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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 
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Останнiм часом значна увага придiляється розроб-
цi комплексної переробки промислових стiчних вод, що 
забезпечує як належний ступiнь очистки для органiза-
цiї оборотного водопостачання, так i подальшу ути-
лiзацiю вiдходiв очищення води. Представлено удоско-
налений процес феритизацiї, який дозволяє зменшити 
вихiднi концентрацiї iонiв нiкелю у вiдпрацьованих елек-
тролiтах нiкелювання з 50–100 г/дм3 до <0,2 мг/дм3. 
Розроблено експериментальний ферит-реактор з вико-
ристанням традицiйного термiчного та електромагнiт-
ного iмпульсного способу активацiї процесу феритизацiї 
в дiапазонi генеруючих частот до 0,9 кГц. Встановленi 
енергетичнi переваги використання електромагнiтної 
iмпульсної активацiї в порiвняннi з високотемператур-
ною. Дослiджено кiнетику вилучення iонiв нiкелю та 
залiза з водних розчинiв. Експериментально визначено 
вплив основних технологiчних параметрiв феритизацiї 
при рiзних способах активацiї. Найефективнiшi резуль-
тати очистки висококонцентрованих стiчних вод були 
досягнутi iз застосуванням електромагнiтного iмпуль-
сного (Т=20 ºС) та термiчного (Т=70 ºС) способiв акти-
вацiї процесу феритизацiї при вихiдному спiввiдношеннi 
концентрацiй Fe2+/Ni2+ в межах 3/1–4/1, сумарнiй кон-
центрацiї iонiв важких металiв 20–25 г/дм3, початково-
му рН реакцiйної сумiшi 9,5, тривалостi процесу фери-
тизацiї 15 хв. Виконано дослiдження фазового складу i 
фiзичних властивостей осадiв феритизацiї. Здiйснено 
порiвняльний аналiз об’ємiв осадiв при рiзних спосо-
бах ущiльнення. Осади здебiльшого характеризуються 
кристалiчною структурою, феромагнiтними власти-
востями i значною хiмiчною стiйкiстю. Це забезпечує 
реальнi екологiчнi шляхи утилiзацiї, що дозволяє уник-
нути втрат цiнного та водночас токсичного металу –  
нiкелю. Запропонований комплексний процес перероб-
ки рiдких промислових вiдходiв запобiгає забруднен-
ню навколишнього середовища, забезпечує ефективне i 
рацiональне використання води, сировини та енергiї в 
системi гальванiчного виробництва
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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):

( ) ( )2 2
3 6

M 3 Fe 6OH M Fe OH ,x xx x+ + −
−+ − + →

  
(1)

( )3 2 3 4 26
M Fe OH 0,5O M Fe O 3H O.x x x x− −+ → +   (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 Со+2 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 (t) of 
the ferritization process, as well as the original concentra-
tions of heavy metals (СΣ) 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 ºC [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 ºC 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: Ni2+ – 67.9 and Fe2+ – 0.12 g/dm3, 
respectively. For implementation of the ferritization process, 
solution of sulphate of iron (II) of concentration within 
7.8–36.7 g/dm3, and 25 % sodium hydroxide was added to 
establish the desired pH value. The ferritization process was 
implemented in the periodic mode. 
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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 СΣ=11.7– 
–30.41 g/dm3;

– ratio of concentration of ions Fe2+ and Ni2+ Z=2–6;
– magnitudes of рН are 8.5–10.5; duration of treatment 

process τ=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/dm3 рН

NiSO4·7H2O 230…320

3.5…5.5

NiCl2·6 H2O 40…60

H3BO3 25…40

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 
series of 
experi-
ment 

Total con-
centration of 
ions of heavy 
metals, (СΣ), 

g/dm3

Ratio of 
concentra-

tions of ions 
of Fe2+ and 

Ni2+, (Z)

рН

Duration 
of ferri-
tization, 
(τ), min.

