u] =,

Ocmannim wacom 3nauna yeaza npuodiasiemvcs po3poo-
Ui KOMNIEKCHOT nepepooKu NPOMUCIOBUX CMIMHUX 600, WO
3a0e3nenye aK HANEHCHUU CMYNiHL OMUCMKU O Opeaniza-
uii 060pomno20 6odonocmauanns, max i nooaLGUWY Ymu-
Jizauiro 8i0x00ie ouuwenns 6oou. Ilpedcmasneno yoocko-
Hanenui npouec pepumusauii, AKuil 0036036 3MeHUWUMU
BUXIOHI KoHueHmpauii ionie Hixeo y 6i0NPauboBaAHUX eleK-
mponimax wnixenoeannusn 3 50—100 2/0m> 0o <0,2 mz/0:5.
Po3pobaeno excnepumenmanvnuili gpepum-peaxmop 3 6uxo-
PUCMAHHAM MPAOUUITIHO20 MEPMIMHOZ0 MA eNeKMPOMAZHINM -
HO020 iIMRYNBLCHO20 CNOCOOY axmusauii npouecy pepumuzauii
6 dianasoni zenepyrouux wacmom 0o 0,9 xl'y. Bcmanogsaeni
enepzemuuni nepeeazu GUKOPUCMAHHS eNeKMPOMAZHIMHOT
IMIYABCHOT axmusayii 6 NOPiGHAHHI 3 6UCOKOmMeMnepamyp-
noto. [locaioxceno Kinemuxy eunyuenns iomie Hikeao ma
3aniza 3 600nux posuunie. Excnepumenmanvio euznaueno
6NJIUG OCHOBHUX MEXHOI0IMHUX napamempis Qepumusayii
npu pisnux cnocobax axmueauii. Haiiepexmueniwi pesyo-
mamu oHUCmKYU BUCOKOKOHUECHMPOBAHUX CMIMHUX 600 OYau
docsienymi i3 3ACMOCYBAHHAM €JEKMPOMAZHIMHOZ0 IMNYTb-
cnoz20 (T=20 °C) ma mepmiunozo (T=70 °C) cnocobie axmu-
sauii npouecy epumuzauii npu 6uxioHoMmy CnieeiOHOULEHHT
xonyenmpauiii Fe**/Ni** 6 mescax 3/1-4/1, cymapniii xon-
uenmpauii ionie eaxcxux memanie 20—25 2/0m>, nouamrxo6o-
my pH peaxuiiinoi cymiwi 9,5, mpueanocmi npovecy epu-
muszauii 15 x6. Buxonano docaidxcenns pazo6020 ckaady i
Qizuunux enacmusocmeii ocadie Qepumusauii. 3oilicrneno
nopienanvnuil ananiz 06’emieé ocaodié npu pisnux cnoco-
oax ywinvnenns. Ocaou 30e6inbW020 XAPAKMEPUIYIOMBCA
KpUCmaniunoo cmpyxmyporo, Qepomazuimuumu eaacmu-
eocmamu i 3naunoro ximiunoro cmiiixicmo. Ile 3abesneuye
peanvii exoN0ZiMHI WAAXU YMUI3auii, wo 0036096 YHUK-
HYmu empam uinH020 Ma 600HOUAC MOKCUUHOZ0 Memay —
Hixemo. 3anpononoganuii KoMnaexcHuii npouec nepepoo-
Ku piokux npomucnosux e6ioxodie 3anobizae 3abpyonen-
HI0 HABKOMUWMHBL020 cepedosua, 3abe3neuye edexmusne i
PauioHanvHe BUKOPUCMAHH 600U, CUPOBUHU MA eHep2ii 6
cucmemi 2anb8aNIMH020 UPOOHUYMEA

Kmouosi caosa: owucmrxa cmivnux 600, pepumuszauis,
nPOMUCN06 SUPOGHUUMEA, eeKmPONiMmU HiKeaAl06aAHHS,
savicki memau, 6i0x00u, ymuaizauis
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1. Introduction

Protection of water resources from depletion and pollu-
tion is one of the most important environmental problems.
Toxic wastewater of galvanic production, as well as the
waste of water treatment, is of particular danger to humans,
which is related to the cancerogenic and mutagenic action of
heavy metal compounds. The wastewater of electroplating
production contains significant amounts of highly toxic
nickel compounds, whose share reaches 20 % of the total
content of heavy metals. Discharge of this wastewater into
the environment, in addition to the environmental damage,
leads to the loss of a valuable metal, whose natural sources
are limited. It is known that the highly concentrated used
solutions (electrolytes, eluates of ion-exchange filters) make

up approximately 5 % of the total volume of all wastewater
of galvanic production. At the same time, the content of
pollutants in the concentrated wastewater exceeds 70 % of
the total mass [1]. That is why it is important to employ the
comprehensive treatment of wastewater from electroplating
production with the closed resource circulation systems,
which makes it possible to create the local systems of water
treatment directly at a specific production area, specifically
at the nickel plating line.

