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Abstract

The contamination of natural ecosystems with heavy metals and metalloids (HMMs) primarily results from
anthropogenic activities. Consequently, ongoing efforts are dedicated to the development of technologies
aimed at restraining the mobility of HMMs and expediting chemical reactions that convert pollutants
from mobile to immobile states. Addressing the reclamation issue always necessitates the selection of
the most promising and effective type of reclamation work, as well as justification of land prioritization
for reclamation purposes. In terms of performance and future potential, the sorbent-oriented approach,
grounded in the concept of “green” utilization of man-made waste as a raw material for creating novel
composite sorbents, is gaining traction for land reclamation in disturbed areas. In international practice,
diverse environmental risk assessment methods are employed to substantiate the necessity for and
prioritize reclamation efforts.

The aim of the present study is to evaluate established conventional methods for assessing the risks
associated with environmental harm. Additionally, this research aims to assess the efficacy and ecological
compatibility of the composite sorbents developed by the author. This evaluation will be conducted by
assessing and comparing the levels of potential environmental risks or risks of environmental damage
subsequent to the application of these sorbents.

The objectives of this study are as follows: 1) to explore the theoretical aspects of HMMs: including
the formulation of a definition, investigation onto the origins of HMMs, examination of HMMs’ toxicity,
and identification of prevalent methods for evaluating the environmental risks associated with HMMs;
2) to evaluate the effectiveness of established methods for assessing the environmental risks posed by
HMMs; 3) to assess the efficacy and environmental sustainability of the composite sorbents developed by the
author. This evaluation will involve an examination and comparison of the levels of potential environmental
risks and the risks of environmental damage subsequent to the application of these sorbents.

The research subject: the mining allotment within the Levikhinskoye mine (classified as an environmental
disaster site) is investigated as a disturbed land ecosystem, encompassing industrial waste dumps
containing HMMs.

The research hypothesis aims to establish the viability of “green” waste utilization from industrial sources
as a raw material for composite sorbents used in land reclamation, without escalating the environmental
damage. The conducted experiments revealed that sorbents composed of peat/water treatment sludge
(at a ratio of 20/80 wt. % with natural moisture content) and peat/diatomite/water treatment sludge
(at a ratio of 5/15/80 wt. % with natural moisture content) exhibited the highest level of performance,
surpassing an overall efficiency of 89%. A sorbent composed of peat/diatomite (at a ratio of 25/75 wt. % with
natural moisture content) demonstrated an overall efficiency of 67.7%. The estimated environmental risks
(ER and ED) after the application of the proprietary composite sorbents, which include water treatment
sludge, exhibited an average reduction of 89.5% and 88%, respectively.
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AHHOTauus

3arpsi3HeHye IIPUPOIHBIX SKOCUCTEM TSDKENBIMM MeTalaMyu ¥ Metaytongamyu (HMM) — 9To mIaBHBIM 00-
pa3oM pe3yJbTaT aHTPOIIOTEHHO JesiTeTbHOCTM. IMEHHO ITO3TOMY B HacCTOsIee BpeMs pa3pabaThiBaIOTCS
TEeXHOJIOTUY, HallpaBjeHHble Ha orpaHuueHne noABkHOCTM HMM 1 yMmeHbIlleHre CPOKOB ITPOTeKaHUs XU-
MMYECKMX peaKiiyii o rmepeBoay MoJIIOTAaHTOB M3 IMOABMKHOI B HETMIOABIKHYIO hopMmy. PeliieHne mpo6iemsl
PEKYIBTUBALIMY BCETAA MPeATIoNaraeT BbIOOp Haubosee MepcrnekKTUBHOTO U 3P GEeKTUBHOTO BU/IA PEKYIbTHU-
BallMOHHBIX PaboT, a Takke 060CHOBaHME IPUOPUTU3ALIUM 3€Mesib, ITOAIEKAIIMX PeKyIbTUBAIMKA. B yacTu
3 GEKTUBHOCTU U MEPCIEKTUBHOCTY MOIMY/SIPHOCTb MTPMOGPETaeT COPOEHT-OPMEHTUPOBAHHBII METO]I, OC-
HOBAHHbBIN Ha TIPUHIINUIIE «3€JIeHOV» YTUIN3ALMM TEXHOTEHHbIX OTXOOB B KaueCTBe ChIPbS [JI CO3MaHMUS
KOMIIO3UTHBIX COPOEHTOB HOBOTO TUIIA B IEJIIX PEKY/IbTUBAIMM HAapYNIEHHBIX 3eMeJib. 3apyOeskHast Mpak-
TMKa B KayecTBe 060CHOBAHMSI HEOOXOAMMOCTY U TPUOPUTU3ALNY PEKYTBTUBAIMOHHBIX PAOOT UCIIOMb3YET
pasMyUHbIe METOAVIKM OLIEHKM 3KOJIOTMUYEeCKMX pUCKOB. Ileb TeKylero ucciefoBaHms — alpooupoBaTh ume-
I0IIyecs] PacpoCTpaHEHHbIE METOAVKY OLEHKM PUCKOB MPUUYMHEHUS 3KOJIOTMUYECKOTO yilepOa U OLeHUTh
93(pGheKTUBHOCTD M «IKOJOTMYHOCTb» Pa3pabaThbIBA€MbIX aBTOPCKMX KOMIIO3UTHBIX COPOEHTOB C ITO3ULIUU
OLIeHKM ¥ CpaBHEHMSI YpPOBHel BO3HUKHOBEHMS MTOTEHIIMATbHbIX 3KOJIOIMUYeCKUX PUCKOB/PUCKOB HaHeCeHUS
9KOJIOTMYECKOTO yIiepba rmociie ux (COpoeHTOB) MPUMEHEHMS.