Bub-
bling 
(О2), 
m3/h

1 12÷32 2 9.5 15

0.12
2 22 2÷6 9.5 15

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:

   
(3)

where Сorig and Сres are, respectively, the original and re-
sidual concentration of nickel irons in wastewater, mg/dm3.

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

 
2 2

Ф ,
900р

R n R
g

ω ⋅ ⋅
= ≅   (4)

where ω=πn/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 CuKα-radiation with the wave length of 
1.54 Å and arc graphite monochromator, voltage in the tube 
was 40 kV, current 30 mA; the mode of continuous scanning 
was at the rate of 1,2º/min.; angular range of research (2θ) 
was from 5 to 90º; 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 RЕММА-101А 
(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:

 
( )2 1 ,W C V T T= ⋅ ⋅ −   (5)

where С is the specific thermal capacity of water; V is the 
volume of wastewater, m3; T1 and T2 are respectively the tem-
peratures of the original and heated water, ºС.

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, СΣ, 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/dm3. 

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 

 

( )orig orig100 % / ,resa C C C= − ⋅
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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 Ni2+/Fe2+ 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.

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 а=0.05 and num-
bers of freedom degrees 1 and 3, the value of F1,3 (0.05)=10.3 
was found. Because the values of the Fisher criterion Fcomp 

were obtained in the comparison of the experimental and 
calculated data (Table 3), Fcomp>F1,3 (0.05), the constructed 
mathematical models are considered to be adequate with a 
probability of 95 %.

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 

Сres, of Ni2+, 
mg/dm3

Сres of Fetot, 
mg/dm3

Сres, of Ni2+, 
mg/dm3

Сres, of Fetot, 
mg/dm3

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/ dm3.

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  
modifications of oxides, hydroxides 
and ferrites of iron and nickel. Indeed, 
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: СΣ=22 g/dm3; 
Z=2; рН=9.5; τ=15 min, the phases 
of cubic structure were identified: 
of magnetite Fе3О4 with the crys-
talline lattice 8.39 Å and hematite 
γ-Fe2O3 – 8.33 Å. These compounds 
have ferromagnetic properties. In ad-
dition, there were detected diffract-
ed maxima, related to the phase of 
iron oxyhydroxide – lepidocrocite 
γ-FeO(OH) with the lattice param-
eter of 10.48 Å, which is also the 
ferromagnetic component of the re-
sulting sediment. Various modifica-

tions of NiООН, Ni(OH)2, 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 ºC, 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 NiFe2O4 with the structure of inverse spinel with 
lattice parameter a=8.34 Å, as well as the peaks that belong 
to compounds Fе3О4, γ-Fe2O3, γ-FeO(ОН), NiООН, NiO. 
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с                                                 	d  
Fig.	2.	Dependence	of	residual	concentrations	of	nickel	ions	Сres	:	а	–	on	total	
concentration	of	heavy	metals	in	original	solution	of	depleted	electrolyte	СΣ;		

b	–	on	the	ratio	of	concentration	of	ions	of	heavy	metals	Z;		
c	–	on	magnitude	of	pH;	d	–	on	duration	of	ferritization	process	τ.	1	–	the	process	

of	ferritization	at	20	ºC,	2	and	3	–	with	thermal	and	electromagnetic	pulse	activation	
of	the	process,	respectively
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Data from the electronic microscopy (Fig. 4) indicate 
the formation of dispersed structures of sediments. In com-
parison with traditional ferritization at 20 ºC 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 ºC 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 Sf=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, а show that an increase 
in СΣ 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 Sf=900 and 
3,600 – by 20 %. The data in Fig. 5, b show that an increase 

in Z leads 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 Sf=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, c indicate that specific vol-
ume of the formed sediment decreased at an increase in рН 
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 
Sf=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 ºС. Humid-
ity of sediments decreased from 82 % to 79 %, respectively, 
density decreased from 1.129 g/cm3 to 1.186 g/cm3.
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Fig.	3. Diffractograms	of	sediments	of	treatment	of	depleted	electrolytes	of	nickel	plating:	а	–	ferritization	process	at		