Analysis of the existing methods of treatment of electro-
plating production wastewater showed that, despite their
diversity, the ion exchange, sorption, membrane, electro-
chemical methods are widely used in practice, while the
reagent method is the most common [2]. The essence of this
method is in binding the heavy metal ions by hydroxides of




Ca, Na, or Na carbonate, with the deposition of compounds
that are difficult to dissolve. Its main disadvantages are not
only the enhanced consumption of reagents, but also a low
degree of wastewater cleaning from the ions of heavy metals.
In addition, volumetric precipitates of reagent purification of
wastewater are chemically unstable and poorly dehydrated,
which considerably complicates and raises the cost of subse-
quent disposal.

The ferritization method is promising for the treatment
of electroplating production wastewater [3]. Using this
method makes it possible to receive almost insoluble com-
pounds of iron and other heavy metals (M) as a result of
treating their ions with the alkaline reagent (1) and oxygen
from the air (2):

xM** +(3-x)Fe** +60H™ — M, Fe;_, (OH),, 1)
M, Fe,  (OH), +0,50, —M,Fe, O,+3H,0. (2)

This method provides for a high degree of wastewater
cleaning from the ions of heavy metals, as well as the pos-
sibility of environmentally-safe disposal of insignificant
waste volumes, which are formed during treatment. The
effectiveness of industrial application of these processes is
determined by a substantial saving of materials, reagents,
and the use of standard equipment. Given the significant
number of electroplating industries in the world and par-
ticularly in Ukraine, effective and economical removal of
heavy metal ions from wastewater is an extremely urgent
problem. Solving it will improve the sanitary-hygienic state
of the environment and will ensure the appropriate economic
effect as a result of the rational use of water, raw materials,
and energy.

2. Literature review and problem statement

The feasibility of application of the ferritization method
for wastewater at a nickel plating line is predetermined by
the simultaneous content of nickel and iron compounds in
them. In recent years, numerous studies on the treatment
of wastewater and technological solutions by ferritization
were carried out. The process of extraction of cobalt ions
from concentrated solutions was explored in paper [4]. In-
clusion of Co*? ions into the ferrite structure and chemical
stability of sediments was indicated. The optimal condi-
tions of ferritization of diluted multi-component solutions
of heavy metals were determined in article [5]. However,
in these publications and works by other authors, model
solutions rather than actual wastewater of electroplating
production were studied. The process of ferritization for
cleaning washing wastewater at a copper plating line was
applied in paper [6], while ferritization of concentrated
copper-containing wastewater was explored in article [7].
In these studies, it was revealed that the main factors, af-
fecting the progress of the wastewater treatment process,
are the values of pH, temperature (T) and duration (¢) of
the ferritization process, as well as the original concentra-
tions of heavy metals (Cs) and the ratio (Z) of these concen-
trations. However, information about the studies of com-
plex ferritization of recycling of depleted nickel-containing
electrolytes and concentrated technological solutions with
the disposal of formed waste of water treatment was not
found in the literature.

It should be noted that wastewater treatment by fer-
ritization is typically performed at the temperature above
60 C and additionally requires the use of a large quantity
of iron compounds. Thus, the traditional thermal method
of the process activation is power- and resource consuming
[8]. Activation by electromagnetic pulsed discharges can
be an alternative to thermal activation. But the authors of
paper [9] used high power discharges, which are essentially
power consuming. That is why further improvement of the
ferritization method, which is aimed at minimizing power
and reagent resources, can be considered a way to solve
the problems of saving power and resources at the galvan-
ic production. That is why a comprehensive research into
cost-effective recycling of electroplating wastewater, which
provides the necessary effect of water purification from the
heavy metal ions and safe disposal of nickel-containing sed-
iments, is relevant.

3. The aim and objectives of the study

The aim of this study is to conduct experimental research
into determining the influence of technological parameters
of the ferritization process, as well as the techniques of its ac-
tivation on quality of the comprehensive treatment of highly
concentrated wastewater from a nickel plating line.

