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Received: 26.12.2020 Abstract. The objective of the study was the composition of ash and slag waste from the
Received in revised form: 07.01.2021 Zmiiv TPP (thermal power plant) and the peculiarities of migration of heavy metals (HM)
Accepted: 23.01.2021 from the place of storage of ash and slag waste into the ecosystem. To achieve this goal,

the following tasks were solved: chemical analysis of ash and slag waste of the Zmiiv TPP;
identification of the probability of HM migration into the soil environment in the places of ash and slag waste storage. Ash and slag
of the Zmiiv TPP contain Cu, Cr, As, Cd, Ni, Pb in quantities several times higher than the threshold limit value (TLV). For ash and
slag wastes, the total pollution rate was Zc = 43, which corresponds to a high level. That is, this artificial horizon is dangerous. HMs
migrate to groundwater and soils near the ash stockpiles as a result of infiltration of precipitation waters, leaks from water-bearing
communications, water filtration through the base of the ash stockpiles of the Zmiiv TPP. To determine soil contamination near the ash
stockpiles, we analyzed soil at the distances of 0, 5, 10, 50 and 100 meters. The contents of the HM decreased further away from the
stockpiles. At the distance of up to 100 meters from the dump, there were excesses of the threshold limit values for Ni, Cu, As, Cr in
the soil. The concentration factor exceeded one for Cr, As, Cu, Cd, Ni. Only at the distance of 100 meters did the contents of Pb and Zn
reached the background values. The calculation of the total rate of soil contamination allowed us to classify these soils as moderately
dangerous and acceptable. However, the Zn indicator has several significant disadvantages, particularly it does not take into account the
differences in the potential hazards of the elements, as well as, most importantly, the synergistic effects of polymetallic pollution. The
coefficient of synergistic effect of heavy metals was 26.64 (in the soil of the ash stockpiles), then decreased, but even at the distance of
100 meters it equaled 11.23, i.e. at the distance of 0... 100 m from the ash stockpiles, the overall actions exceed the norm. The study
revealed that Cu, Ni, Zn and Cr had low mobility in the soil near the ash stockpiles and therefore accumulated near the stockpiles, which
may be explained by neutral and slightly alkaline soil pH values. The ratio of mineral phases and glass varied, but we should note the
predominance of aluminosilicates, calcium silicates and glass in the ash and slag wastes. Heavy metal compounds are confined mainly
to amorphized clay aggregates and soot-coal ash formation, to a lesser extent to slag glass and even less to grains of quartz sand. Since
ash contains such fractions that can be easily carried by the wind, it should be assumed that ingress of HM into the ecosystem occurs by
air, which also contributes to air pollution. The solution to the problem of ash and slag waste disposal can be found in their utilization
in the production of construction materials, in road construction, but it is necessary to study the composition of ash and slag and the
probability of migration of HM depending on the conditions of use.
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AHoTanisi. MeTor TOCTIKEHHS € aHalli3 TeOXiMiYHOTO CKJIaAy 30JOMIIAKOBHX BimxomiB 3MiiBchkoi TemnoenekTpocranmii (TEC)

