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Abstract

Robule Lake, located in Eastern Serbia, near the city of Bor, is being influenced by waste
materials from mining activities. For the purification of water from Robule Lake, con-
taminated with various metal ions (Fe, Cu, Zn, Mn, Cd, Ni, etc.), acid mine drainage
(AMD) treatment methods such as: passive treatment method, sequential neutralization,
ion exchange, adsorption process based on low cost adsorbents, adsorption process based
on natural zeolits, electrodialysis, filtration with nanofiltration membranes, and reverse
osmosis, were evaluated by the following MCDM methods: TOPSIS, VIKOR, MOOSRA,
WASPAS, and CoCoSo. Criteria used for the evaluation were: efficiency in the metal ions
removal and the quality of the purified water, necessity of pre-treatment and / or post-
treatment of treated water, possibility of using the generated waste, capital costs, operat-
ing and maintenance costs, needed area, and sensitivity of the method. The results of the
MCDM analysis showed that sequential neutralization was the most appropriate method
for this wastewater, while passive treatment system and ion exchange were ranked as sec-
ond and third, respectively.

After the selection of AMD treatment method, neutralization tests with lime were carried
out with the water sample from Robule Lake. The results of sequential neutralization test-
ing showed that concentration of Fe ions could be lowered to 1 mg/L at pH 4. The values
of Cu, Zn, and Ni ions concentration obtained at pH 7 were 0.04, 0.65, and 0.21 mg/L,
respectively, while the values of Mn and Cd ions concentration of 0.01 and 0.0001 mg/L,
were obtained at pH 10.

Keywords MCDM - AMD - Robule Lake - Wastewater - Metal ions - Neutralization

1 Introduction

Mining industry is one of the biggest environmental polluters and it is equally affecting air,
soil, and water (Chen et al. 2018; Zeng et al. 2018; Mwaanga et al. 2019). Some metals, as
well as other polluting matters such as suspended particles, trough air, soil, and water, are
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also endangering health of plants, animals, and humans (Nikolic and Nikolic 2012; Yan
et al. 2020).

Bor is located in East Serbia, and it is known for copper production from several open-
pit and underground mines. Mining activities in Bor began in 1903 and are continuing up
to date, so a lot of damage to the environment has been made during this period. Air qual-
ity in Bor and surrounding area is affected by dust from open pit mines, mining overburden
and flotation tailings dumps in dry windy season, but also by exhaust gasses from copper
smelter, so suspended particles of metals and other polluting maters are released into the
environment, thus polluting soil (Dimitrijevic et al. 2009; Milosavljevic et al. 2020). Also,
during the rainy season dissolution of metals, sulphur and others occurs, causing the trans-
fer of these ions trough water streams into surface and underground waters (Petrovic et al.
2021). Some of surface and underground waters in Bor are polluted by mining activities up
to an extent that there are no living organisms in them. One of the examples is Bor River,
one of the Europe’s most polluted rivers (Milijasevic et al. 2011).

Since clean water is one of the most important resources of 21" century it is crucially
important to preserve and prevent further pollution of rivers and water streams. Therefore,
the activities that include wastewater treatment must be undertaken. There are many waste-
water treatment methods that are being used and their application and efficiency depend on
kind of pollutant present in the water.

It is well known that for different types of wastewater different treatment methods can
be applied, more or less efficiently. That is the reason why experts in this field can be hesi-
tant when choosing appropriate water treatment method. There are also several factors that
can influence the selection, starting from technical possibilities to apply some method,
their efficiency, ecological aspect and economical factor. All of this additionally burdens
the selection of appropriate wastewater treatment method. Thus, before randomly conduct
experiments by applying different treatment methods it is much better to select one method
that will provide the highest efficiency in pollutants removal with satisfactory ecological
impact and the best economical outcomes. Also, opinions of decision makers can be con-
flicted about some of the methods and to avoid disputes it is for the best to be equipped
with some neutral tool that will provide the answer about the best solution based on their
opinions.