3agaun: 1) paccMoTpeTh TeopeTudeckue acrnekTsl HMM: copmynmpoBaTh onpeneneHme, pacCMOTPETb re-
He3uc HMM, ucciemoBaTh BOIPoc TOKCUMYHOCTM HMM 1 BBISIBUTD HanOojiee pacnpoCcTpaHeHHbIe METOAUKNA
OIIEHKM IKOJIOrMUYecKkux puckoB HMM; 2) arpo6upoBaTh MMeIOIIecss METOOMKM OL@HKM SKOJIOTMUYEeCKUX
puckoB HMM; 3) onjeHuTb 3PGHeKTUBHOCTD M «IKOJIOTMYHOCTh» pa3pabaThbiBa€MbIX aBTOPCKMX KOMITO3UT-
HBIX COPOEHTOB C MO3UIINYM OIEHKYM M CPaBHEHMS YPOBHEl BO3HMKHOBEHMS IMOTEHIMAIbHBIX SKOJIOTHYE-
CKMX PUCKOB/PYUICKOB HaHECEHUS IKOJIOTMUYECKOro yiepba mocse ux (Cop6eHTOB) MpUMEHeH .

O0BEKT MCCIeTOBAaHUS: TOPHBIN OTBO, JIEBUXMHCKOTO PYJHUKA (30HA SKOJOTMYECKOTO OeICTBUSI) Kak
9KOCUCTeMA HapyllIeHHBIX 3eMeJib, B COCTaBe KOTOPOJ MPUCYTCTBYIOT MIPOMBIIIJIEHHbIE OTBAJIbI, COJepXKa-
e HMM.

I'moresa MccIeKOBaHMS: TOKA3aTh BO3MOKHOCTD «3€JIEHOM YTYIM3AUM» TEXHOTE€HHBIX OTXOH0B B Kaye-
CTBE ChIPbS JIJIT KOMIIO3UTHBIX COPOEHTOB, MCIIOIb3YEMbIX JIJIT PEKYJIbTUBAI[MY HAaPYLIIEHHBIX 3eMejib, 0e3
YBEJIMYEHUS] PUCKOB IPUUMHEHMS 9KOJIOTMUYECKOTO yillepba MpUpPOIHOi cpene. B pe3yabTaTe IpoBeIEHHBIX
9KCIEePUMEHTOB HaubOO0MbINYI0 3P(EKTUBHOCTh MPOAEMOHCTPUPOBaIM COp6eHThI TOpd/0Ccaaky BOLOMIOI -
TOTOBKM (TIPOTIOPIIMS IIPU ecTecTBeHHOI BiaxkHoctu: 20/80, %), Topd/anaToMUT/0cagKku BOIOIIOAIOTOB-
KU (IIPOITOPLMS IIPU eCTeCTBEHHOI BiaaskHocTu: 5/15/80, %), rme cymmapHast 3(pdeKTMBHOCTD ITpeBbIIIa-
na 89 %.V copbenTa Topd/auaToMuUT (IIPOIOPLIMS IIPM €CTECTBEHHOI BIaXKHOCTH: 25/75, %) HabmomaeTcs
cymMmapHasi 3pdbekTuBHOCTD 67,7 %. OnenuBaembie pucku ER u EH mocie MpuUMeHeHUs] aBTOPCKUX KOM-
TTO3UTHBIX COPOEHTOB, B COCTaB KOTOPBIX BXOAST OCaZKM BOAOIMOATOTOBKY, CHVKIMCh B cpelHeM Ha 89,5
n 88 % COOTBETCTBEHHO.
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Introduction

Human activity invariably exert an impact on
the natural environment, leading to the depletion
of natural resources, environmental pollution, and
disturbances of the Earth’s surface and subsoil.
This anthropogenic pressure on nature intensifies
each year, with over 30 million tons of pollutants
entering the atmosphere annually, and approximately
19% of wastewater being discharged into bodies of
water without prior treatment. Nearly all regions
experience soil degradation due to factors such as
water and wind erosion, excessive moisture, flooding,
and waterlogging. Desertification has affected
more than 100 million hectares of land, with an
additional 18 million hectares comprising ecological
zones contaminated by industrial complexes. About
4 billion tons of production and consumption waste
are generated annually, while authorized waste
disposal facilities occupy around 4 million hectares
of land. More than 30 million tons have already
been accumulated, including over 400 thousand
tons of highly toxic substances. The volume of non-
recycled waste is also on the rise. According to expert
assessment, the annual loss of Russia's GDP due
to environmental degradation (excluding health-
damage) falls within the range of 4% to 6%!'. The
mining industry in Russia plays an important role
in exacerbating environmental hazards. Although it
may not rank highest in terms of industrial damage
intensity, it impacts all components of the biosphere
and facilitate the extraction and displacement of vast
amount of rock material. As indicated by a study [1],
the quantity of waste rock extracted from subsoil
exceeds that of minerals extracted by a factor ranging
from 1.1 to 6.7 times. This waste rock is deposited
on the Earth’s surface, resulting in the expansion of
disturbed land areas. In these areas, waste rock dumps
(WRDs) and tailing storage facilities (TSFs) account
for the largest portion of land allocation, ranging
from 62% to 75% at iron ore mining operations and
even more at copper ore producing enterprises [1].