To accomplish the aim, the following tasks have been set:

—to conduct experimental studies of the basic techno-
logical parameters of cleaning depleted electrolytes of nickel
plating from ions of heavy metals in various methods of acti-
vation of ferritization process;

— to explore the kinetics of extraction of iron and nickel
ions from aqueous solutions by means of ferritization;

— to study experimentally physical and chemical proper-
ties of deposits of water treatment by ferritization;

— to perform economic substantiation of the developed
processes of treatment of electroplating production waste-
water.

4. Materials and methods to study the comprehensive
treatment of nickel-containing wastewater

Two laboratory set-ups were developed. The first one was
to study the process of cleaning wastewater by ferritization
at temperatures of 20-70 °C [10]. The scheme of the second
set-up for carrying out experiments with the use of electro-
magnetic pulse activation of the process at the temperature
of 20 °C is shown in Fig. 1. Mode characteristics are: an
electromagnetic signal was composed of a package of pulses
(16 pulses in the package), the interval between the pack-
ages was 1,300 milliseconds, the period between pulses was
20 ms, pulse duration is 35 ms.

The depleted technological solution of nickel plating
baths at one of the industrial enterprises in Kyiv (Ukraine)
was applied in the laboratory experiments. The composition
of the original electrolyte of nickel plating is presented in
Table 1. The concentration of ions of heavy metals in the
depleted electrolyte was: Ni** — 67.9 and Fe?" — 0.12 g/dm?,
respectively. For implementation of the ferritization process,
solution of sulphate of iron (II) of concentration within
7.8-36.7 g/dm?, and 25 % sodium hydroxide was added to
establish the desired pH value. The ferritization process was
implemented in the periodic mode.



Fig. 1. Structural diagram of the laboratory set-up with
electromagnetic pulse activation of the ferritization process:
1 — electronic unit-casing; 2 — pulsators; 3 — reactor;

4 — treatment solution; 5 — air distribution system;

6 — compressor

Technological parameters in the experiments varied in
the following range:

— total concentration of ions of heavy metals Cy=11.7—
-30.41 g/dm?;

— ratio of concentration of ions Fe?* and Ni** Z=2-6;

— magnitudes of pH are 8.5-10.5; duration of treatment
process T=5—15 min.

Planning of four series of experiments are shown in
Table 2.

Table 1
Composition of the electrolyte of nickel plating
Components Concentration, g/dm? pH
NiSO47H,0 230...320
NiCly 6 H,O 40...60
H3BO: 25..40
o 35.55
Saccharine 0.8..2.0
1.4-butadinol 0.2..0.5
Chloramine B 2.0..2.5
Table 2

Conditions for conducting experiments for recycling the
depleted electrolyte of nickel plating

No. of Total con- Ratio of Duration| Bub-
. centration of | concentra- . . .
series of | . . . of ferri- | bling

.| ions of heavy | tions of ions | pH L
experi- ot tization, | (Oy),
ment metals, (Cy), | of Fe?" and (t) min. | m3h

g/dm® | Ni%*, (2) R

1 12+32 2 9.5 15

2 22 2+6 9.5 15
0.12

3 22 2 8.5+10.5 15

4 22 2 9.5 5+25

Concentrations of iron and nickel ions in purified waste-
water were determined on the volt-amperemeter analyzer
AVA-3 (Burevestnik, Russia).

The quality of wastewater treatment was established ac-
cording to the degree of its purification, which is calculated
from formula:

a=(Cpy—C,.)100% / C, .. 3)

where Cyig and C,, are, respectively, the original and re-
sidual concentration of nickel irons in wastewater, mg/dm?.

The sediment, obtained after ferritization was compacted
under usual conditions (gravitation field) for 1 day and in
the centrifuge OPn-8 (UCL 4.2) with the rotor RU-180 L
(Dastam M, Russia) at separation factors (Sf) of 900 and
3,600 within 2 min. Separation factor was determined from
formula:

n*-R
900 ’

2.
CDP:LRE
8

)

where o=nn/30 is the angular velocity of the drum, m/s; R is
the radius of the rotor, m; g is the free fall acceleration, m/s;
n is the drum rotation frequency, rpm. The values of n were
3,000 and 6,000 rpm.