Therefore, in recent years numerous Multiple-Criteria Decision Making (MCDM)
methods were used to help in the decision making process. These methods can be applied
as a support in many areas of life, industry and science. Some of the MCDM methods
have considerable variety of applications in different areas, while some have a smaller
number of applications for solving some specific problems. The well-known TOPSIS and
VIKOR methods have been used for: ore deposit selection (Popovic et al. 2020), devel-
oping model for municipal solid waste management (Mir et al. 2016), flotation machine
selection (Stirbanovic et al. 2019), calibration efficiency of hydrological model (Asl-
Rousta et al. 2019), supplier selection (Wu and Liu 2011), etc. The less-known and less
used MOOSRA method was used for solving laptop selection problem (Adali et al. 2017),
machine selection (Sarkar et al. 2015), etc. Finally, the more recently proposed WASPAS
and CoCoSO methods have been used for solving a number of different decision-making
problems, such as: cloud service provider selection (Lai et al. 2020), and tourism attrac-
tion selection (Luo et al. 2021).

Application of MCDM methods for water management and wastewater treatment was
also the subject of some research. Karimi et al. (2011) selected process for wastewater
treatment using AHP and fuzzy AHP methods, while Ilangkumaran et al. (2013) used
PROMETHEE and GRA methods for the same purpose. Dursun (2016) applied Fuzzy
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VIKOR method for evaluating 4 wastewater treatment methods by 9 criteria and the
results of the analysis showed that aerated lagoon was the most suitable. Ayyildiz and
Ozgelik (2018) applied Entropy, SAW, MOORA, and TOPSIS methods to evaluate the
performances of wastewater treatment services in 30 metropolitan municipalities in Tur-
key. Anaokar et al. (2018) evaluated the performance of six municipal wastewater treat-
ment plants using the TOPSIS method. Mladenovié-Ranisavljevi¢ et al. (2018) used the
PROMETHEE method to determine the water quality of the Danube River. Baghapour
et al. (2020) used TOPSIS and AHP methods to optimize big amount of data gathered
from a wide range of resources about water quality monitoring, while Pourmand et al.
(2020) tried to find the best scenario for acceptable long-term groundwater conservation
by applying fuzzy TOPSIS method. TOPSIS method was also used by Yahya et al. (2020)
for analyzing the most common wastewater treatment methods. Ali et al. (2020) applied
fuzzy VIKOR method to select wastewater treatment technology. Gichamo et al. (2021)
did the ranking of natural wastewater treatment techniques by VIKOR method.

The new MCDM model for the selection of the best available wastewater treatment method
for particular AMD that can provide significant support to researches in pre-experimental or
pre-industrial testing phase was developed. The study was conducted on wastewater from Rob-
ule Lake. Information about Robule Lake, such as position and chemical composition of the
water and also short overview of methods that were considered for the treatment and purifi-
cation of the water from this lake are provided in the first section. Second section represents
applied methodology based on TOPSIS, VIKOR, MOOSRA, WASPAS, and CoCoSo meth-
ods. The results and of MCDM analysis for selection of the wastewater treatment method for
purification of water from Robule Lake followed by the results of the laboratory testing con-
ducted using the method that was chosen to be the most appropriate are shown in the third sec-
tion. The final section offers conclusions and final remarks.

1.1 Robule Lake

A permanent lake Robule is located at the southeast perimeter of the mining waste dump
zone (Fig. 1), which is fed by surface water drainage and seepage. From seepage of the
disposed waste materials and /or from accumulation of leach solution from heap leachings,
this water is highly contaminated with the site specific compounds like sulphate, iron, and
trace metal elements concurrent to low pH-values below 3 (Gardi¢ et al. 2017; Markovic
et al. 2020). Also, the color of the water is red.

Due to its location in the immediate environment and free access to the lake for humans
and livestock, Robule Lake represents a high risk of health impairment and an overall envi-
ronmental risk. At current conditions Robule Lake overflows through a small size pipe
conduit and a ditch directly into Bor River without any treatment.

