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ABSTRACT

The article presents the quantitative characteristics of multi-tonnage technogenic wastes in Ukraine and the Ivano-
Frankivsk region, which cause environmental pollution. The water silts containing petroleum products are particu-
larly dangerous wastes. It is proposed to recycle them using the method of preparation of the raw mixture in com-
position with the following technogenic wastes: oil sludge, ash, zeolite material, calcium-containing compounds,
and organic mineral binders. They are granulated and subjected to the thermal treatment at low temperatures. The
granular materials made using the oil-containing silt of the model object reduce the negative impact onto the envi-
ronment of the region and increase its level of environmental safety.

Keywords: environment, petroleum products, toxic components, water purification, utilization of oil sludge, zeo-

lite clinoptilolite, wastewater, fly ash

INTRODUCTION

The society development leads to an increase
in the consumption of natural resources, caused
by the occurrence of new technologies and ma-
terials. It also results in the appearance and rapid
increase of technogenic wastes, wastewaters, and
emissions that are dangerous for the environ-
ment; therefore, the problem of waste manage-
ment is urgent not only for Ukraine, but also for
the whole world. The accumulation of anthropo-
genic wastes on unauthorized and unmanaged
landfills and their contact with water resources
lead to the penetration of harmful chemical and
biological elements into the environment, signifi-
cantly reducing the level of environmental safety
of the region.

The main causes of technogenic pollution
include the insufficiently treated wastewaters,
solid technogenic wastes, and emissions of harm-
ful substances into the atmosphere, which are

generated at industrial enterprises as a result of
their production and livelihood of workers. They
have a significant impact onto the health of the
local population, biodiversity, and environmental
safety of the region.

Significant amount of wastes was gener-
ated in Ukraine during 2017 (Prokopenko 2018),
which is equal to about 366,054 thousand tons,
including 1,948.8 thousand tons in the Ivano-
Frankivsk region (6.9 thousand tons with the
compounds of the elements of the 153" classes
of danger and combustion wastes in the amount
of 1,036.3 thousand tons were directed to spe-
cially designated places or objects). For example,
the 204 ha multi-tonnage dump of Burshtyn TPP
with the wastes in the amount of 969.8 thousand
tons pollutes the atmosphere and water resources.
The amount of wastes in the water supply sys-
tem that was generated during 2017 in the Ivano-
Frankivsk region [Blinnikova 2018] is equal to
about 150 thousand tons: 36 thousand tons were
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generated by the wastewater treatment plants of
the Ivano-Frankivsk town and 8.5 thousand tons
were produced by Nadvirna town, including
2.7 thousand tons of oil-containing sludge, stored
in the silt fields or garners of the town oil refinery
and polluting the environment.

The important problems of the Ukrainian oil
refining industry include the disposal of the im-
proper petroleum feedstock and silt that form dur-
ing the treatment of wastewaters with petroleum
products (Dolina 2005, Vdovenko et al. 2015).
They contain a large amount of petroleum prod-
ucts in a suspended form.

The oil-containing sludge is a complex physi-
cal and chemical mixture that consists of petro-
leum products, mechanical impurities (clay, metal
oxides, and sand), and water (Tsymbalyuk 2011).
The composition of this sludge is a stable multi-
component formation, consisting of various pe-
troleum products, as well as water and mineral
inclusions in the form of sand, silt, and metal ox-
ides. They are generated by physical processes,
namely adsorption and absorption, combined
with the property of petroleum products to cre-
ate emulsions with different decomposition resis-
tances. These waste types accumulate in certain
places called sludge ponds, where they come into
contact with the atmosphere, water, and soil and
thus adversely affect the environment. This effect
can be mitigated by the conversion and disposal
of oil-containing silt, wastes of petroleum prod-
ucts, and wastewater sludges that accumulated at
and outside oil refinery.

Transformation of the oil-containing sludge
is an important environmental and economic task
for the petroleum industry (Borodin 2016, Brau-
weiler et al. 2017). This treatment is designed to
conduct waste-free cleaning and disposal, as well
as use standard equipment, cost-effective and en-
vironment-friendly technologies.

