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Today human society is already witnessing rapid depletion of non-renewable ore resources. As the distribution of
raw material resources globally is very off-balance, and preassure on environment as the consequence of ore exp-
loatation is not negligible, re-utilization and recycling of industrial side-streams gaining on importance. Finding new
potentially anthropogenic resources of material (at first place critical raw materials) are inline with sustainable waste
management goals, and in correlation with boundaries given by the circular economy principles. Side-streams from
mines can become source for recovery of these materials. The aim of this paper was to analyze position of mining
waste in correlation with circular economy principles, as well potential for implementation of them within extraction

industry in the Republic of Serbia.
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INTRODUCTION

It is estimated that global consumption of materials such
as biomass, fossil fuels, metals and minerals is expected
to double in the next forty years [1], while on the other
side annual waste generation is projected to increase
by 70% by 2050 [2]. Around 50% of the world’s current
greenhouse gas emissions result from the extraction and
processing of natural resources, and the prediction is to
double emissions by 2050, under a ‘business-as-usual’
scenario. [3] Mining is a major economy driver of many
countries in the world. Significant amounts of mining
waste generated during the mining and processing of ore
represent a major environmental hazard. The problem
of mining waste is of a global character and dates back
to the beginning of the industrialization process. How-
ever, in recent decades we have encountered the con-
sequences of intensive mining and environmental pollu-
tion. The mining industry faces increasing challenges to
find practices that are sustainable for waste streams that
are already obtained (tailing pond, acid drainage, and fly
ash) [4, 5].

In the Republic of Serbia the total amount of mining
waste is around 24 million cubic meters [6]. According
to the Report on Critical Raw Materials and the Circu-
lar Economy (2018) the imbalance exists between the
upstream steps (extraction / harvesting) and the down-
stream steps (manufacturing and use) [7]. Considering
that the secondary supply sources of CRMs are very
limited, the need for access to primary sources (includ-
ing ores, concentrates, processed or refined materials)
is huge and crucial for twenty-first-century industries [7].
Nowadays, a few researches investigated the chance to
recover raw materials (RM), critical raw materials (CRM)
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and secondary raw materials (SRM) from mining waste
[8, 9.

Accordingly, legislation is changing in most countries
and investing significant money in remedying the neg-
ative effects of an industry that has brought economic
prosperity. The imperative of today is to increase the
awareness of both individuals and corporations about
realizing economic benefits while taking care of the en-
vironment. One of the imperatives of modern society is
the implementation of sustainable development princi-
ples which ought to include the minimization of industrial
waste streams, different recycling technologies, as well
as the waste treatment before disposal [10].

The approach to production and consumption, which in-
volves the exploitation of primary mineral raw materials,
their processing, often short-term use, and ultimately dis-
posal, is no longer sustainable. Generated waste should
be converted into usable raw materials, with the intention
of minimizing the generation of new waste, which is also
in line with the approach promoted by the circular econo-
my. This concept is now a widespread in many fields and
areas of anthropogenic activities.

CIRCULAR ECONOMY CONCEPT

In last fewdecades it became obvious that a linear eco-
nomic model of production and consumption of goods,
based on the assumption that natural resources are
unlimited, and readily available, had to be seriously re-
vised [11]. According to the 7th Environmental Action
Program of the European Commission: “Our prosperity
and healthy environment stem from an innovative, circu-
lar economy where nothing is wasted and where natural
resources are managed sustainably, and biodiversity is
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protected valued and restored in ways that enhance our
society’s resilience” [12].

Instead of the linear pattern of “take-make-use-dispose”,
new CE concept was developed with the tendency of
eliminating the very concept of “waste” (Figure 1.), as
through the lance of circular economy principles every-
thing has a value [11, 14, 15]. European Commission
adopted Circular Economy Action plan (March 2020.)
as a tool to accomplishing the Sustainable Develop-
ment Goals (SDGs) [14]. Having in mind that one of the
fundamental drivers of this CE concept is constraints of
resources, because of wastefulness of the current econ-
omy [15], it implies that efficient management of natural
resources, as well as, sustainable approach, throughout
its lifespan got a new importance. Mobilizing new poten-
tials and opportunities is a challenge for CE model. At
present, only 9% of the global economy is circular [3],
but to make “business-as-usual” is no longer a prefer-
able choice. Obtain secondary materials from earlier
waste streams, will soon become a new paradigm. This
approach is exceptionally important within mining sec-
tor, as the compelling volume of metals are hold in in-
dustrial process residues (for example in metallurgical
sludges, tailings, slags, ashes anddusts) [7, 16]. Some
of the elements that can be put in focus as extracting
part of mining waste are for example critical raw materi-
als (CRM). Demand for CRM growing daily, as they are
particularly important for high tech products and uprising
innovations [7, 8], mining waste can became potential
future resource for some of these materials.