According to data from the Federal State Sta-
tistics Service, the regions characterized by a sub-
stantional degree of land degradation encompass
the Urals, Siberia, and the Far East, which are home
to key mineral resource hubs in the Russian Fede-
ration. Consequently, disturbances stemming from
mineral deposit development activities account for
approximately 80% of the total extent of disturbed

1 Project “Environmental Safety Strategy of the Russian
Federation for the period up to 2025”, 2017; The Strategy of
Environmental Safety of the Russian Federation for the Period
up to 2025, approved by the Russian Federation. Decree of the
President of the Russian Federation dated 19.04.2017 No. 176.
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land in these areas [2]. The open-pit mining method
dominates the landscape, holding the largest share
of disturbed land in Russia, and is widely prevalent.
Disturbances extend to the subsoil as well, manifes-
ting as the creation of man-made voids, both with
and without surface access. In the former case, these
voids pertain to open-pit excavations within active
and exhosted mining pits and the collapse zones
of operational and abandoned underground mines.
In the latter case, they refer to underground man-
made voids. Given that the rate of environmental
change resulting from anthropogenic activities im-
pacts significantly outpaces the natural restoration
of the ecological balance, it becomes imperative to
promptly address the aftermath of subsoil resource
extraction. Consequently, reclamation work acquires
primary importance and urgency.

Effectively resolving the reclamation challenge
entails the selection of the most promising and effi-
cient reclamation method, as well as substantiating
the prioritization of lands slated for recimation.

Regarding the selection of a promising and ef-
fective reclamation approach, it is important to note
that studies [3-5] have identified two strategies
for reclaiming disturbed lands: 1) a traditional ap-
proach, which involves a series of sequential recla-
mation, remediation, and recultivation measures. It
encompasses a range of activities, starting from the
cleaning and leveling of the reclaimed area, the ap-
plication of an appropriate thickness of fertile soil,
and concluding with the use of fertilizers and ame-
liorants, as well as the sowing or planting of vege-
tation; 2) an innovative approach, which is focused
on methods and techniques that stimulate natural
processes for the restoration and reclamation of dis-
turbed ecosystems, particularly the process of soil
formation. It achieves this through physical, chemi-
cal, and biological interventions on man-made sub-
strates. Within the innovative approach, the author
classifies four primary methods: algal, washing, bio-
remediation, and sorbent-oriented [6]. Of these, bio-
remediation and sorbent-oriented technologies,
aimed at enhancing soil microflora, have garnered
the most attention. Economic feasibility compar-
isons show that the sorbent-oriented method is
the most promising when compared to bioremedi-
ation [7, 8]. A more detailed study of the sorbent-
oriented method reveals that composite organo-
Imineral sorbents of natural origin are currently in
focus due to their cost-effectiveness, performance,
abundant reserves, and their capacity to function not
only as sorbents but also as soil ameliorants [9-11].
Furthermore, a contemporary scientific trend in-
volves the “green” disposal of waste materials from
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sectors such as woodworking, agriculture, housing
and communal services, and other areas of economy.
These waste materials are used as components in in-
novative composite sorbents-ameliorants [12-15].

When it comes to prioritization, for example,
as of 2020, as stated by the Deputy Chief Prosecu-
tor: “Over 350 sites of accumulated environmental
damage in the Urals require reclamation”2. In this
scenario, the question arise of how to establish the
order in which these sites should be reclaimed -
first, second, and so forth (see Table 1). In foreign
practice under similar circumstances, it is custom-
ary to employ legislative-level methods for asses-
sing the risks associating with causing harm to the
ecosystem [16-19].

Hence, the objective of the present study is
to evaluate established methods for assessing the
risks of environmental damage and to appraise the
effectiveness and “environmental friendliness” of
the author's developed composite sorbents. This
evaluation is framed within the context of assessing
and comparing potential environmental risks and
the risks of environmental damage following the
application of these sorbents.

The specific objectives are as follows: 1) to con-
sider the theoretical aspects of HMMs, which en-
compasses the formulation of a precise definition,
an exploration of the origins of HMMs, an investi-
gation into HMMSs’ toxicity, and an identification of
the most prevalent methods for evaluating the envi-
ronmental risks linked to HMMs; 2) to condact prac-
tical assessment of established methods for gauging

2 More than 350 objects of accumulated environmental
damage in the Urals require reclamation. ITAR-TASS. October 28,
2020. URL: https://news.rambler.ru/ecology/45113183-bolee-
350-obektov-nakoplennogo-ekologicheskogo-vreda-na-
urale-trebuyut-rekultivatsii/?utm_source=copysharing &utm_
medium=social
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environmental risks associated with HMMs; 3) to as-
sess the effectiveness and “environmental friendli-
ness” of the author’s developed composite sorbents.
This assessment involves an analysis and compari-
son of potential environmental risks and the risks of
environmental damage following the application of
these sorbents.

The research focuses on the mining area within
the Levikhinskoye mine, an area designated as envi-
ronmental disaster site. This mining allotment func-
tions as a disturbed land ecosystem, encompassing
industrial dumps containing HMMs.

The research hypothesis seeks to validate the
feasibility of “green utilization” of man-made waste
as a fundamental ingredient for composite sorbents
used in the reclamation of disturbed lands. This
approach is designed to minimize the potential for
environmental damage.