There are various methods for the disposal
of the oil-containing sludge. For example, one
of them consists in burning of the oil-containing
sludge by adding it to various building mixtures
as a filler or plasticizer in some energy-inten-
sive industries (Akhmetov et al. 2011, Jamali
et al. 2015).

Currently, there are several methods, used for
silt disposal: decomposition into petroleum prod-
uct, water, and solid mechanical residues with the
help of modern centrifuges, separators, and de-
canters, or burning of partially dehydrated silt in
special furnaces (Jamali et al., 2015, Johnson et
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al. 2019). The principles of their action are de-
scribed below.

There is a method for processing dry or
moistened silt (Vozniuk et al. 2006) by means
of the extraction of petroleum products from the
surfaces of solid-phase particles, using the sol-
vent, which can mix with dry or moistened silt at
the temperature up to 70-80 °C. The petroleum
products are removed and cyclically used to wash
further portions of the sludge and the petroleum
products, remaining after the solvent has been
separated from the squeezed solution; they are
removed from the process as the solid phase puri-
fied residue.

The method for thermal disposal of oil sludge
(Rudiuk et al. 2006) includes the pyrolysis with-
out air access in order to obtain a solid carbon
residue and multi-component steam-and-gas mix-
ture, as well as multi-stage circulation cooling of
the steam-and-gas mixture, its breakdown into
components in the form of condensate of vari-
ous fractions, return of the condensate of greater
fractions, and condensation of the original steam-
and-gas mixture in the original condenser in order
to obtain the pyrolysis gas and liquid fuel.

The method for processing stable oil emul-
sions and old oil sludge (Nazarov et al. 2013)
involves steam heating, reduction of the oil
sludge water content to the level that does not ex-
ceed 50 wt.% and removal of the oil products to
produce mazut.

The unit for oil silt thermal disposal (Ma-
zlova et al. 2001) contains the pyrolysis reactor
with screws, external heating system, loading and
unloading pipe for drainage and steam-and-gas
mixture, cooler steam-and-gas mixture, and out-
put capacitor with water cooling.

The studies cited in Vambol et al. (2015)
present the technologies and equipment for the
disposal of carbon wastes, using the method for
their gasification. The process flow diagram that
allows obtaining gas with high methane content,
sufficient for its use as a motor fuel and fuel gas to
support the process of step-by-step high-temper-
ature treatment of wastes in the thermo-chemical
gas generator and additional gasification in the
plasma gas generator, associated with the emis-
sion of fuel gas, which may be the secondary
energy resource, reducing energy costs, was pro-
posed on the basis of the carried out studies and
obtained results.

The study of fly ash processing is provided
in (Chelyadyn 2018), where “Raw mixture” and
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“Methods for obtaining porous thermal insula-
tion material” that are patented (Chelyadyn et al.
2018, Chelyadyn 2010) were proposed based on
the TPP of the respective fraction. The theoretical
and experimental studies used in the work, con-
cern determination of the optimum composition
of the raw mixture and the properties of the ob-
tained thermal insulation material.

High-strength self-compacting concretes
with the content of fly ash in the binder com-
position up to 55 wt.% and aerated concretes,
where fly ash was used as a filler for obtaining
structural insulated composites, were produced
in works (Stechyshyn et al. 2015, Novosad et al.
2020) using fly ash removal of Burshtyn TPP.

The article (Chelyadyn et al. 2016) shows that
the main direction for reducing the negative im-
pact of technogenic wastes onto the environment,
is their conversion into construction materials
and products. The technogenic wastes are used to
make a mixture with the following ratio, wt.%: fly
ash — 80-85, soda — 5-8, sawdust — 7-9, carbon-
ate wastes — 68, liquid glass — 5-9. The specified
elements are subjected to granulation, thermal
treatment at the temperatures within the range of
80-110 °C, thus resulting in the creation of foam-
silicate materials.