Structural analysis of sediment samples was conducted
with the use of the method of powder X-ray diffractometry
on the automated diffractometer XRD-6000 (Shimadzu,
Japan). We used CuKa-radiation with the wave length of
1.54 A and arc graphite monochromator, voltage in the tube
was 40 kV, current 30 mA; the mode of continuous scanning
was at the rate of 1,2°/min.; angular range of research (20)
was from 5 to 90°; sample rotation rate was 30 rpm. Diffrac-
tograms were deciphered with the help of database ICCD
PDF2+ — 2003 (The International Centre for Diffraction
Data, the USA) and software Match V.1.9a (Crystal Impact,
the USA).

To study the microstructure of samples of sediments, the
scanning electronic microscope-analyzer REMMA-101A
(SELMI, Ukraine) was used.

Calculation of the amount of consumed thermal power
when using the thermal way of the process activation was
performed using formula:

W=C-V(T,-T), (6))

where C is the specific thermal capacity of water; V is the
volume of wastewater, m3; T; and T, are respectively the tem-
peratures of the original and heated water, °C.

The calculation was carried out taking into consider-
ation efficiency for electric heating, which is 95 %. For the
electromagnetic pulse method of the process activation,
the amount of consumed electricity was determined by the
passport power device of the device that generates electro-
magnetic pulse discharges.

5. Results of research into comprehensive treatment of
depleted electrolytes of nickel plating

5. 1. Treatment of highly concentrated nickel-contain-
ing solutions

The results of experimental studies of determining the
influence of the basic technological parameters of ferritiza-
tion process are the following: pH, Cs, Z and t on effective-
ness of treatment of depleted electrolytes of nickel plating
for different ways of process activating was shown in Fig. 2.
The obtained data indicate that at all the studied values of
technological parameters, residual concentration of nickel
ions in the treated solution was within the range from 0.1 to
1.2 mg/dm?.

Dependences, shown in Fig. 2, indicate that an increase
in total content of ions of heavy metals in the original re-
action mixture leads to increased residual concentrations
of nickel ions after ferritization regardless of the way of the



process activation. It should be noted that the total content
of ions of heavy metals in depleted electrolytes of nickel
plating does not significantly affect the degree of wastewater
purification.

Analysis of the conducted studies of ferritization
treatment of wastewater in a wide mole range of original
ratios of concentration of nickel to concentration of iron
(2-6) showed that it was possible to achieve the best
result within the rations of correlation of Ni%*/Fe?* from
3/1 to 4/1 (Fig. 2, b).

When analyzing the impact of the pH magnitude of
the original reaction mixture on the quality of ferritization
wastewater treatment (Fig. 2, b), one can observe the ten-
dency to a decrease in residual concentration of nickel ions
at an increase in magnitudes of pH in the range of 8.5-10.0
for all techniques of activation.

Fig. 2, d shows kinetic dependences of removal of nickel
ions from the depleted electrolyte. For all cases of activation
of ferritization process, residual concentration of metal ions
in the solution decreases within the first 15 minutes of the
ferritization process and does not change during the further
experiment both for thermal and electromagnetic pulse
methods of activation.

1,2
L1
1
0,9
0,8
0,7
0,6
0,5
04 7 :

C . Ni**, mg/dm?

Table 3
Values of the Fisher criterion (F) of comparison of
experimental and calculated data of kinetics of heavy metal
ions removal from wastewater

The way of activation of ferritization process

High temperature Electromagnetic pulse
Chres, of Ni2", Ces Of Fetot) Ches, Of Ni2*, Ces, Of Fetot,
mg/dm? mg/dm? mg/dm? mg/dm?
229.48 100.68 217.31 22.23

Analysis of the values of residual concentrations of iron
ions in purified water indicates that in all ranges of the
studied technological parameters and at different ways of
activation of the ferritization process, the concentration of
this metal was in the range from 0.1 to 0.35 mg,/ dm?.

5. 2. Study of the properties of sediments
In the process of ferritization at different techniques of
its activation, a black dispersed suspension is formed in the
solution, which is later crystallized with formation, in partic-
ular, of dense ferrite structures. The resulting sediment does
not actually contain either crystalline or adsorbed water
unlike hydroxide and hydrocarbonic
sediments of the reagent wastewater

treatment [14].