On the nature of heavy metals:
definition, origin, toxicity,
and environmental risk assessment

The term “heavy metals” is currently a subject
of complexity and controversy [21]. It is frequently
used to refer to metals and metalloids that act as
pollutants within biogeocenoses and are toxic to
biota. This term has been defined in various ways,
often based on the criteria of density in relation to
atomic mass and atomic number. Such a variety of
definitions has led to debates regarding the defi-
nitive list of heavy metals and metalloids — namely,
which elements should be included in this category
and which should not. For example, there is ongoing
scientific discourse on whether to include the me-
talloid As and, indeed, the non-metal Se in the list of
heavy metals and metalloids. Some even argue that
this term has lost its meaning and should be aban-
doned altogether [21]. However, within the scope of

Characteristics of mining allotments of deposits in the Sverdlovsk Region [20] fable
No. | Mining allotment (deposit) | Built-up area, km’ Min::g::l}gltlr;lent of d?siﬁiliince Characteristics
1 |Levikhinskoye deposit 10.2 21 Highly disturbed Egi\;i;stré?aeg?l
2 | Degtyarskoye deposit 19 2.2 Highly disturbed Egi\;iar;)tr:rn:;?l
3 |Berezovskoye deposit 33 15.1 hﬁ?&iﬁt:éy Densely built-up area
4 |Bulanashskoye deposit 16.8 3.3 Highly disturbed C(?l(l);l;sgfa(rjl?inf%(e)g:ililrslg
5 gz;}cl)tslilinsko—Klyuchevskoye 20 Data not available ]\g?gtirr%t:éy Densely built-up area
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the current study, we propose adopting a compre-
hensive interpretation of this term, one that is sub-
stantiated by numerous scientific studies by both
domestic [22-24] and foreign researchers [25-26].
In this understanding, heavy metals and metalloids
(HMM) are viewed as pollutants that resist biological
and chemical degradation, possess the capacity to
accumulate for a long time in the natural environ-
ment, and exhibit toxic properties affecting the bio-
diversity of ecosystems. According to a study [27, 28],
the most commonly encountered HMMs in the na-
tural environment include copper, zinc, chromium,
nickel, lead, manganese, cadmium, and arsenic. The
release of HMMs into the environment is primari-
ly the result of rock weathering and anthropogenic
activities, with the latter being a significant contri-
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butor to environmental challenges. Consequently,
a defining characteristic of HMMs is their toxicity.
Even at relatively low concentrations, HMMs pose
risks to soil, plants, living organisms, and, as a result,
human health. The most highly toxic HMMs include
chromium, cadmium, lead, zinc, copper, mercury,
and arsenic [29, 30] (see Table 2). Table 2 presents
values of HMMs’ Maximum Permissible Concentra-
tions (MPC), including both mobile water-soluble
and non-mobile forms.

Table 2 illustrates the variations in maximum
permissible concentration values for HMMs, and it
is noteworthy that not every country or consortium
of nations has adopted legislatively defined maxi-
mum permissible concentrations. For example, this
omission is observed in the case of the European

HMMs toxicity: MPC of HMMs, including mobile water-soluble and immobile forms fable
Or‘;‘;‘l‘i‘ztgi{) " Land Category/Soil Type, UoM Cr(vij| ¢cd | Pb | Zn | Cu | Hg | As | S
United Nations [31] |Agricultural lands, ppm 0.1 0.003 | 0.1 n/a n/a 0.08 | n/a | n/a
China [31] Agricultural lands, ppm 150-300 | 0.3-0.6 | 80 n/a n/a |0.3-1.0| n/a | n/a
USA! Agricultural lands, ppm 11 0.43 200 n/a n/a 1.0 n/a | n/a
[taly? Residential area, mg/kg 2 2 100 150 120 1 20 | n/a
Industrial land, mg/kg 15 15 1,000 | 1,500 | 600 5 50 | n/a
Finland® [32] Threshold value, mg/kg 100 1 60 60 100 0.5 5 n/a
Minimum value, mg/kg 200 10 200 200 150 2 50 | n/a
Maximum value, mg/kg 300 20 750 | 400 250 5 100 | n/a
Canada* Agricultural land, mg/kg 250 3 200 | n/a n/a 0.8 n/a | n/a
Germany [33, 34] Agricultural land, mg/kg 500 5 1,000 | 10-300| 2-100 5 1-50 | n/a
Spain® Acidic soils, mg/kg 100 1 50 150 | 1.000 1 5 n/a
Alkaline soils, mg/kg 150 3 300 | 450 | 1,700 1.5 55 | n/a
Russian Federation® |Sandy and sandy loam, mg/kg 0.05 0.5 32.0 | 55.0 33.0 2.1 2.0 | n/a
?;ﬁ‘é{%‘ﬁg‘i"‘sng ';Lagfgé’ exchangesoil | g 10 | 650 1100 | 660 | 21 | 50 | n/a
gﬁj{;ﬂ%‘“g%g“ffg“al (loamyand clayey) | 05 | 30 [130.0| 2200 | 1320 | 2.1 | 10.0 | 160

Note: N/A indicates that data is not available.

Source: The table was compiled by the authors using reference [28].

! New York state brownfield cleanup program. Development of soil cleanup objectives. Technical support document. Albany, NY,
USA: New York State Department of Environmental Conservation and New York State Department of Health; 2006.