The patent (Chelyadyn et al. 2018) describes
the composition of the raw mixture, which in-
cludes inorganic and organic materials in the
following proportions, wt.%: TPP fly ash — 65.0—
75.0; wastes of carbonate compounds — 5.0—-10.0;
polymer wastes — other.

On the basis of the results of the studies (Che-
lyadyn, Bogoslavets et al. 2016), it was found that
the wastewater sludge with petroleum products of
oil refinery can be used as an energy-efficient ad-
ditive when producing carbon-mineral materials,
studied as a filtering material, sorbent of emis-
sions of contaminated gas, and filler of construc-
tion products during water treatment processes.

It was established (Nadesan et al. 2017; No-
vosad et al. 2009) that the TPP ash slag as a mi-
crofiller causes a decrease in the intergranular
cavity and, when combined with other chemical
impurities, allows obtaining a material with an
increased strength and porosity.

The TPP fly ash and slag wastes contain a
significant amount of silicon oxide (it occupies
the 2" place in the cement mixture) and calcium-
containing compounds, which make the main
constituent part of the cement and affect its qual-
ity (Bogoslavets 2018). The TPP fly ash should be

studied as an effective additive in the process of
cement production.

However, the scale of disposal of the TPP fly
ash and oil-containing sludge that are regenerated
is not more than 15% of the amount formed.

It is known that the cement production pro-
cess is energy intensive and the sludge of the wa-
ter treatment plant contains the hydrocarbons that
produce heat during combustion — it is desirable
to have such a component in the furnace charge of
the energy intensive productions. Therefore, the
raw mixture of the ash slag and refinery sludge
with some other additives can be effective in ce-
ment production.

The objective of the study was to determine
the optimal component composition of the raw
mixture of the oil-containing sludge with techno-
genic wastes and natural additives, as well as to
develop a new technology for its transformation
into a resource-and-energy granular material for
cement production.

MATERIAL AND METHODS

The material was the sludge with petroleum
products and wastewaters, which form at the
treatment plants of Naftokhimik Prykarpattya,
PJSC (Nadvirna town), as well as the fly ash and
sludge wastes from Burshtyn TPP.

In order to dispose of the above mentioned
wastes, it is important to know their average
composition. The sludge content of Nadvirna oil
refinery (NNPZ) is as follows, wt.%: petroleum
products — 20-71; water — 21-66; mechani-
cal impurities — 5-10; other — 2—6 (Vdovenko
etal. 2015; Bogoslavets 2018). The main param-
eters of the samples of the oil and wastewater
sludges from other refineries in Kremenchuk
(KNPZ) and Drohobych (DNPZ) are provided
in Table 1.

The OR oil-containing sludge, TPP fly ash,
and limestone and zeolite mining wastes were
used as the main components for the prepara-
tion of the granular material raw mixture. Some
slag, fly ash, zeolite clinoptilolite, and calcium
compounds were utilized for the disposal of oil
sludge with obtainment of granules and their
subsequent use.

The chemical composition of raw materials is
presented in Tables 2 and 3.

The quantitative analysis of the materials
was carried out, using the ARL-9800 wave X-ray
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Table 1. Average composition of individual sludge samples with petroleum products from oil refineries

Object name
Component
NNPZ KNNZ DNPZ

Sample name SL1 SL2 SL3 SL4 SL5 SL6 SL7 SL8 SL9
Petroleum products, % 20.2 57.3 70.8 56.2 60.9 62.5 35.1 495 63.4
Water, % 65.5 28.4 21.7 30.2 241 20.3 37.9 35.7 21.8
Mechanical impurities, % 10.6 8.1 5.5 8.4 10.1 9.4 19.8 11.5 8.3
Traces, % 3.7 6.2 2.0 5.2 4.9 7.8 7.2 3.3 6.5
Table 2. Average chemical composition of the TTP wastes

Waste Component, % SiO, ALO, Fe,O, Na,O CaO MgO K,0 Héta:rr;d
Slag 514 20.3 10.8 0.3 25 1.2 2.2 5.6
Fly ash 48.46 24.90 15.93 2.73 1.54 1.96 3.45 1.03

fluorescence spectrometer, factory number 262XP
(Thermo Electron Co, Switzerland).