Based on the ideas about the
mechanism of the ferritization process
[15], one should expect a rather compli-
cated phase composition of sediments,
in which there are usually various

i8]
w

4 5 6 modifications of oxides, hydroxides
Z (Fe/Ni)  and ferrites of iron and nickel. Indeed,

b the above-mentioned compounds were
detected on all roentgenograms of all
samples of sediments (Fig. 3). Thus,
for the sediment sample of the low
temperature ferritization (Fig. 3, a),
which was obtained at: Cy=22 g /dm?;
7=2; pH=9.5; 1=15 min, the phases
of cubic structure were identified:
of magnetite Fe3O,; with the crys-

8,5 9 9,5 10 10,5 5 10

c

talline lattice 8.39 A and hematite
v-FeoO3 — 8.33 A. These compounds
d have ferromagnetic properties. In ad-

Fig. 2. Dependence of residual concentrations of nickel ions C,.s: @ — on total
concentration of heavy metals in original solution of depleted electrolyte Cs;
b — on the ratio of concentration of ions of heavy metals Z;
¢ — on magnitude of pH; d — on duration of ferritization process 1. 1 — the process
of ferritization at 20 °C, 2 and 3 — with thermal and electromagnetic pulse activation

dition, there were detected diffract-
ed maxima, related to the phase of
iron oxyhydroxide — lepidocrocite
y-FeO(OH) with the lattice param-
eter of 10.48 A, which is also the

of the process, respectively

The mathematical models [12] were proposed to explore
kinetic patterns of removal of ions of heavy metals from solu-
tions. The assessment of adequacy of these models to the ex-
perimental data of wastewater treatment at various methods
of activation was made. According to the tables of the Fisher
criterion [13], by the level of significance of a=0.05 and num-
bers of freedom degrees 1 and 3, the value of F; 5(0.05)=10.3
was found. Because the values of the Fisher criterion Fyo,
were obtained in the comparison of the experimental and
calculated data (Table 3), Feomp>Fi 3 (0.05), the constructed
mathematical models are considered to be adequate with a
probability of 95 %.

ferromagnetic component of the re-

sulting sediment. Various modifica-
tions of NiOOH, Ni(OH)y, and NiO were identified. We
will note that the diffractograms of sediments samples of
thermal and electromagnetic pulse activation of the ferri-
tization process have almost identical view (Fig.3,b). In
these sediments, a higher degree of the crystalline structure
in comparison with a sample of ferritization sediment at
20 °C, which is proved by more intensive and at the same
time lower reflexes. During thermal and electromagnetic
pulse activation, we clearly identified the phase of nickel
ferrite NiFe,O4 with the structure of inverse spinel with
lattice parameter a=8.34 A, as well as the peaks that belong
to compounds Fe3Oy, y-Fe, 03, y-FeO(OH), NiOOH, NiO.



Data from the electronic microscopy (Fig. 4) indicate
the formation of dispersed structures of sediments. In com-
parison with traditional ferritization at 20 °C at electromag-
netic pulse activation of the process, sediment has a high
crystallinity degree with the spinel structure of the matrix.
The porous space contains crystals of irregular shape. The
sample of ferritization sediment at 20 °C has an amorphous
jelly-like structure with some areas, on which nucleation of
the crystalline phases is observed.

The results of research into specific amounts of ferri-
tization sediments (Fig. 5) indicate a high effectiveness of
compaction of the resulting sediment by centrifugation at
separation factor §/=900. Compared to sediments, deposit-
ed in the gravitational field, we will note that centrifugation
increases sediment density approximately by 2 times. At an
increase in Sf from 900 to 3,600, specific volume of sediment
decreased on average by 10 %.

Graphic dependences in Fig. 5, a show that an increase
in Cy leads to an increase in specific volume of sediment at
different ways of suspension activation in the gravitation
field on average by 30 %; at centrifugation with §/=900 and
3,600 — by 20 %. The data in Fig. 5, b show that an increase

in Zleads to an increase in specific volume of sediment irre-
spective of the way of activation in the gravitation field on
average by 25 %; at centrifugation with §/=900 and 3,600 —
by 30 % and 25 %, respectively. The impact of pH of the me-
dium on effectiveness of compaction of resulting sediments
was studied. The data in Fig. 5, ¢ indicate that specific vol-
ume of the formed sediment decreased at an increase in pH
of the reaction suspension irrespective the way of activation
of ferritization process, specifically, at sedimentation in the
gravitation field on average by 15 %; at centrifugation with
S/=900 and 3,600 — by 5 %. As Fig. 5, d shows, at an in-
crease in duration of the ferritization process, compactness
of sediment in the gravitation field by 15 % is observed; at
centrifugation Sf=900 and 3,600 — by 5 %.