Ta BUSIBJICHHs O0COOMMBOCTEH Mirpamii Bakxkux MetaniB (BM) Bix miciyt ckiiayBaHHsI 30JI0IUTAKOBUX BiIXOMIB y ekocuctemy. Jlst
JIOCSATHEHHsI BCTAHOBJICHOI METH OYyJIO BHUPIIICHO HACTYIHI 3aBJaHHS: MTPOBEICHHS I'€OXIMIYHOTO aHai3y 30JOILIAKOBHX BIIXO/IIB
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3wmiiBcbkoi TEC; BuBUeHHs Biporiguocti mMirpanii BM y rpyHTax micip 30epiranHs 30JIOIITAKOBUX BiIXOAiB. 3oonuiaky 3MiTBCEKOT
TEC mictsare Cu, Cr, As, Cd, Ni, Pb y KUIbKOCTSIX, 110 B JEKUTbKA pa3iB MEPEBUIYIOTh TPAHUYHO-I0ITycTUMY KoHIeHTpatiro ([1K).
JIn1s 307I0IITaKOBHX BiIXOMIB CyMapHH MOKa3HUK 3a0pyJHEHHS CTAaHOBUTH Zc = 43, 10 BiANOBiZae BHCOKOMY piBHIO. ToOTO meit
IITyYHO CTBOPEHUH TOPU3OHT € HebesnmeyHMM. BM MirpyroTs y mia3eMHi BOIM 1 y IPYHTH MOpPSI i3 30JI0BIIBAJIOM 32 PaxXyHOK
indinpTpanii arMocepHux onaaiB, BUKUIM 3 BOIOMPOBIAHUX KOMYHiKauiil, (GuIbTparil BoJg 4epe3 OCHOBY 30JI0BigBaTy3MiiBCHKOT
TEC. [lns Bu3HaueHHs 3a0pyQHEHHS IPYHTIB IOOJIM3y30JI0BiABaNTy3AiliCHEHO aHami3u IpyHTY Ha Bincradi 0...100 merpis.Bcra-
HOBJICHO, 1110 3MCHIIICHHSI KoHIIeHTparii BM y rpyHTI 3 BijicTaHHIO Bij 3oionuiakoBiasany. Ha Bigcrani g0 100 metpiB Bif BijBaiy
crnioctepiraerscs nepesunieHas y rpyHTi IJIK 3a BMicToMm cnonyk Ni, Cu, As, Cr. KoedirieHT KoHIIEHTpanii epeBHIIy€e OJUHHINO IS
Cr, As, Cu, Cd, Ni. JIumre Ha Bigctani moHan 100 meTpi BMicT Pb Ta Zn nocsirae ¢oHOBHX 3Ha4eHB. Po3paxyHOK CyMapHOTO MMOKa3HUKA
3a0pyIHEHHS IPYHTIB IO3BOJIIE BiIHECTH JAaHI IPYHTH A0 MOMIPHO HeOe3MeuyHuX Ta JomycTuMuX. OOHAK, € NEeKiNbKa CyTTEBHX
HEJIOMIKIB y noka3Huka Zc. Hacammepen, BiH He BpaXxoBy€ BiAMIHHOCTeW MOTEHMIHHOT HeOe3MeKH XiMIYHUX eIEMEHTIB, a TaKOXK, IO
HaOUIBII BaXKJIMBO, CHHEpreTH4Hi eekTn mnonimeraniyHoro 3abpynHeHHs.KoedillieHT cHHepreTHYHOro BIUIMBY BaXKKHX METalliB
CTaHOBHTH 26,64 (y TPYHTI30JI0BIIBAITY), aJli 3MEHIIIY€EThCSI, ajie HaBiTh Ha BifcraHi 100 meTpiB ctanoBuTh 11,23, TOOTO Ha BijCTaHI
0...100 ™ Bij 30JI0IITAKOBI/[BATy HE BUKOHYETHCSI YMOBA HE TIEPEBHIIEHHS KoedilieHTy cymapHoi il onqununi.Beranosneno, mo Cu,
Ni, Zn 1 CrxapakTepu3ylThCsI HU3BKOIO PYXJIMBICTIO y IPYHTI HOOIHM3Y30JI0BiABATY, Yepe3 10 BOHU aKyMYIIOIOTBCS B €KOCHCTEMI
TOPSI/T 330JI0B1ABAJIOM, IO MOSCHIOETHCS HEUTPaIbHUMH 1 c1abomykHUMH 3HayeHHsAMH pH rpynaty (pH=8,0...8,5).CniBBigHOmEeHHS
MiHepalbHUX (a3 i CKjia HecTiiiKe, MPOTe CIIijl 3a3HAYUTH MEPEBAKAHHS Y 30JIOMIIAKYATIOMOCHINKATIB, CHIIIKATIB KaJbLilo 1 CKJIa.
Cnonykun BM npuypodeHi B o0CHOBHOMY 10 aMOp(]i30BaHHUX INIMHUCTHX arperariB i CaKHCTO-BYIJICLIEBHM yTBOPEHHSIM 30JI1, B MEHIIIH
Mipi /10 IITAKOBOTO CKJIa Ta IIe MEHIIe JO0 3ePeH KBapIOBOTO MicKy.OCKUIBKH 30JI0ILIAK MICTHUTH Taki (paxiii, Mo MOXYTh JIETKO
PO3HOCUTHUCS BITPOM, CJIiJ IPUITYCTUTH, L0 HAAXOWKeHHs BM y ekocucTeMy BiIOyBa€ThCs i MOBITPSIHUM ILISIXOM, 1110 TAKOX CIPHSIE
3a0pyIHEHHIO aTMOC(EpHOro moBiTps. BupimenHs npoOmemu yTumizamii 30J0UITAKOBHX BiAXOMIB CIIiABITHAWTH Y BHUPOOHHIITBI
OyniBeJIbHUX MaTepialliB, y JOPOKHbOMY Oy/IiBHUITBI, ajie HEOOXiAHO BUBYATH CKJIa/l 30JI0IUIAKIB i BiporiaHicTs Mirpauii BM 3anexHo