The composition of the raw mixture for ce-
ment production (except fly ash and sludge with
petroleum products) should contain some min-
eral supplements such as zeolite clinoptilolite
and calcium compounds for sorption of moisture
and some metals that are offered to be converted
into the cement mixture energy granular additive.
Such additives will reduce the silt moisture and
increase the calcium content, which is a major ce-
ment component. It is known that the substance
absorption intensity increases along with the ef-
fective specific surface of the layer and contact
area of the phases when the grain diameter of the
sorbent (zeolite clinoptilolite) decreases. The pre-
prepared zeolite rock samples in the dropout frac-
tion of 0+1 mm were used for the experiments.

Taking into account the fact that the granu-
lation process is best conducted in a screw de-
vice and it requires a viscous feedstock, car-
boxymethylcellulose was studied as a binding
substance because it has adhesive properties.
The general formula of CMC is [C.H O,(OH),.
(OCH,COOH),] , where x = 0.08-1.5.

The proposed method for the disposal of the
technogenic wastes includes mixing of the ma-
terials, their granulation, and thermal treatment
(Fig. 1).

The technology for the conversion of the silt
with petroleum products is proposed to be as fol-
lows. The first stage of the technology consists
in mixing of fly ash (A), oil sludge (B), carbon-
ate compounds (C), zeolite flour (D), and binding
component (F).

A laboratory mill was used to mix fly ash, zeolite
flour, calcium compounds, and petroleum wastes in
certain proportions. The next technological opera-
tion of the proposed method is the formation of a
mixture of the products, using a screw granula-
tor, which is directed for thermal treatment during
1.5-2 hour at 30-55 °C. The process of the granules
treatment was carried out in a laboratory furnace.

The main indicators of the physico-mecha-
nical tests of the obtained granular porous mate-
rials were conducted according to the methods
given in (DSTU B V.2.7-264:2011). The ave-
rage density and water absorption of the obtained
porous materials, based on wastes, was deter-
mined according to (DSTU B V.2.7-170:2008)

Table 3. Average chemical composition of technogenic production wastes and other additives

Component, % so, | A, | FeO, | CaO | KO | PO, | CH 2
L|me_stone debris siftinged 15 05 0.2 69.6 0.04 ) } 349
fractions 020 mm

Sludge of water purification 6.6 1.5 2.2 1.2 0.9 - 57.5 30.1
Zeol_lte clinoptilolite siftinged 715 131 09 21 503 0.03 ) 734
fractions 0+1 mm

Carboxymethyl cellulose

(CMC)* - - - - - - 91.0 9.0

* Contains traces of heavy metals (Fe, Pb, Cu, Zn and other elements).
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Fig. 1. Schematic diagram of processing of the oil-containing sludge and other
technogenic wastes: 1 — sludge collector; 2 — sludge pump, 3 — material mixer,
4 — screw granulator, 5 — bins for bulk materials, 6 — thermoelectric apparatus.

and the strength was calculated according to
(DSTU B V.2.7-214:20009).

The granules were subjected to compression
by a cylinder plunger in order to determine the
compressive strength with the help of the load,
corresponding to the plunger immersion by
20 mm into the layer of the tested granule sample.
The strength tests were performed, using a hy-
draulic press with the maximum force of 50 kN.

RESULTS AND DISCUSSION

The results, obtained with the help of the ap-
probation laboratory tests of the processing of the
oil-containing sludge from different industry sec-
tors, are shown in Table 4.