2 Decreto Legislativo n. 152 del 3 aprile 2006 “Norme in materia ambientale”, Supplemento Ordinario alla “Gazzetta Ufficiale”
n. 88 del 14 aprile 2006. URL: https://www.camera.it/parlam/leggi/deleghe/06152d]l.htm

5 Government Decree on the Assessment of Soil Contamination and Remediation Needs 214/2007, 1 March 2007; Ministry of
Environment: Helsinki, Finland, 2007 (the legally binding document is In Finnish or Swedish)

4Soil, Ground Water and Sediment Standards for Use under Part XV.1 of the Environmental Protection Act. Toronto, ON, Canada:

Canadian Ministry of the Environment (CME); 15 April 2011.

S Real Decreto 1310/1990, de 29 de octubre, por el que se regula la utilizacién de los lodos de depuracién en el sector agrario. URL:

https://www.boe.es/buscar/doc.php?id=BOE-A-1990-26490

¢ SanPiN 1.2.3685-21 “Hygienic Standards and Requirements for Ensuring the Safety and (or) Harmlessness of Environmental

Factors for Humans”.
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Union as a whole [28]. However, it is crucial to ac-
knowledge that elevated concentrations of HMMs
pose environmental risks to human health and over-
all quality of life (as depicted in Fig. 1). Concer-
ning these risks, research practice offers methods
for assessing environmental risks based on the level
of soil and subsoil contamination with HMMs [16—-19],
with two widely recognized methods being:

1.HMMs’ potential environmental risk (ER)
assessment methodology:

Z
ER:ItXZZItXZ_m’ )

a

where I, is the toxicity level of HMMs and the biota’s
sensitivity to these elements. This indicator is em-

Zinc
This element plays a significant role in the metabolism of
nucleic acids and proteins, as well as in the growth,
division, and overall functioning of cells. However, when
present in high concentrations, zinc can induce
symptoms such as vomiting, muscle cramps, and kidney
damage in humans. In plants, elevated levels of zinc
leads to a decrease in both growth and development,
causing symptoms such as chlorosis and disruptions in
metabolic processes.
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pirically determined and is treated as a specific con-
stant for each elements: Cr, Ni, Cu, As, Cd, Pb, Zn, and
S, with values of 2, 6, 5, 10, 30, 5, 5, 15, respectively.
Z represents a microelement contamination coeffi-
cient, determined by the ratio of the measured con-
centration of an element in a subject(Z,) to the back-
ground concentration (Z,).

The ER calculation results categorize the soil or
subsoil under investigation as follows: if ER < 150,
the environmental risk from HMMs is considered
low; if 150 < ER <300, it is categorized as medium;
if 300 < ER < 600, it is considered high; if ER > 600,
it is classified as very high.

One limitation of this methodology is its reliance
on the availability of data for the I, indicator.

Copper
Copper plays a crucial role in various biological processes,
including oxidation, photosynthesis, and the metabolism
of carbohydrates, proteins, and cell walls. High
concentrations of copper can lead to cellular-level
damage in human organs. The effects and symptoms
associated with this heavy metal include nausea,
vomiting, and abdominal pain. Prolonged exposure
to cooper can result in damage to the liver and kidneys.
In the plant kingdom, copper tends to accumulate
in the roots, leading to reduce growth and impaired
absorption of other trace elements that are vital
for healthy plant development.

Arsenic
This metalloid is known to cause a range of severe health
issues. These include skin lesions as well as cancers
affecting the lungs, bladder, liver, and kidneys. Arsenic
exposure is also linked to coronary heart disease and can
lead to impaired cognitive abilities, motor functions, and
hormonal regulation.

Sulfur
Exposure to sulfur can lead to a range of adverse effects,
including irritation of the mucous membranes of the eyes,
excessive tearing, difficulty breathing, nausea and
vomiting, headaches, increased fatigue, weakening of
muscle strength, memory loss, slower cognitive
perception, reduced heart function, changes in the
bactericidal properties of the skin.

Fig. 1. Toxic effects of HMMs on biota
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2. The second methodology aims to assess the
risks of environmental damage (ED):

Zm
EH =72 @)

1

where Z, similar to the formula (1), represents the
measured concentration of an element in a subject,
while Z, distinct from Z, denotes the maximum
permissible concentration of an element established
by current legislation.

The results of the environmental damage (ED)
risk calculation indicate a low likelihood of adverse
consequences if ED < 1. Conversely, if ED > 1, the
probability of adverse events and environmental
damage is high. This underscores the need for
soil /subsoil remediation and reclamation.

Therefore, in both the first method for eva-
luating potential environmental risk from HMMs
and the second method for assessing the risks of
environmental damage, when the final indicators

exhibit high values, soil/subsoil reclamation
becomed necessary.
Materials for the study

The study used the following materials:

1.A composite sorbent comprising peat/water
treatment sludge in a weight ratio of 20/80 at natural
moisture. This composition was determined through
numerous experiments and the construction of
adsorption isotherms [35].

2. Another composite sorbent (peat/diato-
mite/water treatment sludge) containing peat,
diatomite, and water treatment sludge in a weight
ratio of 5/15/80 at natural moisture.

3. A composite peat/diatomite sorbent, consis-
ting of peat and diatomite in a weight ratio of 25/75
at natural moisture.

Neutralized and fractionated high-moor peat
(fraction 0-10). This peat had a moisture content
ranging from 50 to 60%, a pH of the water extract
between 5.5 to 6.0, and an ash content of less than
5 %. The main inorganic components of the peat
included nitrogen up to 1.5% (wt.), and phosphorus,
potassium, calcium (in total) up to 0.6%. The peat
also contained 7.4-7.9% humic substances.