CIRCULAR ECONOMY WITHIN MINING SECTOR

The starting point of most product value chains is the
mining sector, so it is responsible for the dissipation of
non-renewable mineral resources in various ways. An
optimization of the mineral excavation and processing
can be by build

An optimization of the mineral extraction, and process-
ing can be carried out by rising importance of the mining
life-cycle (exploration and design phase), and focusing on
the prevention of waste formation (to the extent possible)
[8]. The traditional mining process is based on mineral
resources to form a "mineral exploration - exploitation -
primary product processing - fine product manufacturing
- product consumption - waste dumping", linear operat-
ing mode [17]. Implementation of circular economy prin-

Linear economy Reuse economy

Raw materials Raw materials

Production

icples in the standard mining protocols needs suitable
economic standard, at the same time following caracter-
istic and ecological order of mineral resources with im-
provement in employment sector and broad application
of mineral resources and by-products [18]. The mining
waste can be observed as waste present in closed/aban-
doned or currently operating mines in the in-use mate-
rial stock from, and each of them can be implemented
within the CE framework loops. CE principles can help
minimize and create value from mining waste, as an in-
dustrial reject. [19] In mining where is easy-to-access,
mineral deposits are usually in lower concentrations or
with more complex structures [5]. Economic benefit of
exploration of metals from such ores is commonly poor
with nowadays industrial technologies [5]. Beside it, de-
veloping of new strategies and approaches by sharing of
best practice for the recovery of disparate materials from
mining waste (e.g. CRM from tailing pond) he best option
for particular site could appear. [20] In order to simplify
an economic estimate of potentials for future recovery of
CRMs from mining residue, it is important to have infor-
mation of waste characterization in active mines, of the
presence of CRMs [20].

The 3R model of circular mining economy is based on
three basic principles: reduce, reuse and recycling [18].

Reduce

During exploration process, refinement and usage of
mineral resource, diminishing of mining waste reflected
in [18]:

« the more adequate exploitation of the raw materials,
applying of modern industrialization, better automa-
tion of the process, with the optimization of exploita-
tion during the whole process [18],

*  Decreasing mining dilution ratio and ratio of ore los-
ing and increasing recovery rate of mineral-process-
ing and smelting to upgrade total recovery results
by constant studding mining technologies and melt-
ing process promoting of overall benefit of resource
development by decreasing in pollutants emissions
such as tailing, gangue and mine wastewater [18].

Essential part of any mining activities is management of
large volume of mining water. Mining water is problem in
both, closed or active mining sites, and challenges to find
sustainable practice for mineral processing sites and to
deal with acid mine water problem [5].

Circular economy

Figure 1: Concept of circular economy [13]
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Reuse

This principle covers the reuse of acid mine drainage
(AMD). Overburdens and flotation tailings are the main
sources of acid mine drainage [21]. According to the gen-
eral consensus, acid mine waters are the most critical
environmental problem caused by mining [21], but also
one of the most compelling environmental risks on the
global level. Hundreds of thousands of hectares of land
and thousands of kilometers of watercourses worldwide
are threatened by acid mine drainage [22].

Wastewater treatment processes can be chemical, phys-
ical and biological, as well as passive or active [23]. What
they all have in common is high cash investments in their
implementation. The principle of wastewater treatment is
based on the separation of impurities. After treatment,
water is returned to the system and reused or safely dis-
charged into wastewater streams.

As the main sources of wastewater generation, overbur-
den and flotation tailing, can be reused and converted
into useful material.

There are two potential ways to utilize waste and tailing

[18]:

»  Firstly, by progress in mineral processing machinery
which implies on increasing in recovery rate of dif-
ficulty recovered part of the ore [18]. The crushing
and grinding cost 49% to 56% of the total cost of the
mineral processing to achieve concentrates (further
action and calculation have to be applied to find ef-
fectiveness of processing and application of materi-
als with adjustment within approaches) [18].

* The second is to produce new outputs (e.g. building
materials, using waste tailing produce building mate-
rials such as cements, glass, building ceramics, cast
stone products, but it also can be used for farming
fertilizer, reclamation for mined area, road making,
coal waste fired power, etc [18].