In order to determine the effect of the CMC
flow rate and duration of drying of the granules
on their characteristics (bulk density of the gran-
ules and their strength), experimental studies
were carried out in accordance with the plan of
the two-factor and three-level experiment (Dvor-
kin et al. 2011), the variables of which are the
CMC flow rate (X, = 2; 4; 6 wt.%) and duration
of drying of the granules at the temperature of
40 °C (X, = 1.0; 1.5; 2.0 hours).

The essence of the experiments planning,
using the mathematical method, consists in es-
tablishment of the mathematical relationship be-
tween the specified properties, composition, and
technological parameters of obtainment of the
materials.

The method of orthogonal central composi-
tional planning provides a mathematical descrip-
tion of the process in the form of the following
regression equation:

Y - B0+B1X1+ BZX2+ B12X1X2+ B11X12+ B22X22’
where: Y— bulk density of the granules and their
strength;
X, — consumption rate of the CMC;
X, — duration of drying of the granules at
the temperature of 40 °C; B, B, B,, B ,,

B,,, B,, — regression coefficients.

The main characteristics of the experiment
plan, planning matrix, compositions of the raw
mixtures, and results of the experiment are provid-
ed in Tables 5 and 6. The following control param-
eters were selected when planning the experiment:
Y, and Y, — bulk density of the granules and their
strength respectively.

The regression coefficients were calculated,
using the computer technology according to the
algorithm of the program, especially developed
in the Microsoft EXCEL spreadsheet, which

Table 4. Component ratios, process parameters, and material indicators

Nur:fber The composition of the mixture, g Temp§rature, Time. hour Strength, dfnus”iiy, Porosity, %
sample A B C D F C MPa kg/m?

1 52.8 16.4 20.8 19.0 19.0 30 1.0 1.38 597 38

3 51.6 13.9 19.9 14.7 14.7 35 1.0 2.76 585 33

5 53.8 15.0 224 13.0 13.0 40 1.0 1.22 612 31

6 453 18.9 245 1.4 11,4 40 1.5 2.22 574 34

7 48.0 15.8 20.8 15.4 15.4 40 1.5 2.89 568 35

8 41.8 14.2 19.9 151 15.1 45 1.5 2.22 521 36

9 58.5 15.8 245 16.4 16.4 50 2.0 2.02 534 37

10 60.4 15.8 24.5 17.4 17.4 55 2.0 2.31 608 30
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Table 5. Experiment plan that is typical of the CMC
influence onto the flow rate and duration of drying of
the granules onto their bulk density and strength

Factors
Drying duration of
Characteristics | Flow rate of the granules at a
CMC o
X)) temperature of 40°C,
1 hour (X,)
Basic level “0” 2 1
Lower level “-1” 4 1.5
Upper level “+1” 6 2
Variation interval 2 0.5

utilizes the matrix approach to analyze regres-
sion and find the coefficients of the regression
equations (Table 7).

The analysis of the regression coefficients
is necessary to draw a number of technological
conclusions.

Thus, the positive values of the coefficients
B, and B, are indicative of the positive effect of
drying and CMC on the strength of the granules.
Conversely, the negative values of the coeffi-
cients B | and B,, indicate the negative effect of
the CMC content increase and drying time both
on the strength and the bulk density of the gran-
ules. The isoparametric surfaces of change of
the bulk density of the granules and boundary of
compressive strength (Y, Y, = const) were con-
structed on the basis of the obtained regression
equations (Fig. 2).

The results, obtained during the laboratory
tests of the immersion type water transforma-
tion from different industry sectors, are shown in
Table 8. The materials with the bulk density of
445-615 kg/m? were obtained as a result of treat-
ment of different mixtures.

An optimal match of the components in the
raw mixture, wt.%, was established based on the
results of the conducted two-factor experiment:
TPP fly ash — 60—65; CaO — 5-8; zeolite clino-
ptilolite — 15-20; silt from treatment of the com-
munal wastewaters — 10—15, carboxylmethylcel-
lulose — 5-10%.

