with the nature of the contamination [10].

The negative charge of hydrogen bubbles creates an
excess of OH™ ions in the cathode cavity, which helps to
repel bubbles from the electrode surface. The higher the
electric field strength and the magnitude of the electrode
charge, the greater the force that repels the bubbles from
the electrode, and the smaller the bubbles. The greater
the surface roughness of the electrode, the greater the
electric field roughness. The electric field strength is
higher at protrusions, corners and small radius wires
and rapid growth and separation of small bubbles can be
expected due to the increase in current density.

The saturation of liquid hydrogen bubbles is directly
proportional to the cathodic current density and inversely
proportional to the density and radius of the hydrogen
bubbles (i.e., their growth rate).

The optimum current density depends on the physical
and chemical properties of the system and should
generally not exceed 3 A/dm? when treating wastewater
from insoluble impurities [11].

Electrochemical modules for deep post-treatment
are designed to remove small ions from wastewater
in the presence of various anions, in the ratio of any
component. The module is based on the electroflotation
removal of insoluble compounds of heavy non-ferrous
metals, mainly in the form of phosphates, by flotation
with hydrogen and oxygen bubbles separately or in a

mixture at pH 7—10. The use of titanium anodes with an
insoluble oxide coating ensures high quality treatment
without secondary water pollution. Floating sediment is
removed from the electroflotation cell using a filament
collector [12].

The advantages of the electroflotation method include
treatment in accordance with the MPC requirements, low
reagent consumption, ease of operation, small equipment
footprint and removal of grease, oil products and suspended
solids. The disadvantages of this method are the following:
insufficiently high performance of the electroflotation unit,
emissions of H, bubbles, electrode and maintenance costs,
and significant sedimentation [13].

Electrodialysis method

Wastewater treatment by electrodialysis involves
the removal of dissolved mineral salts, acids, alkalis,
and radioactive substances in a multi-chamber device
(electrodialyzer) under the influence of direct current.
This method is also widely used for brine desalination. It
is used to treat wastewater from fluorine and chromium
compounds with a desalination rate of 75-80 %.

Impurities can be removed from wastewater by
arranging several membranes through which positively
or negatively charged ions alternately pass. These
membranes form a concentration chamber and a
desalination chamber. Ions are concentrated in one
chamber and removed in the other (Fig. 2). [14].

Anode Cathode

Drainage

Purified water

Fig. 2. The process of electrodialysis.
K — cationic membrane; A — anionic membrane;
(-) — cathode, (+) — anode

The electrodialysis cathode is made of stainless steel
or titanium, and the anode is made of coated titanium or
graphite. The service life of the membrane depends on
the degree of pollution of the wastewater with suspended
solids and ranges from 2 to 5 years [15].

The electrodialysis complex is periodically cleaned
with sulphuric acid. This ensures that the electro-dialysis
plant remains operational and prevents excessive
electrical resistance due to the formation of a salt film
on the membrane.
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"from the outside in"

"from the inside out"

Fig. 3. Type of filtration through an ultrafiltration membrane

The advantages of the electrodialysis method are
purification to the MPC level, return of up to 60 % of
the purified water to the recycling cycle and recycling of
valuable components [16—18].

The disadvantages of this method are the need for
pre-treatment of wastewater from oils, surfactants,
solvents, organic matter and hardness salts, high energy
consumption, high cost of membranes, complexity of
operation and sensitivity of membranes to changes in
wastewater parameters [19].

Ultrafiltration

Ultrafiltration is a membrane separation process
designed to purify water from impurities up to
0.01-0.1 microns in size. The average operating pressure
for this technology is 2—3 MPa. The average pore size
of an ultrafiltration membrane is 0.01-0.03 microns.
The driving force behind ultrafiltration is the pressure
difference between the two sides of the membrane
(operating pressure and atmospheric pressure) [20].

Ultrafiltration membranes are used to retain colloidal
and high molecular weight substances, bacteria, and
viruses. However, since any salts dissolved in the
water pass through them, this process is often used
as a pretreatment step before reverse osmosis or ion
exchange [21].

Organic and inorganic polymeric materials are
used to make membranes. Ceramics and cermet are
common inorganic materials. Polyester sulphone
(PES), polystyrene (PS), polyacrylonitrile (PAN) and

polyvinylidene fluoride (PVDF) are the best organic
polymers. They have good permeability, are easily
modified, hydrophilic, and have high mechanical
strength. The problem with such membranes is their low
thermal stability [22].

The main types of membrane elements are hollow-
fiber, tubular, flat frame and roll membranes. Hollow-
fiber and tubular membranes are characterized by the
highest specific capacity and compactness. They are
also designed to ensure efficient membrane surface
regeneration [23].

There are two types of filtering configurations: «from
the outside in» and «from the inside out» (Fig. 3). The
main advantage of the first type is that the surface of
the fibers can be cleaned with air, which reduces the
consumption of reagents for membrane cleaning.
Pressurized air blowing loosens contaminants on the
membrane surface and facilitates their removal [24].

Mechanical and colloidal contaminants are removed
by backwashing the membrane, biological contaminants
by oxidant backwashing, inorganic contaminants by acid
cleaning and organic contaminants by alkaline cleaning.

The advantages of water purification by ultrafiltration
are the automation of the process, the ability to remove
many contaminants (colloids, polymeric substances,
bacteria, and viruses) simultaneously, low reagent
consumption, small equipment area and relatively low
electricity consumption. The disadvantage is that it does
not remove dissolved inorganic substances [25].
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