It was shown that the most effective results of sediment
compacting were achieved through centrifugation with
Sf=3,600 with the use of the thermal and electromagnetic
way of activation at Z=4/1. Under these conditions, specific
volume of sediments decreased from 40 % to 34 % in compar-
ison with sediment of ferritization process at 20 °C. Humid-
ity of sediments decreased from 82 % to 79 %, respectively,
density decreased from 1.129 g/cm?® to 1.186 g/cm?.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Intensity
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Fig. 3. Diffractograms of sediments of treatment of depleted electrolytes of nickel plating: a — ferritization process at
20 °C; b — with the use of thermal and electromagnetic pulse activation of the process. Identified phases: NiFe,Oy4 (), y-Fe;03
(*), NiO (+), y-FeO(OH) (m), y-Fe,03 (A), NiOOH (¢)

‘WD=18.3mm

29.00kV  x2.00k

Fig. 4. Microphotographs of sediments samples of treatment of depleted nickel plating electrolytes: a — ferritization process
at 20 °C; b — with the use of thermal and electromagnetic pulse activation of process



3. 3. Determining power efficiency

The assessment of power consumption of the treatment
process at various methods of activation and technological
ferritization parameters was performed. The amount of elec-
tricity, consumed by the treatment process is determined by
the duration of the technological stages of the process, such
as dosing, mixing, aeration, heating, and centrifugation. Di-
agrams in Fig. 6 compare power efficiency of the ferritization
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process using electromagnetic pulse method of activation
with the high temperature method at different technological
parameters of the process.

These data demonstrate that ferritization recycling of
solutions of depleted electrolytes of nickel plating using the
electromagnetic pulse method of activation compared with
the thermal method makes it possible to decrease power
consumption by 10-15 times.
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Fig. 5. Dependences of sediment volume V: @ — on total concentration of heavy metals in the original solution of depleted

electrolyte Cy; b — on the ratio of concentration of ions of h

eavy metals Z; ¢ — on magnitude of pH; d — on duration of

ferritization process 1. Sediment was obtained at: o — gravitational sedimentation,
B and y — centrifugation with S/=900 and 3,600, respectively; activation of process:
1 — high temperature; 2 — electromagnetic pulse; 3 — low temperature
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Fig. 6. Diagrams of power consumption (E) for treatment of 1 m3 of depleted electrolyte of nickel plating by the ferritization
technology for: a — total concentration of heavy metals in the original solution of depleted electrolyte Cy;
b — ratio of concentration of ions of heavy metals Z; ¢ — magnitude of pH; d — duration of ferritization process .
Activation of the process: 1 — high temperature; 2 — electromagnetic pulse



6. Discussion of results of research into treatment of
depleted electrolytes of nickel plating

First of all, based on the results of research, it is pos-
sible to conclude about the prospects of application of
the ferrite method for cleaning concentrated wastewater
from the compounds of heavy metals. Compared with the
traditional reagent treatment, this method has undoubted
power and environmental benefits. The ferritization pro-
cess provides for rather high level of cleaning wastewater
from ions of nickel and iron — 99.99 %, which makes it
possible to use purified water in the circulation system of
water supply. In addition, the results of experiments with
the extraction of heavy metals from wastewater indicate
high efficiency of using electromagnetic pulse method
of activation of the ferritization process. At significant
power efficiency, such activation compared to the ther-
mal activation does not worsen the degree of cleaning
solutions of depleted electrolytes from ions of nickel and
iron. For the electromagnetic pulse activation, discharges
of medium power in the range of generating frequencies
of up to 0.9 kHz with pulse duration of 35 ms were used.
Subsequently, we consider it appropriate to examine the
increase an increase in power efficiency of the process
by decreasing the power of discharges of electromagnetic
pulse activation.

Results of the study indicate that it is possible to en-
hance the quality of wastewater treatment by increasing
the value of pH of the original reaction mixture in the
range of 8.5-10.5 at the electromagnetic pulse and ther-
mal activation of the process. This is obviously due to the
fact that the predominant role in extracting nickel ions
from wastewater in the alkaline medium is not played
by sorption of Ni?*, but by crystallization of insoluble
compounds of nickel, including hydroxides, on the surface
of ferromagnetic particles. In this case, effectiveness of
extraction of compounds of heavy metals is especially
influenced by have structure and dimensions of particles
[16, 17].