20	ºС;	b	–	with	the	use	of	thermal	and	electromagnetic	pulse	activation	of	the	process.	Identified	phases:	NiFe2O4	(•),	γ-Fe2O3	

(*),	NiO	(+), γ-FeO(OH)	(■),	γ-Fe2O3	(▲),	NiOOH	(♦)

a                                      b		
Fig.	4.	Microphotographs	of	sediments	samples	of	treatment	of	depleted	nickel	plating	electrolytes:	а	–	ferritization	process	

at	20	ºС;	b	–	with	the	use	of	thermal	and	electromagnetic	pulse	activation	of	process	
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5. 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 

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:	а	–	on	total	concentration	of	heavy	metals	in	the	original	solution	of	depleted	

electrolyte	СΣ;	b	–	on	the	ratio	of	concentration	of	ions	of	heavy	metals	Z;	c	–	on	magnitude	of	рН;	d	–	on	duration	of	
ferritization	process	τ.	Sediment	was	obtained	at:	α	–	gravitational	sedimentation,		
β and	γ	–	centrifugation	with	Sf=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	(Е)	for	treatment	of	1	m3	of	depleted	electrolyte	of	nickel	plating	by	the	ferritization	
technology	for:	а	–	total	concentration	of	heavy	metals	in	the	original	solution	of	depleted	electrolyte	СΣ;		

b	–	ratio	of	concentration	of	ions	of	heavy	metals	Z;	c	–	magnitude	of	рН;	d	–	duration	of	ferritization	process	τ.		
Activation	of	the	process:	1	–	high	temperature;	2	–	electromagnetic	pulse	
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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 Ni2+, 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  
Fe2+/Ni2+ 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 ºC 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 ºC) and thermal (T=70 ºC) techniques of acti-
vation of the ferritization process with the following 
parameters: original ratio concentrations of Fe2+ to Ni2+ 

is within 3/1– 4/1; total concentration of ions of heavy 
metals is 20–25 g/dm3; 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 
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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.

Acknowledgements 

Authors are grateful to the Ministry of Education and 
Science of Ukraine for its financial support of the scien-
tific-research project KNUBA 5 DB-2018 and The Sci-
ence and Technology Center in Ukraine for the financial 
support of the project No. 6363, the framework of which 
formed the basis of this study. We thank Prof. A. Vasiliev 
for assistance in preparing of the manuscript. 

References

1. The galvanic productions waste waters and sludges processing with the heavy metals ions extraction / Rubanov Yu. K., Tokach Yu. E., 

Nechaev A. F., Ognev M. N. // European Journal of Natural History. 2009. Issue 6. Р. 79–80.

2. Fu F., Wang Q. Removal of heavy metal ions from wastewaters: A review // Journal of Environmental Management. 2011. Vol. 92, 

Issue 3. P. 407–418. doi: 10.1016/j.jenvman.2010.11.011 

3. Stabilization of copper sludge by high-temperature CuFe2O4 synthesis process / Lu H.-C., Chang J.-E., Shih P.-H., Chiang L.-C. // 

Journal of Hazardous Materials. 2008. Vol. 150, Issue 3. P. 504–509. doi: 10.1016/j.jhazmat.2007.04.130 

4. Stable Incorporation of Co2+ into Ferrite Structure at Ambient Temperature: Effect of Operational Parameters / Petrick L.,  

Dubowski Y., Klas S., Lahav O. // Water, Air, and Soil Pollution. 2008. Vol. 190, Issue 1-4. doi: 10.1007/s11270-007-9597-4 

5. Pritosiwi G. Removal of Metal Ions from Synthetic und Galvanic Wastewater by Their Incorporation Into Ferrites. Harburg: Die 

Technische Universität Hamburg-Harburg, 2012. 194 p.

6. Kochetov G., Zorya D., Grinenko J. Integrated treatment of rinsing copper-containing wastewater // Civil and Environmental 

Engineering. 2010. Vol. 1, Issue 4. P. 301–305.