BiJl yMOB BUKOPUCTAHHSI.

Knrouosi crnosa: 3onownarkosi 6i0x00u, BAJCKI MemMau, MexHO2eHHe HABAHMANCEHH S, 3a6pyaH€HH}l exocucmemu

Introduction

The work of TPPs (thermal power plants)
generates wastes: ash and slag (heavy fraction) and ash
(volatile fracture). Wastes most often are deposited
in the open-air. Subject to atmospheric precipitations,
the components of ash and slag may migrate into the
environment.

Stockpiles of ash occupy large areas, having
a negative impact on the environment. A number
of studies have focused on danger of ash-and-
slag wastes, and the opinions on the subject vary.
A number of researchers report the great threat these
wastes pose and the possibility of using ash and
slag in production of construction materials, road
construction, which would reduce the expenditures
of raw material, and even propose using them as
fertilizers (Bushumov S.A, 2020; Snikkars P.N.,
2020; Cristina T. A., 2019). Other researchers draw
attention to the environmental pollution with wastes
from TPPs (Sokolov A.V., 2019, Ochur-ool A. P.,
2019, Turhan $., 2020 3-7). Fly ash and ash and slag
wastes contain As, Pb, Cr, Cu, Ni, Co, V, Cd, Zn, Se,
Mn, Fe, K, Ba, Na, Ca, Mg, Be, F (Pribilova V.M.,
2013, Krainiuk E. V., 2004), which may be dangerous
to human health (Kornus A., Kornus O., Shyshchuk
V., 2020). Ash and slag have high concentrations of
zinc, plumbum, cuprum, nickel, vanadium, cadmium,
barium, sodium, beryllium, cobalt (Ochur-ool A. P.,
2019). There is research confirming significant soil
contamination with Ni, Cr with Hg near the stockpiles
of ash (Turhan $., 2020).

A number of European countries are processing
ash and slag wastes, for example Denmark and
Germany effectively use ash and slag in production
of construction materials. At the same time, the share
of recycled ash and slag accounts for up to 100%. For
instance, in Germany, it is prohibited to deposit ash
and slag wastes. Poland, China and the USA recycle
around 60% of generated ash and slag (Snikkars P.N.,
Zolotova I.Yu., Osokin N.A., 2020).

Provision of the needs of industry and the
population requires great resources of electric energy.
Therefore, for example, generation of electric energy
in Ukraine in 2019 accounted for 141.2 B kW, over a
third of this energy was generated by TPPs and CHP
(combined heat and power) stations (Statistichnij
shhorichnik Ukrainy, 2019).

During the generation of thermal energy, thermal
power was 129,045 GCal/year, and the main providers
of the thermal energy were thermo-regulating units,
heating plants, TPPs and CHPs, the work of which
left ash and ash-and-slag waste.

The greatest activity of TPPs is concentrated in
eastern Ukraine (Fig.1). The Zmiiv TPP is among
the five largest TPPs, with power over 2,000 MW
(Fig.1,2).

Objective of the study

The objectives of the study were the composition
of ash-and-slag wastes of the Zmiiv TPP and specifics
of the migration of heavy metals from place of
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Fig. 1. TPPs in Ukraine

1— Zmiiv, 2 — Slovianska, 3 — Vuhlehirska, 4 — Luhansk, 5 — Zuivska, 6 — Starobeshevska, 7 — Kurakhivska, 8 — Prydniprovsk,
9 — Zaporizka, 10 — Kryvyi Rih, 11 — Ladyzhyn, 12 — Trypilska, 13 — Dobrotvir, 14 — Burshtyn

deposition of ash slag wastes to the components of
the ecosystem. To achieve the goal, we solved the
following tasks: performing geochemical analysis
of ash and slag wastes of the Zmiiv TPP; finding
probability of migration of HM to soil in places of
storage of ash and slag wastes.