Water level is mostly constant indicating some water recharge from groundwater or
springs. An average flow rate out of the Robule Lake to Bor River is about 500 m*/day [1,

2].
The historical data about Robule Lake water quality is given in Table 1.!,23*

1 Regulations 3/1968; 50/2012; 24/2014.
2 Stevanovié et al. 2013.

* Gardic et al. 2017.

4 Petronijevic et al. 2020.
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Fig.1 Location and appearance of Robule Lake

As it can be seen from Table 1 the water from the Robule Lake is very polluted with
various contaminates. The contents of Fe, Cu, Mn, and SO42_, are extremely over val-
ues proscribed for IV class water (Regulation No. 3/1968). Also, the pH values of the
water are low, i.e. acidic, which can be very dangerous and harmful to the environment.

Table 1 The historical data about Robule Lake water quality

Characteristic Unit Year Maximum Allowable
2 3 " Concentration (MAC) IV
2011 2017° 2019 class!
Color of water - reddish reddish reddish none
Odor of water - none none none none
pH - 2.56-4.20 2.7 247 6.5-8.5

Suspended materi- mg/L 12.0-55.0 - - -
als on 105 °C

S0,2" g/L 4.91-10.57 - 7.50 0.30
Fe total mg/L 526.4-812.0 554.5 287 2
Cu mg/L 53.0-71.6 64.4 66.39 1

Ni mg/L 0.6-1.0 0.643 0.6 34
As mg/L - 0.0069 <0.007 0.1
Zn mg/L 24.3-29.1 26.5 17.6 5

Pb mg/L - <0.0021 0.188 14
Cd mg/L 0.08-0.117 0.0073 0.012 0.9
Mn mg/L 96.0-133.8 122.6 66 1

Cr mg/L - <0.0017 0.002 0.25
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All of these indicators are important because the water from Robule Lake is flowing
through rivers Bor River and Timok and going to the Danube.

1.2 Wastewater Treatment Methods

There are numerous wastewater treatment methods that can be equally efficient in
terms of quality of obtained water. All of them have some advantages or disadvantages
compared to each other (Saha and Sinha 2018), therefore, it is difficult to determine
which one is the most appropriate for treatment of particular wastewater.

In this paper following 8 wastewater techniques were analyzed for the treatment of
water from Robule Lake:

1. Passive treatment system, i.e. wetland process, is used for treatment of various kinds of
wastewaters. Its efficiency in metals removal (Cu, Fe, and Zn) is 70-80%, depending on
a metal. Good sides of using this method for treatment of AMD are high daily capacities
(up to 3000 m*/day), low operating costs, no need for pre-treatment and post-treatment,
while downside is the need for large area.

2. Sequential neutralization process is very efficient for treatment of AMD with high con-
tents of metal ions. Advantages of this method are that pre-treatment is not needed, low
operating costs (0.07 $/m?), and possibilities of income, i.e. sludge valorization.

3. Ion exchange represents a process of purification of aqueous solutions using solid poly-
meric ion exchange resin. In order to apply this process, it is necessary to perform oxida-
tion, neutralization and precipitation as pre-treatment processes. After that, efficiency in
removal of Cu, Fe, Zn and Cd is 100%. The downside of this process is generation of the
wastewater in regeneration phase and the need for its treatment of wastewater, which is
increasing operating costs, that vary from 0.19-7.3 $/m> depending on a source (Sarai
Atab et al. 2016).

4. Adsorption process based on low cost adsorbents mainly uses organic or non-organic
waste materials for adsorption of metal ions from wastewaters. The efficiency of this
process is depending on an adsorbent type and also on a pollutant present in the water.
The benefit of this process is low cost of used adsorbents.

5. Adsorption process based on natural zeolites is highly efficient for treatment of wastewa-
ters contaminated with metal ions, but its efficiency depends on ion type. For example,
removal efficiency of Fe**, Mn?*, Zn?*, and Cu~ is 80%, 95%, 90%, and 99% respec-
tively. Also, adsorption of elements decreases if initial pH of the AMD solution is lower.

6. Electrodialysis requires pre-treatment such as microfiltration and with this method AMD
with higher Fe concentration cannot be treated. On the other side efficiency in metal
removal is high, approximately 97%.