7. Recovery of copper as zero-valent phase and/or copper oxide nanoparticles from wastewater by ferritization / Heuss-Aßbichler S.,  

John M., Klapper D., Bläß U. W., Kochetov G. // Journal of Environmental Management. 2016. Vol. 181. P. 1–7. doi: 10.1016/ 

j.jenvman.2016.05.053 

8. Treatment of complex heavy metal wastewater using a multi-staged ferrite process / Tu Y.-J., Chang C.-K., You C.-F., Wang S.-L. // 

Journal of Hazardous Materials. 2012. Vol. 209-210. P. 379–384. doi: 10.1016/j.jhazmat.2012.01.050 

9. Electromagnetic Fields for the Treatments of Wastewater: A Review of Applications and Future Opportunities / Yadollahpour A., 

Rashidi S., Ghotbeddin Z., Rezaee Z. // Journal of Pure and Applied Microbiology. 2014. Vol. 8, Issue 5. P. 3711–3719. 

10. Kochetov G., Samchenko D., Naumenko I. Improvement of the ferritisation method for removal of nickel compounds from waste-

water // Givil and Environmental Engineering. 2014. Vol. 5, Issue 4. P. 143–148. 

11. Faber X., Thompson B. Corrigendum to “On the field of definition of a cubic rational function and its critical points” [J. Number 

Theory 167 (2016) 1–6] // Journal of Number Theory. 2016. Vol. 169. P. 439–440. doi: 10.1016/j.jnt.2016.06.002 

12. Kochetov G. M., Samchenko D. N., Potapenko L. I. Kinetics ferritic wastewater treatment // Problems of water supply, drainage 

and hydraulics. 2016. Issue 26. P. 118–122.

13. Lu J., Liu F., Luo X. Selection of image features for steganalysis based on the Fisher criterion // Digital Investigation. 2014. Vol. 11, 

Issue 1. P. 57–66. doi: 10.1016/j.diin.2013.12.001 

14. Galvanic Sludge Recycling with the Extraction of Valuable Components. Middle-East / Tokach Y. E., Rubanov Y. K., Pivo-

varova N. A., Balyatinskaya L. N. // Journal of Scientific Research. 2013. Vol. 18, Issue 11. P. 1646–1655.

15. Structure and properties of nickel ferrites produced by glow discharge in the Fe2+-Ni2+-SO4
2− -OH− system / Frolov L. A., 

Pivovarov A. A., Baskevich A. S., Kushnerev A. I. // Russian Journal of Applied Chemistry. 2014. Vol. 87, Issue 8. P. 1054–1059.  

doi: 10.1134/s1070427214080084 

16. Adsorption of Cu(II) from aqueous solution by using modified Fe3O4 magnetic nanoparticles / Ozmen M., Can K., Arslan G., Tor A., 

Cengeloglu Y., Ersoz M. // Desalination. 2010. Vol. 254, Issue 1-3. P. 162–169. doi: 10.1016/j.desal.2009.11.043 

17. Gawande M. B., Branco P. S., Varma R. S. Nano-magnetite (Fe3O4) as a support for recyclable catalysts in the development of sus-

tainable methodologies // Chemical Society Reviews. 2013. Vol. 42, Issue 8. P. 3371. doi: 10.1002/chin.201326221 

18. Chemical synthesis of spinel nickel ferrite (NiFe2O4) nano-sheets / Gunjakar J. L., More A. M., Gurav K. V., Lokhande C. D. // 

Applied Surface Science. 2008. Vol. 254, Issue 18. P. 5844–5848. doi: 10.1016/j.apsusc.2008.03.065 

19. Applicability of alkali-activated cement for immobilization of low-level radioactive waste in ion-exchange resins / Kryvenko P., 

Hailin C., Petropavlovskyi O., Weng L., Kovalchuk O. // Eastern-European Journal of Enterprise Technologies. 2016. Vol. 1, Issue 