The Zmiiv TPP is the leading polluter in Kharkiv
Oblast, its impact assessed as 60% of the total

Power, MW
4000

pollution in the Oblast (Pribilova V.M., 2013). The
TPP has operated since 1960, having the electric
capacity of 2,150 MW. The TPP produces 18 B kW
per h of electric energy annually. As fuel, the Zmiiv
TPP uses low-grade coal with addition of mazut or
gas of the Shebelinka gas field. The output of ash and
slag accounts for 1.2 M T/year. A total of 200 thous
tons is processed annually, 1 M T is stored in the
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Fig. 2. Power generated by TPPs in Ukraine, MW
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Fig. 3. Polygon of ash and slag wastes of the Zmiiv TPP

stockpiles. Currently, the ash stockpiles of the Zmiiv
TPP comprise 30 M T of ash and slag. The system of
ash and slag removal is hydraulic.

The polygon of ash and slag wastes of the Zmiiv
TPP occupies an area of 350 ha (Fig. 3). The ash
stockpiles cause a number of ecological problems.
Ash and ash and slag wastes are solid non-burned
residuals of solid fuel, which are transferred to ash
stockpiles. The main mass (965 - 98%) of ash and
slag wastes comprises oxides — 45... 60%; CaO —
2.5...9.6%; MgO — 0.5...4.8%; Fe O, — 4.1-10.6%;
ALO,-10.1...21.8%1 S0, - 0.03... 2.7%.

The most important component of ash and slag
wastes is SiO, (over 40%), which together with AL,O,
takes part in formation of calcium aluminosilicates.
Up to 15-80% ash and slag wastes are composed of
crystalline phase, the rest — poorly soluble quartz,
mullites, hematite, magnetite, etc. (Krainiuk E. V.,
2004). Furthermore, the ash and slag contain Zn, TI,
Pb, Cr, Mn, Co, Ni, Hg, As, Sb, V, Sr, Ge, B, Be, F and
other (Pribilova V.M., 2013).

The stockpiles of the Zmiiv TPP are of a
hydrotechnical structure, which also has an effect on
the environment (Fig. 4). The stockpiles of the Zmiiv
TPP have an impact on groundwater and chemical
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and slag wastes M .

composition in the area of Lyman village, the Lyman
and Chaika Lakes. For the TPP and coal CHP, the
storage of wastes, particularly ash and slag, is a
relevant ecological problem.

Technogenic load requires constant control
of the condition of the components of geological
environment, the main of which are soil and water-
bearing horizons, for the expedience and efficiency
of the environment-protective measures depend on
them. Therefore, determining the scales of pollution of
constituents of the geological environment, detection
of abnormality, designation of ranges of pollution is a
relevant task of geological-ecological studies.

Materials and methods

The content of heavy metals in ash, ash and slag
wastes and soil was studied using atomic absorption
analysis (AAA) on a C-115 spectrometer. For this
method, the lower limit of detection was 0.2 pg/mL
of extraction solution. Identification was not hindered
by the presence of other metals in the samples.

To determine the composition of solid non-
organic part of ash and slag, we performed X-ray
analysis. Studies were performed on an X-ray
diffractometer DRON -1.5 at the regimes of analysis:

Impact of ash and slag stockpiles on the ecosystem

S
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adjacent territory

Dust transfer
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components of
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Fig. 4. Impact of ash and slag wastes and deposition sites of ash and slag wastes of TPP on the environment
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voltage U = 35kV, power of anode current [ anode
= 20 mA, velocity of circulation of a sample was 2
degrees/min; the speed of tape of the recorder was
600 mm/h. Copper electrode was used. To avoid
B-emission, the analysis was performed using Ni
filter and the method of powder diffraction. Specially
selected regimes of analysis allowed us to obtain high
resolution, especially when examining small amounts
of samples.