Circular economy of mining sector attributes to an eco-
nomic system, which are some kind of biomimicry (fol-
lowing of natural ecological rules which essence is highly
efficient exploitation and extensive application of mineral
resources [18]. It constitutes a closed-loop material flow
as “mineral resources - mineral products - renewable
mineral resources” according to mineral exploration,
exploiting, processing, melting, deep processing, con-
sumption and other processes [18].

Recycling

Reducing the amount of waste by processing the raw
materials used in order to obtain commercial products. In
the world, 45% of the steel output, 62% of copper, 22%
of aluminum, 40% of lead, 30% of zinc and 30% of paper
products are from renewable resources recovery [18].
Increasing the production and consumption of metals
leads to the development and continuous improvement
of technologies for their processing. The application of
new technologies allows for an increase in the amount
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of metals obtained by recycling; Aluminum factories are
increasingly common where 100% of aluminum is recy-
cled, rare earth elements are generated from electronic
waste, etc.

Waste recycling leads to a more rational use of primary
mineral resources, energy savings and reduced waste
materials, thus directly protecting the environment from
pollution. It is estimated that recycling one kilogram of
aluminium also saves up to 8 kilograms of bauxite, 4 ki-
lograms of chemical products and 14 kilowatt hours of
electricity [24].

Newer methods of treating acid mine waters include
backfilling which involves refilling an open cast/under-
ground mine with its waste-rock post-closure or waste-
heap dry covers: Single to multi-layered systems that
consist of low permeable, non-reactive solid material on
waste-rock heaps and tailings. Tailings themselves can
act as dry covers, hardpans, which increase the perfor-
mance of a dry cover system [23].

Having in mind the characteristics, and the purpose, of
particular mine, the decision has to implement the circu-
lar economy model on its own, or to form an “Eco-parks”
scheme. Eco-park means industrial symbiosis with an-
other factory or branch of industry. An eco-park is formed
by making waste from one plant an input raw material to
another, which turns waste into a useful resource (which
is in the core of CE concept) [25, 26].

Raising awareness among general public and policy
makers of the benefits of CRM / SRM recovery from
landfill and extractive mining sites, can be one of specific
objectives for establishing strong foundation for quality
implementation of circular economy principles [20].

Serbia's legalization is on the right track towards incor-
porating a circular economy. The Ministry of the Environ-
mental Protection formed the Circular Economy Working
Group, and then the Chamber of Commerce also formed
the CE Sector. At the same time, the importance of min-
ing waste was recognized by the Ministry of Environment
Protection, and the European Union funded the develop-
ment of The Cadaster of Mining Waste as a significant
inventory (aiming to further develop and improve the
mining waste management system in the Republic of
Serbia). What is also significant is that The Mine Water
Cadaster with their characteristics has been developed
[27]. An important prerequisite for the development of
Eco-parks, as a kind of symbiosis of waste producers in
order to transform waste raw materials into useful ones,
is the formation of a by-product rulebook, so that waste
from one factory can be input raw material into another
[28].

SERBIA CASE STUDY

In attempt to connect industrial waste with the concept
of CE in the Republic of Serbia, several examples were
taken into consideration: a) acidic mine drainage from
Bor's mine, b) flotation tailings from a copper mine in Ma-
jdanpek and c) fly ash from the thermal power plant Ni-
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kola Tesla (Obrenovac). The Bor and Majdanpek copper
mines are part of the ZijinBor Copper mining and smelter
complex.[29] After long period of exploitation (in the case
of Bor's mine it is more than a century, as the mine had
been opened in 1903.), the local disturbance of geolog-
ical structure occurred, surface and underground water
became contaminated, and the life cycle of animals and
of vegetation have also been exposed to adverse nega-
tive effects.

Acid mine drainage and tailing pond were taken as
an example having in mind that the large areas of land
were degraded by mining activities, with resulting pro-
duction of large quantities of solid waste materials (open

pit mines, flotation tailings, etc.) and acid mine drainage
was formed [30]. Due to their geographical location and
proximity to the Danube river, the acid mine drainage
have potential to cause international tension. In addition,
more than 780x10° tons of mining waste (mines and flo-
tation tailings) containing over 1,140,000 tons of copper
(Cu) have been deposited in Bor [21] and its surround-
ings over the past 100 years. It has also been estimated
that by leaching of mining waste, 290-350 tons of copper
are irreversibly lost annually, with the consequent con-
taminating of surface flows [31]. Tailings resulting from
former mining activities can become alternative sources
for CRM, and to lower supply risks [20].