Diatomite from the Kamyshlovskoye deposit.
This material is employed in the creation of silicate
binder-fillers containing silicon, activated sorbents,
construction and refractory materials, as well as
for modifying the agrochemical properties of soils,
among other uses.

Water treatment sludge originating from the
Western Filtration Station in Yekaterinburg city.
X-ray phase analysis revealed that over 70% of the
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sludge consists of X-ray amorphous organic matter.
The chemical composition of the sludge includes
silicon, aluminum, and iron. The sludge’s particle size
distribution is polydisperse, with a wet sieve analysis
indicating a dominance of particles smaller than
50 um (21%) and particles larger than 100 ym (18%);

4. Man-made soil obtained from the waste rock
dump of the Levikhinskoye group of copper-sulfide
deposits (Levikha settlement, Sverdlovsk Region).
This soil is comprised of loose terrigenous material
consisting of angular grains. In the upper section
of the dumps, it primarily includes psammite and
psephite fractions (sand and crushed stone). In the
lower section, there is a prevalence of the psephite
fraction (blocks). The proportion of pelite fraction
generally remains within the range of 5-10%. The
waste rock comprises fragments of quartz-sericite
and quartz-chlorite schists, sulphide ore, limonite,
chalcedony, and quartz with vein and disseminated
sulfides.

Methods and study algorithm

The samples gathered from the waste rock
dumps of the Levikhinskoye group of copper-sulfide
deposits (Levikha settlement, Sverdlovsk Region)
were thoroughly blended in a single container.
The rock mixture was not crushed to replicate the
natural conditions of man-made areas. The grain-size
distribution of the rock ranged from 12 cm to 1.5 mm.

Each container received 500 g (+5 g) of rock
measured on floor scales, creating a 2 cm-high layer
of rock in the containers. A rectangular container
with an 880 cm? volume for each test was partitioned
by a plastic divider. In the first part of the container,
the rock was first placed, and various sorbents were
poured on top in separate containers:

1. Composite sorbent peat/water treatment
sludge (P/S) in the ratio of 20/80 by weight at
natural moisture.

2. Peat/diatomite/water treatment sludge. This
composite sorbent,composed of peat/diatomite /water
treatment sludge (P/D/S), was in the ratio of 5/15/80
by weight at natural moisture. Each sorbent sub-
sample weighted 50 g (+ 0.5 g), and the height of the
sorbent layer varied from 0.4 to 0.6 cm based on the
type of sorbent and the soil’s looseness.

3. Peat/diatomite. This composite peat/diatomite
sorbent (P/D) had a ratio of 25/75 by weight at natural
moisture. Each sorbent sub-sample weighted 50 g
(+ 0.5 g), and the height of the sorbent layer varied
from 0.4 to 0.6 cm depending on the type of sorbent
and the soil’s looseness.

Next, 500 ml of distilled water was evenly poured
into the first part of each container containing the
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rock and sorbents. This was done to establish a moist
environment within the container to facilitate the
free movement of HMMs ions in the aqueous solution
with the immersed sorbent and rock, with the solution
flowing into the second part of each container.
Circulation of the solution between the two sections
in the container occurred throughout the test, but the
soil and sorbent did not migrate into the second part.

In order to minimize errors, prevent the entry of
various dust particles, and reduce solution evapora-
tion, the containers were sealed.

The testing solution was allowed to stand at room
temperature for a minimum of 24 hours.

Subsequently, the solutions were filtered through
medium-density paper filters to enable the quantita-
tive and qualitative chemical composition of the solu-
tions to be studied.

In order to analyze the quantitative chemical
composition of the man-made soil and the author's
sorbents and to determine the degree of heavy met-
al ions adsorption, atomic absorption and atomic
emission spectrometry methods were employed. The
corresponding analyses were carried out using an
ICPE-9820 inductively coupled plasma parallel
atomic emission spectrometer manufactured by
Shimadzu (Japan) and a Kvant-2 flame atomization
atomic absorption spectrometer. The tests were
conducted in accordance with GOST ISO 22036-
2014 Soil Quality. Determination of Microelements
in Soil Extracts Using Inductively Coupled Plas-
ma Atomic Emission Spectrometry (ICP-AES),
and Environmental Regulatory Document (PND)
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F 16.1:2:2.2:2.3.78-2013, titled “Quantitative Che-
mical Analysis of Soils”. Methodology for Measur-
ing the Mass Fraction of Mobile Forms of Metals:
Copper, Zinc, Lead, Cadmium, Manganese, Nickel,
Cobalt, Chromium in Soil, Subsoil, Bottom Sedi-
ments, Sewage Sludge Samples by Flame Atomic
Adsorption Spectrometry.

Findings

Assessment of ER and ED of man-made soil

The analyses of samples collected from the waste
rock dumps of the Levikhinskoye group of copper-
sulfide deposits were carried out in the laboratory [36].
The results of the studies are presented in Table 3.

The results of the studies® have shown that the
maximum concentrations of S, Cu, and Zn in the
samples fall within the dangerous category of soil
pollution according to the methodology proposed
by the authors of the study. The primary source of
pollution is sulfur, with copper and zinc playing
a lesser role.

To determine the initial concentration of water-
soluble HMMs ions in the man-made soil from the
waste rock dumps of the Levikhinskoye group of
copper-sulfide deposits, a similar test was conducted,
but without the composite sorbent. As a result,
HMMs ions were detected in the man-made soil, as
presented in Table 4.