Results and their analysis

Content of separate toxic elements and heavy
metals, determined using AAA method, is presented
in Table 1.

Contamination usually is poly-elemental, and so
assessment of it requires calculation of parameter of
overall contamination (Zc), which reflects the additive
sum of the values of concentration coefficients that
exceed the background level (Buts, Yu., Krainiuk, O.
2006). Overall parameter of contamination (Z ) was
determined according to formula:

Zc =Z¥Kc - (n_ 1),

n —number of examined chemical elements.

According to the level of Z, the extent of
contamination was as follows: moderately dangerous
level at Zc < 16; average (allowable) level of

3)

Table 1. Chemical composition of ash and slag wastes of the Zmiiv TPP (mean values), mg/kg

Fe Cu Mn Cr As Cd Ni Pb Zn
Concentration of ash and slag, 2800 554 34 16 27 0.8 135 16 12
C mg/kg
Background content 1510 5.7 792 1.7 1.5 0.3 14.4 13.9 18.7
TLV 3 1500 6 2 3 4 30 23
Coefficient of contamination

18.5 0 2.7 13.5 0.3 33.8 0.5 0.5

(excess of TLV), K
Concentration coefficient, Kc 1.9 9.7 0 9.4 18 2.7 94 1.2 0.6

Despite the fact that the samples contained Cu,
Cr, As, Cd, Ni, Pb in concentrations that were several
times higher than the TLV (Table 1), the chemical
analysis of the samples of ash and ash and slag wastes
of the TPP indicated that these values may be dozens
of times higher. Therefore, for example, As in ash
may account for up to 58 mg/kg, Ni even up to 56 g/
kg, and Cr to 43 g/kg. In those samples, compared
with ash and slag wastes of other TPPs, the amounts
of Fe and Mn were small (Krainiuk E. V., 2004). We
determined that the acidity of aquatic environment
equaled pH = 8.8.

For the aforesaid conditions, we determined the
coefficient of contamination according to the formula:

K — Csampte
TLV

; (1)

where Csample is actual concentration of the metal
in the soil (ash and slag wastes).

However, because in this case K does not take
into account regional specifics of the content of HM,

we calculated the concentration coefficient:

Csample
K, = -—tmple |
Cp

2)

where C, is regional background content of
element.

302

contamination at Zc = 16-32; high level at Zc = 32—
128; extremely high level at Zc> 128.

For ash and slag wastes, the overall parameter
of contamination was Zc = 43, which corresponds to
high level. That means that this man-made horizon is
dangerous.

Migration of elements from ash and slag wastes
is determined by the properties of rocks embedded
beneath the ash stockpiles. Within the ash stockpiles,
the basis for the ash and slag layer comprises silt
loams, but they do not provide complete isolation of
groundwater from hydro alluvium. Thus, HM migrate
to groundwater and soils around the stockpiles through
infiltration of water from atmospheric precipitations,
drainage from water communications, filtration of
water through the base of ash stockpile of the Zmiiv
TPP.

To determine the contamination of soils near ash
stockpiles, we analyzed soil at the distance of 0, 5, 10,
50 and 100 meters from the stockpiles.

We determined decrease in concentration of HM
in soil further away from the ash and slag stockpiles
(Fig. 5). At the distance of 100 meters from the
stockpiles, we saw excesses of TLVs of Ni, Cu, As,
Cr (Fig. 6). Concentration coefficient was more than
1 for Cr, As, Cu, Cd, Ni. Only at the distance of 100
meters, did the concentrations of Pb and Zn reach the
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background values. Increase in Fe concentration at
the distance of 100 meters from the ash stockpiles,
compared with the sample at the distance of 50 meters,
had no pattern, and may be explained by error, for its
increase was only 2.4%, or by dust transfer (Fig. 4).
Calculation of total parameter of soil
contamination (Fig. 7) allowed us to identify these
soils as moderately dangerous and acceptable.
However, there are several significant disadvantages
to the Zc parameter. In particular, it does not take into
account differences between the potential dangers
from chemical elements, and also, most importantly,
synergic effects of polymetallic contamination.
Coefficient of synergic impact of heavy metals,
which was determined using the formula:
R
1Ly,

<1, (4)

equaled 26.64 (in soil of ash stockpiles), further
decreased, but even at the distance of 100 meters it
was 11.23, i.e. at the distance of 0-100 m from the
ash stockpiles, the condition of absence of excess of
coefficient of total action of the unit was not satisfied.