Table 1: Characteristics of input raw material

Consequences of waste disposal

Benefits of integral treatment

* Healthy risks
Tailing pond .

« Asource of fine dust which can
contain harmful chemical elements

constant danger of possible

*  metal revalorization
* economically viable

« there is no formation of new acidic
mine water

breakage or overflow of dams and
leakage of flotation pits

Source of Acid Mine Water

reduced pollution and
reduces costs for remediation

Food chains and ecosystems are

Food chains and ecosystems are

rapidly collapsing
*  toxic nature

Acid Mine Drainage mobility

» aesthetic pollution of watercourses |*
»  pollution of agricultural land .

rapidly collapsing
*  toxic nature
*  mobility
aesthetic pollution of watercourses
pollution of agricultural land

Fly ash * expensive escrow fee

* may pollute the air, soil, water

» expensive landfill maintenance

*  Free agent for neutralizing acid
mine waters

In order to utilize disposed waste and to form appropriate
integral treatment of the waste, it is necessary to analyze
and synthesize the all available data. Before reaching
the results that the raw materials described above can
be an input data of the integral treatment, many param-
eters were processed and extensive modeling and ex-
periments were done. Some of these results have been
presented [34, 35].

After defining the mineral and chemical composition
of the tailings, as well as the chemical composition of
acid mine waters [34], the stability test of the waste in
atmospheric conditions such as in the field conditions,
as well as in the more invasive conditions in case of ex-
cesses, were performed. Numerous computer simula-
tions have been done [36], in order to isolate potential
integral treatments which will obtain best results. In ad-
dition to the positive results obtained by software simu-
lations, the proposed concept was proven in laboratory
conditions and purified water was obtained, which can
be discharged into natural recipes safely, but even bet-
ter to return to the technical process of ore processing.
The precipitated metals particles remain in solid residue
and they can be recovered revalidated from tailings. Also

496

there are a lot of selective precipitation suggestions [37],
which can and should be further considered. Potential
environmentally safe integral treatments for Serbia case
study are given in Table 2, as well as the benefits that
would be obtained if these raw materials were included
in the integral treatment.

In the example above, we interpreted both types of treat-
ment, passive and active. Extensive synthesis and anal-
ysis of data, narrows our search for inputs, as e neces-
sary co-participants in the process also, reduces the time
frame of research as well as the cost of experiments in
the laboratory. The quality choice of raw materials gives
us the best result: reduced amount of waste in nature,
reduced its ability to generate further waste, free waste
treatment, metal revalorization, the possibility of apply-
ing additional neutralization methods (to accelerate the
process), and reduces of cost of neutralization. Finan-
cial frameworks for the rehabilitation of abandoned min-
ing areas, in order to prevent AMD from becoming very
expensive, even for the most developed countries [36],
therefore, it is necessary to maximize the application of
waste as a free raw material for AMD neutralization treat-
ment.
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Table 2: Potential environmentally safe integral treatments for Serbia case study

e . c
Acid Mine Tailing pond | | o\ tralized Acid I s 2
Water from | +| from Majdan- |= Mine Water + | Solid residue 5 =

Robule Lake pek mining site < o
* To be used for briquette
production
» Can be used as * In the construction indus-
technical water try, e.g. for the produc-
Advantages: « Can be safe for tion of cement
discharge +  Back-filling
*  Waste-heap dry covers
for extraction of Critical
Raw Materials
Acid Mine . . 25
Water from | + Fly ash = Neut_rallzed Acid |, Solid residue A E
Mine Water c ®
Robule Lake o o
* To be used for briquette
e can be used as production
technical water * In the construction indus-
Advantages: « can be safe for try, e.g. the production of
discharge cement
»  Back-filling
*  Waste-heap dry covers
CONCLUSION nonstandard copper concentrates processing with the

To establish a circular economy system approach within
the mining industry sector is a new challenge, to save
natural recourses, and obtain higher recovery rates of
materials.

Sharing the best practice for the recovery of materials
(particularly, critical raw materials) from mining waste
can be of great help in order to develop approach suit-
able for local conditions, as the type of ore, residual ma-
terials and included production technologies are usually
site specific.

By raising awareness among policy makers, and joining
efforts of science and engineering in order of developing
new lines of action in this particular field can be the way
to obtain new, more sustainable solutions.

It is also important to improve understanding of circular
economy approaches, of all potential stakeholders within
mining sector, to get best possible solutions, based on
good understanding of both sides — mining processes,
and potentials that can offer circular economy concept.
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