Analyzing kinetic curves of wastewater treatment
(Fig. 2, d) we can conclude that it is advisable to carry out
the ferritization process within 15 minutes. During this time,
chemically resistant solid-phase products of the reaction are
finally formed. The resulting substances have a dispersed
structure, and therefore good sorption capacity towards
both ions of heavy metals and to organic substances. That
is why sediments of ferritization treatment of electrolytes
can be successfully used to clean washing wastewater of
galvanic production [18]. In addition, due to high chemical
stability of sediments, the ecological ways of their disposal
are real, for example, introduction of alkali concretes to the
matrix, which provides highly reliable encapsulation of toxic
substances [19-21].

The study of the properties of sediments explain why the
best results of ferritization treatment of solutions of deplet-
ed electrolyte of nickel plating are achieved at the ratios of
Fe?*/Ni%** within 3/1-4/1. Obviously, this is due to the
fact that at other ratios, in addition to the formation of
ferrite phase, intermediate solid-phase products of ferri-
tization reaction remain in the sediment, which are lim-
itedly resistant in an alkaline medium [22]. This leads to
a certain increase in residual concentration of nickel ions
in the solution.

The data of the structural analysis of ferritization sedi-
ments (Fig. 3, 4) correlate well with the results of research
into specific volumes of ferritization sediments (Fig. 5) in
view of the fact that sediments with a smaller specific vol-
ume correspond to a better-ordered structure. The results
of studies of specific volumes of ferritization sediments
make it also possible to assess indirectly the ferromag-
netic properties, because the sediment with the minimum
specific volume is characterized by maximum magnetic
susceptibility [23].

Analysis of physical and chemical properties of the
sediments indicates that application of ferritization pro-
cess at 20 °C at sewage disposal plants of enterprises
is environmentally unacceptable, because existence of
chemically unstable phases was identified in the resulting
sediments. This prevents further disposal of resulting
waste of sewage treatment. That is why we consider the
use of such process for wastewater treatment inappro-
priate.

Results of the study make it possible to propose the
technological scheme of treatment of highly concentrated
wastewater from a nickel-plating line, taking into consid-
eration specific features of a particular production In sub-
sequent research, based on the kinetic model, it is possible
to develop the technique of engineering calculation of the
degree of purification of industrial wastewater of electro-
plating production from ions of heavy metals.

7. Conclusions

1. The influence of the basic technological parameters
on the quality of treatment of concentrated wastewater
of a nickel plating line — depleted electrolytes at various
methods of activation of the ferritization process was stud-
ied. It was found that the most effective results of waste-
water treatment are achieved using electromagnetic pulse
(T=20°C) and thermal (7=70°C) techniques of acti-
vation of the ferritization process with the following
parameters: original ratio concentrations of Fe?" to Ni%*
is within 3/1— 4/1; total concentration of ions of heavy
metals is 20-25 g/dm?; original value of pH of the reac-
tion mixture is 9.5; duration of the ferritization process is
15 min. In this case, the degree of wastewater purifica-
tion from ions of heavy metals, which makes it possible
to use water in the circulation water supply system of
enterprises, is achieved.

2. Kinetics of extracting iron and nickel ions from aque-
ous solutions by the ferritization method was explored. The
mathematical dependences, which make it possible to predict
with enough precision the degree of wastewater purification
from ions of heavy metals at the lowest specific energy con-
sumption, were proposed.

3. Sediments of high-temperature and electromagnetic
pulse activation of the ferritization process are character-
ized by the crystalline structure and ferromagnetic prop-
erties. Such sediments compared to waste of traditional
reagent wastewater purification are easily separated on
magnetic filters, have high chemical resistance and capac-
ity for further recycling. The analysis of specific volumes
of sediments shows that the best results of compaction
were achieved by centrifugation with separation factor of
3,600, using electromagnetic pulse or thermal activation



at the ratio of concentrations of ions of iron and nickel of
3/1-4/1.