3 SanPiN 1.2.3685-21 “Hygienic Standards and Re-
quirements for Ensuring the Safety and (or) Harmlessness of
Environmental Factors for Humans”.

Table 3

Concentration (total) of HMMSs ions in the waste rock dumps of the Levikhinskoye group
of copper-sulfide deposits

Grade, wt.% Cor}tent n MPC and APC*, Factor . Concentration factor
Component A sulphide sands, o Concentration . .
min/max o wt.% 3 in sulfide sands min/max
wt.% min/max
S 0.026/1.370 32.6 0.016 1.6/85.6 2037.5
Cu 0.005/0.1 0.16 0.0132 0.4/7.6 11.9
Zn 0.0097/0.0353 0.015 0.022 0.4/1.6 0.7

Note: * for the group of soils close to neutral and neutral (loamy and clayey), pHg¢, > 5.5.

Table 4

Concentration of water-soluble HMMs ions (mobile form) in the man-made soil from the waste rock dump
of the Levikhinskoye group of copper-sulfide deposits and in a control sample

Sample Cu, mg/1 Zn, mg/1 S, mg/1
Averaged (composite) sample from dumps (12 sampling points) 0.84427 0.61632 2.50000
Control sample (background contamination) 0.00500 0.00970 0.08900
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The risk assessment, as per formulas (1) and (2), is
provided in Table 5.

The ER values for all three HMMs are above 300,
indicating that zinc and sulfur are ranked as high-risk,
while copper is classified as very high-risk. However,
the results for the ED indicator appear contradictory,
as the risk of environmental damage for all three
HMMs is below 1, signifying a low probability of
negative consequences. This can be attributed to
the fact that the sample was averaged (composited),
and the long-term impact of surface precipitation on
the environmental disaster area. Consequently, the
concentrations of HHMs in the surface layer of soil
are relatively low compared to the MPC but exceed
background values. The arithmetic mean of the risk
level indicators also reflects this pattern, with a high
value for ER and a low value for ED.
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Analysis of HMMs content
in man-made soil after the application
of the author’s sorbents

The data from Table 4, showing the concentrations
of HMMs ions in man-made soil samples from
the waste rock dumps of the Levikhinskoye group
of copper-sulfide deposits (Levikha settlement,
Sverdlovsk Region) are presented in Fig. 2.

The tests showed that the application of the
proprietary sorbents resulted in a decrease in
HMMs’ concentrations in the man-made soil. Fig. 3
presents the test results on the degree of water-
soluble ions Cu (a), Zn (b), and S (c) extraction by the
sorbents.

The sorbents, as depicted in Fig. 3, exhibit near-
maximum performance in binding (adsorption)
Cu, Zn, and S ions, with the exception of the

Table 5

Assessment of potential environmental risks from HMMs (ER) and risks of environmental damage (ED)
based on the content of HMMs in man-made soil

1
| PSRN | g e kg, uobile o, e | Concntaton, | g |y
sulphur), mg/kg
Cu 0.84427 5.00000 0.00500 3.00000 1.68854 844.27000 | 0.56285
Zn 0.61632 5.00000 0.00970 23.00000 1.23264 317.69072 | 0.05359
S 2.50000 15.00000 0.08900 160.00000 5.00000 421.34831 | 0.03125
Arithmetic Mean of HMMs Risk Level 527.76968 | 0.21590

1 SanPiN 1.2.3685-21 “Hygienic Standards and Requirements for Ensuring the Safety and (or) Harmlessness of Environmental
Factors for Humans”.
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Fig. 2. Concentration of HMMs in the man-made soil from the waste rock dumps

of the Levikhinskoye group of copper-sulfide deposits
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peat/diatomite sorbent (at the ratio of 25/75,
wt.%, at natural moisture), which shows moderate
adsorption performance in relation to S.

The studies indicated that the adsorption of Cu
ions was more efficient when the peat content in
the sorbent exceeded 20 wt.% (at natural moisture).
The addition of water treatment sludge significantly
enhances the adsorption of Zn and S. It was not
possible to evaluate the effect of the quantitative
content of the water treatment sludge on adsorption

0.9
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performance, as only one content of this man-made
component was tested (80 wt.% at natural moisture).
An increase in the weight percentage of diatomite
in the composite sorbent negatively affects the
adsorption of Zn and S.

The best performance was achieved by the
peat/water treatment sludge sorbent (at a ratio of
20/80 wt.% at natural moisture) and the peat/dia-
tomite /water treatment sludge sorbent (at a ratio
of 5/15/80 wt.% at natural moisture), both of which

— 0.84
o 0.8
g 0.7-
E 0.6
§ 0.5
2 0.4+
& 0.3
g
S 0.2 0.15 0.11
s 0.1- 0.06 -
) __ mam [ 1]
Man-made soil P/S P/D/S P/D
(20/80) (5/15/80) (25/75)
Sorbents
a
= 07 0.62
g 0.6
‘5 0.5 1
§ 0.4 -
g 0.3
o] i 0.17
S 8'?_ 0.10
SR | - 0.03
Man-made soil P/S P/D/S P/D
(20/80) (5/15/80) (25/75)
Sorbents
b
3.0 250
~ .
oo 25 -
g
= 2.0 A
o
2 151 140
S 104
S 05
a0 0.21 0.12
i [ [
Man-made soil P/S P/D/S P/D
(20/80) (5/15/80) (25/75)
Sorbents
C

Fig. 3. Degree of Cu, Zn, S ions extraction by sorbents: peat/water treatment sludge (at the ratio of 20/80 wt.%
at natural moisture), peat/diatomite /water treatment sludge (at the ratio of 5/15/80 wt.% at natural moisture)
and peat/diatomite (at the ratio of 25/75 wt.% at natural moisture):

(a) degree of Cu ions extraction; (b) degree of Zn ions extraction; (c) degree of S ions extraction
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exhibited an overall performance exceeding 89%.
The peat/diatomite sorbent (at a ratio of 25/75 wt.%
at natural moisture) demonstrated an overall perfor-
mance of 67.7%.