6 (79). Р. 40–45. doi: 10.15587/1729-4061.2016.59489 

20. Krivenko P., Kovalchuk O., Pasko A. Utilization of Industrial Waste Water Treatment Residues in Alkali Activated Cement and 

Concretes // Key Engineering Materials. 2018. Vol. 761. P. 35–38. doi: 10.4028/www.scientific.net/kem.761.35 

21. Radioactivity and Pb and Ni immobilization in SCM-bearing alkali-activated matrices / Alonso M. M., Pasko A., Gascó C., Suarez J. A., 

Kovalchuk O., Krivenko P., Puertas F. // Construction and Building Materials. 2018. Vol. 159. P. 745–754. doi: 10.1016/j.conbuild-

mat.2017.11.119 



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 3/6 ( 93 ) 2018

60

 Yu. Zakharchuk, Yu. Beznosyk, L. Bugaieva, 2018

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. 

22. Alkaline leaching of nickel bearing ammonium jarosite precipitate using KOH, NaOH and NH4OH in the presence of EDTA 

and Na2S / Ntumba Malenga E., Mulaba-Bafubiandi A. F., Nheta W. // Hydrometallurgy. 2015. Vol. 155. P. 69–78. doi: 10.1016/ 

j.hydromet.2015.04.004 

23. Magnetically Recoverable Nanocatalysts / Polshettiwar V., Luque R., Fihri A., Zhu H., Bouhrara M., Basset J.-M. // Chemical 

Reviews. Vol. 111, Issue 5. P. 3036–3075. doi: 10.1021/cr100230z 
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Дослiдження кiнетики процесу Фiшера-Тропша є 
досить важливим завданням, так як даний процес дуже 
чутливий до температурного режиму, та характерис-
тик каталiзатору. Також даний процес супроводжуєть-
ся багатьма побiчними реакцiями, якi негативно впли-
вають на швидкiсть та селективнiсть реакцiї. Синтез 
Фiшера-Тропша є альтернативним джерелом отриман-
ня якiсного палива не з нафти, а з вугiлля або бiома-
си. Тому дослiдження кiнетики реакцiї Фiшера-Тропша 
спрямованi на пiдвищення селективностi i активностi 
каталiзаторiв, визначення констант швидкостi хiмiчних 
реакцiй є актуальними.

Вибiр каталiзатору є одним з основних факторiв, що 
впливають на якiсть i вихiд продукту по синтезу Фiшера-
Тропша. Для дослiдiв виготовлено два зразка кобальто-
вих каталiзаторiв. Перший зразок каталiзатору Со/ 
γ-Al2O3 мiстить наночистинки кобальту одного розмiру. 
Другий зразок каталiзатору (Со)/γ-Al2O3 отриманий 
методом просочення носiя розчином нiтрату кобаль-
ту. Каталiзатор отриманий методом просочення (Со)/ 
γ-Al2O3 виявив на порядок вищу активнiсть в порiвняннi 
з монодисперсним. Однак монодисперсний каталiзатор 
показав високу селективнiсть за нижчими вуглеводнями.

Для розрахунку кiнетики процесу Фiшера-Тропша та 
для знаходження констант швидкостi реакцiй, було ство-
рено програмний модуль, який розроблявся в середовищi 
MS Visual Studio 2017 на мовi C# з використанням тех-
нологiй .NET Framework v4.6. За допомогою розробленого 
програмного модуля було розраховано константи швид-
костi реакцiї процесу Фiшера-Тропша. Проаналiзувавши 
отриманi данi, видно, що вiдносна похибка лежить в 
межах 2…3 %, що свiдчить про адекватнiсть запропо-
нованої моделi розв’язку зворотної задачi хiмiчної кiне-
тики. Тому можна засвiдчити, що дану модель розра-
хунку констант швидкостi можна використовувати для 
дослiдження процесу Фiшера-Тропша

Ключовi слова: реакцiя Фiшера-Тропша, кобальто-
вий каталiзатор, зворотна задача кiнетики, константа 
швидкостi
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