4. It was found that electricity consumption of elec-
tromagnetic pulse activation of ferritization compared
with high temperature activation decreases by order
of magnitude, which makes it possible to significantly
reduce the costs for ferritization technology of wastewa-
ter treatment, and therefore, makes it attractive for in-
vestments.
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Hocnioncennsn xinemuxu npouecy Diwepa-Tponwa e
documo 8aNCAUBUM 3AB0AHHAM, MAK AK 0AHUl npouec Oydice
uYmaAueuil 00 memnepamypHozo pexcumy, ma xapaKmepuc-
mux kamanizamopy. Taxosc danuii npoyec cynposooxcyemo-
ca 6azamoma NOGIMHUMU Peakuiamu, AKi He2aMUeHo GNJU-
eatomov Ha WEUOKICMb ma cenexmueHicmos peaxuii. Cunmes
Diwepa-Tponwa € anomepHaMueHUM 0HCEPEIOM OMPUMAH-
MA AKiCH020 nanuea He 3 nadpmu, a 3 eéyeiana abo Gioma-
cu. Tomy docnioxncennsn xinemuxu peaxuii Dimepa-Tponwma
cnpamosani Ha NiOBUWEHHS CeeKMUGHOCMI 1| AKMUBHOCMI
Kamanizamopie, 6U3HAMeHH KOHCIMAHM WEUOKOCMI XIMIMHUX
peaxuiil € akmyanoHuMu.

Bubip xamanizamopy € o0num 3 ocnoeénux axmopis, o
énaueaoms Ha Axicmo i 6uxio npodyxmy no cunmesy Diwepa-
Tponwa. [Jns docnidie euzomoseno 06a 3paska Kod6anvmo-
eux xamaanizamopis. Ilepwuii 3pasox xamanizamopy Co/
v-Al,03 Micmumob nanowucmunxu Kobanvmy 001020 po3mipy.
Hpyeuti 3paszox wamanizamopy (Co)/v-Al,O3 ompumanui
MemoooM NPOCOUEHHS HOCIA PO3UUHOM Himpamy Kobav-
my. Kamanizamop ompumanuii memooom npocouenns (Co)/
v-AlL O3 6un6us na nopsa0ox euwy axmueHicmv 6 NOPIGHAHHI
3 monoducnepchum. Oonax monoducnepchHuil xKamanaizamop
NOKA3a6 8UCOKY CeNeKMUBHICHb 3a HUNCHUMU 6Y2T1€600HIAMU.

Jnsa po3paxynxy xinemuxu npouecy Diwmepa-Tponwa ma
015 3HAX00IICEHHA KOHCMANM WEUOKOCMI peaKuiil, Y10 cmeo-
peno npozpamnuii MoOYAb, AKUL PO3POONABCA 6 cepedosuuyi
MS Visual Studio 2017 na moei C# 3 euxopucmanmnam mex-
nonozii .NET Framework v4.6. 3a 0onomozoto po3pobaenozo
npozpammnozo Mooynsa Gyno po3paxo8ano KOHCMAHMU WEUO-
xocmi peaxuii npouecy Diwmepa-Tponwma. Ilpoananizyeasuu
ompumani oani, 6uono, wo 6ioHocHa noxubka Jexcumv 6
Mmescax 2...3 %, wo ceiduumv npo adexsamuicmv 3anpono-
HoBanoi Modeni po3e6’a3Ky 360pomnoi 3adaui Ximiunoi Kine-
muxu. Tomy moxncna 3aceéiduumu, wo dany moodenv po3pa-
XYHKY KOHCMAHM WEUOKOCMI MONCHA BUKOPUCHOB8YE8AMU 015
docaidicenns npouecy Pimepa-Tponwma

Kmouosi cnosa: peaxuia @Diwmepa-Tponwa, xobanvmo-
euil kamanizamop, 360pomua 3a0aua KiHemuxKu, KOHCMaHma
weuoxocmi
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1. Introduction

At present, the processes for obtaining a synthetic liquid
fuel from gases that contain a mixture of carbon monoxide
and hydrogen include the Fischer-Tropsch process (FT-syn-
thesis) [14]. The FT-synthesis is an alternative source for
obtaining high-quality fuel from coal or biomass, rather than
petroleum.

Given a decrease in the oil stocks in the world, mankind
has begun to look for alternative sources in order to obtain
fuel whose production volumes grow every year. Conversion

of synthesis-gas to liquid hydrocarbons using the Fisch-
er-Tropsch process (FT-synthesis) [1—4] is an alternative
technique for obtaining the motor fuel.

The Fischer-Tropsch synthesis is an important tech-
nology, aimed at converting coal, natural gas, or biomass,
into valuable products, such as motor fuels or raw materials
for petrochemicals [1, 3]. The process is named after Franz
Fischer and Hans Tropsch [3, 4], who showed the possibility
of this reaction in 1923, by converting a mixture of carbon
monoxide and hydrogen into hydrocarbons using an iron
catalyst.