Consequently, the results obtained after applying
the authors’ sorbents are presented in Tables 6-8.

After the application of the author’s sorbents,
the ED indicator decreased even further. The P/S
(20/80) sorbent exhibited the highest performance
in reducing the risks of environmental damage.
Similarly, concerning the average value of the HMMs
Potential Environmental Risk Index (ER), the P/S
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(20/80) sorbent proved to be the most effective.
However, in terms of ER for selective sorption of zinc
and sulfur, the P/D/S (5/15/80) sorbent demonstra-
ted the highest performance. The P/D (25/75) sorbent
showed the least favorable results. The calculated
data obtained support the hypothesis regarding the
possibility and, moreover, the effectiveness of “green
utilization” of man-made wastes for the reclamation
of disturbed lands. This is evident as all sorbents,
whether they included water treatment sludge
selectively or comprehensively, exhibited maximum
sorption performance (Table 9).

Table 6

Assessment of potential environmental risks from HMMs (ER) and risks of environmental damage (ED)

based on the content of HMMs in man-made soil after applying P/S (20/80) sorbent

based on the content of HMMs in man-made soil after applying P/D/S (5/15/80) sorbent

Concentr.ation MPC (mobile Concentr.ation
| erapulvingP/S | Hazard | Backtround, | gomm, acidicsoil), “TSOVIEES | pr | g
mg/1 mg/kg mg/kg
Cu 0.06000 5.00000 0.00500 3.00000 0.12000 60.00000 | 0.04000
Zn 0.10000 5.00000 0.00970 23.00000 0.20000 51.54639 | 0.00870
S 0.21000 15.00000 0.08900 160.00000 0.42000 35.39326 | 0.00263
Arithmetic Mean of HMMs Risk Level 48.97988 0.01711
Table 7

Assessment of potential environmental risks from HMMs (ER) and risks of environmental damage (ED)

based on the content of HMMs in man-made soil after applying P/D (25/75) sorbent

Concentration after MPC (mobile Concentration after
applying P/D/S Hazard |Background, S applying P/D/S
HMM | 5/15/80) sorbent, Factor mg/1  |form, f;f;‘/i}f gsmls)’ (5/15/80) sorbent, £ Le18]
mg/1 mg/kg
Cu 0.15000 5.00000 0.00500 3.00000 0.30000 150.00000 | 0.10000
Zn 0.03000 5.00000 0.00970 23.00000 0.06000 15.46392 0.00261
S 0.12000 15.00000 0.08900 160.00000 0.24000 20.22472 0.00150
Arithmetic Mean of HMMs Risk Level 61.89621 0.03470
Table 8

Assessment of potential environmental risks from HMMs (ER) and risks of environmental damage (ED)

Concentration Concentration
HMM after applying P/D | Hazard | Background, | MPC (mobile form, | after applying P/D ER EH
(25/75) sorbent, Factor mg/1 acidic soils), mg/kg| (25/75) sorbent,
mg/1 mg/kg

Cu 0.11000 5.00000 0.00500 3.00000 0.22000 110.00000 | 0.07333
Zn 0.17000 5.00000 0.00970 23.00000 0.34000 87.62887 0.01478
S 1.40000 15.00000 0.08900 160.00000 2.80000 235.95506 | 0.01750
Arithmetic Mean of HMMs Risk Level 144.52797 | 0.03521
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Table 9
Assessment of changes in the established risk levels after applying the author’s sorbents
Mean for HMMs after HMMs average after Mean for HMMs after
applying P/S (20/80) applying P/D/S (5/15/80) applying P/D (25/75) Mean
sorbent sorbent sorbent changes. after
Average applying
HMM | for HMMs Changes as Changes as Changes as sorbents
Risk | in man-made compared to compared to compared to | with Water
soil Actual mean value Actual mean value Actual mean value | Treatment
Performance | for HMMs in | Performance | for HMMs in | Performance | for HMMs in|  Sludge (S),
man-made man-made man-made %
soil, % soil, % soil, %
ER 527.76968 48.97988 90.72 61.89621 88.27 144.52797 72.62 89.50
EH 0.21590 0.01711 92.08 0.03470 83.93 0.03521 83.69 88.00
Conclusions sorbents. The results showed a significant reduc-

The study successfully achieved its objective,
which was to test the existing conventional methods
for assessing environmental damage and to evaluate
the effectiveness and “environmental friendliness”
of the developed author's composite sorbents. This
evaluation was done by assessing and comparing the
levels of potential environmental risks and risks of
environmental damage after the application of these

tion in estimated risks of ER and ED by an average
of 89.5% and 88%, respectively, after applying the
proprietary composite sorbents, which include wa-
ter treatment sludge. This confirms the research hy-
pothesis that “green utilization” of man-made waste
as a raw material for composite sorbents used in land
reclamation can be achieved without increasing the
risks of environmental damage.
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