Petrographic analysis using the method of im-
mersive preparations determined presence of poorly
melted quartz grains in the ash with distinctive pa-
rameters of refraction. In the periphery, isotropically
with N=1.470-1.490, and in the central part similarly
to quartz with N =1.554, N =1.543. There also occur
non-transparent brown ashes with semi-metal gloss
of grain of iron hydroxides, and also white, translu-
cent, poorly fibered grains of, probably, wollaston-
ite CaSiO, 3 Nq=1.632, Np=1.619. Often, there occur
yellowish brown grains with N _=1.645 represented
probably by compounds of aluminosilicates of iron.
Glass is also composed of mostly iron- aluminosili-
cates with N=1.625-1.638.

Content in soil, mg/kg

10

Distance from ash and slag stockpiles, m

30 100

Content in soil, mg/kg

Ratio of mineral phases and glass varied, though
we have to note the dominance of aluminosilicates,
silicates of calcium and glass in ash and slag wastes
(Fig. 8).

Compounds of HM are mostly confined to amor-
phous clayey aggregates and soot-carbon formation
of ash, to a lower degree to slag glass and even less
to grains of quarzite sand. “Ash: and slag particles:
quarzite filling” was in the ratio 8-12: 61-64: 20-31%.

Migration of HM from ash and slag to the com-
ponents of the ecosystem depends on many factors,
one of the essential being the acidity of the environ-
ment. Earlier, we examined migration properties
of heavy metals by developing concentration loga-
rithmic diagrams (Buts Y., Kraynyuk O., Asotskyi
V., 2020; Y. Buts, V. Asotskyi, O. Kraynyuk, 2019;
Buts, Y., Asotskyi, V., Kraynyuk, O, 2018; Krainiuk
O., ButsYu., 2018; Krainiuk O., ButsYu., Nekos A.,
2019). Thus, one may assume that Cu, Ni, Zn and Cr
are characterized by low mobility in soil, thus accumu-
lating near the ash stockpiles, which is due to neutral
and poorly-alkaline values of soil pH (pH=8,0...8,5).

Usually, the contamination of territory around
stockpiles of ash and slag takes place only due to mi-
gration of HM from ash and slag, and due to wind
transfer of dry ash and slag from the surface of ash
stockpiles, dust.

Conclusions

Soils are depositing environments, their condition
may be considered an integral parameter of the
long term process of contamination of ecosystems.
Furthermore, contamination of soils is related to
contamination of the troposphere — the layer closest
to Earth’s surface, surface waters and groundwater.

We determined ash and slag of the Zmiiv TPP to
have poorly melted grains of quartz, iron hydroxides,
wollastonite, aluminosilicates of iron and slag glass.

Content in soil, mg/kg

Fe Mn

Distance from ash and slag

Distance from ash.'tmd‘éi'ag “ockpiles, m

stockpiles, m

Fig. 5. Dependence of HM content in soil on distance from stockpiles of ash and slag wastes
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Fig. 8. X-ray diagram of ash and slag wastes of the Zmiiv TPP

Ash and slag of the Zmiiv TPP contain Cu, Cr, As,
Cd and Ni in concentrations that several times exceed
the TLV.

As the ash and slag wastes of the Zmiiv TPP
are deposited, the contaminated water infiltrates,
adversely affecting the geochemical properties of
the soil and the hydrochemical properties of surface
waters and groundwater.

Even, at the distance of 100 meters from the
stockpiles, there were observed excesses of TLVs
of Ni, Cu, As, Cr in soil. Concentration coefficients
exceeded one for Cr, As, Cu, Cd, Ni. Only at the
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distance of 100 m did the contents of Pb and Zn reach
the background values.

Because ash and slag wastes contain such
fractions that may be easily transferred by wind,
we may presume that introduction of HM to the
ecosystem takes place by wind, which also contributes
to the pollution of the atmospheric air. The problem of
utilization of ash and slag wastes should be solved
by producing construction materials, and using them
in road building, but the composition of ash and slag
and probability of migration of TH depending on
conditions of use should be studied.
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