In order to determine the effect of the drying
temperature of the granules, the studies, showing
greater strength of the granules at the temperatures
of 40-60 °C, were conducted. The reduction of
strength of the granules at higher temperatures is
associated with the softening of heavy petroleum
products and the evaporation of light petroleum
products from the water treatment sludge (Fig. 3).

The obtained materials had the following
average indicators of the granules according to
the study results: bulk density — 450-550 kg/m?;
strength — 1.9-2.8 MPa; porosity — 30-39%.

Thus, when using the oil-containing sludge
after water treatment at the oil refineries, the opti-
mal parameters for obtaining the highest strength
granules (2.69 MPa) at the lowest bulk density
(545 kg/m®) are considered to be the CMC con-
sumption in the amount of 4 wt.% under drying

Table 6. Planning matrix and results of the full two-factor experiment

In normalized factors In natural factors Bulk density, kg/m? Strength, MPa
X, X, CMC, wt.% Time, hour Y, Y,

-1 -1 2 1 410 1.23
-1 0 2 1.5 578 2.24
-1 1 2 2 530 2.31
0 -1 4 505 1.43
0 0 4 1.5 589 2.52
0 1 4 2 545 2.69
1 -1 6 615 1.56
1 0 6 1.5 593 2.74
1 1 6 2 550 2.95

Table 7. Coefficients of the regression equations

Regression coefficients
Response features
‘ B’\ ‘ BZ B12 ‘ B11 ‘ BZZ
Bulk density
Y, | 591889 | 10833 |  -44.167 2500 | -7.833 | -0.833
Limit of compressive strength
Y, | 2528 | 0245 | 0622 0078 | -0042 | -0472
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Fig. 2. Isoparametric surfaces change of the bulk density (a) and strength (b) of the granules

Table 8. Physical-and-mechanical properties of the granular materials

Number of mix sample | Water absorption, % Bulk density, kg/m? Strength, MPa Granule porosity, %
1 5.9 445 1.34 83.3
3 5.6 480 1.64 79.6
5 54 405 2.05 75.5
7 5.2 410 2.81 72.2
8 5.0 490 2.78 70.5
9 4.9 465 1.56 80.1

conditions lasting for 2 hours with subsequent
curing of these granules for 8-10 hours under
the hood. The granules strength increased to 3.0—
3.2 MPa under such conditions. The commercial
size granules were formed with the diameter of
4-6 mm and length of 15-20 mm. The moisture
content in the developed composition after granu-
lation was at the level of 30% and ground natural
zeolite was added in order to prevent caking of
the obtained granules at the drying stage.

These technologies make it possible to utilize
a significant amount of the abovementioned silt
at the temperature up to 60 °C that reduce their
energy consumption during the thermal treatment
of granules since combustion (600-900 °C) does
not occur — the environmental friendliness of the
facilities, used to process such multi-tonnage
wastes, is generally improved.

Therefore, depending on the composition
of the prepared raw material, thermal treatment
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Fig. 3. Dependence of static strength on the granules drying temperature
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temperature, and products formation method, the
materials with different properties and indicators
(density, strength, and porosity), recommended
after slight thermal treatment, are obtained.

CONCLUSIONS

1. The main technological parameter of the tech-
nology of treatment of oil sludge and munici-
pal wastewaters is the composition of the raw
mixture, which is based on the ratio of compo-
nents and dry additives to obtain the products
that meet the optimal indicators for use in the
cement industry.

2. On the basis of the generalization of the results
obtained from the theoretical and experimental
studies on the treatment of fly ash from thermal
power plants and other technogenic wastes, the
technology, in which the raw material charge
consists of the following components, wt.%,
was developed: fly ash — 25.0-38.2; water
treatment sludge — 12.6-19.0; zeolite clinopti-
lolite — 27.0-31.5, carboxylmethylcellulose —
3.1-4.8, and calcium-containing compounds
— the remaining amount.

3. The developed technology is efficient due to
the possibility to use technogenic production
wastes and carry out the process at low tem-
peratures at the expense of water absorption,
providing for the formation of granular addi-
tives for cement production.
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