7. Filtration with nanofiltration membranes can be used for removal of metal ions (Ni,
Cu, Zn, and Pb) from water with over 90% efficiency. Advantage of this method is that
no pre/post-treatment of water is needed, and disadvantage is that high water recovery
requires high pressure and treatment plant for waste water, i.e. higher operating costs.

8. Reverse Osmosis as a method for treatment of AMD requires no pre/post-treatment,
but in order to enhance the water recovery higher pressure is required, which implies
higher treatment costs. Also, treatment plant for wastewater is needed. The efficiency
in removal of metal ions (Cu, Fe, Zn, and Mn) is 97-98%.
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2 Methodology

Proposed methodology is given in Fig. 2. Based on characteristics of wastewater from Robule
Lake and Serbian regulations and legislation wastewater treatment methods that could be used
for purification of wastewater in question were identified. Selection of the best available waste-
water treatment method was performed by applying five MCDM methods based on 7 criteria.

[ Wastewater ]H

Wastewater treatment methods

Passive treatment system

Sequential neutralization

Ion exchange

Adsorption with low cost adsorbents

Adsorption with natural zeolites

Electrodialysis

Filtration with nanofiltration

e, (e, (e (e — (e (pr— (p—
— e

s Reverse Osmosis
1 MCDM methods | :
I i
e Y R LI S T UL R o S ol s 1
i TOPSIS :
H 1
! VIKOR !
i MOOSRA : Selection of wastewater treatment method
I I
i WASPAS '
] 1 .
Coew )} [ oo ]
i
Wil i
The best ranked
alternative
[ Experimental testing ]
[ Purified water ]

Fig.2 Methodology flowchart
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The MCDM analysis gave the best ranked alternative. Experimental testing was done in order
to confirm the results of the MCDM analysis, i.e. to obtain purified water.

2.1 MCDM Methods

In the past few decades, MCDM methods found their applications in solving many prob-
lems regarding various selections and making decisions in general, which resulted in pro-
posing numerous new methods. However, only methods that were used in this study would
be mentioned and discussed later: Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) proposed by Hwang and Yoon (1981), Multi-criteria Optimization and
Compromise Solution (VIKOR) proposed by Opricovic (1998), Multi-Objective Optimiza-
tion on the basis of Simple Ratio Analysis (MOOSRA) proposed by Kumar and Ray (2015),
Weighted Aggregated Sum Product Assessment (WASPAS) proposed by Zavadskas et al.
(2012), and Combined Compromise Solution (CoCoSo) proposed by Yazdani et al. (2019).

2.1.1 The TOPSIS Method

Compared to other MCDM methods, the TOPSIS method is based on the specific idea that
an alternative is more appropriate if it is as close as possible to the ideal point and at the
same time as far as possible from the anti-ideal point in Euclidean space. In order to deter-
mine the relative distance of alternatives to ideal point d, i.e. anti-ideal point d;, Eq. (1)

and (2) need to be used.
21y 172
df = {2;;1 [wj(rij—r;r> ] } , (1)

and

d7={2$4%<%_§)1}ué )

In these equations w; represents the weight of j-th criterion, r; is normalized rating of i-th
alternative in relation to j-th criterion, r! is j-th coordinate of the ideal and r Jj-th coordi-
nate of the anti-ideal point, while n represents a number of criteria.

The relative distance of i-th alternative C; to the ideal and anti-ideal point can be calcu-
lated as follows:
d;

1

C.= .
Yodr+df

1 1

3)

The alternative with the highest C; is the most appropriate alternative.The TOPSIS method
uses the vector normalization procedure to calculate r; as follows:

Xjj

rlu B ——
v [2;’!:1 (xlj)Z (4)

In Eq. (4) x;; denotes set rating of i-th alternative in relation to j-th criterion.
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2.1.2 The VIKOR Method

The VIKOR method integrates ideas of ideal and compromise solutions. For determin-
ing the most appropriate alternative the VIKOR method uses the overall ranking index
Q;, calculated as follows:

GRS (R~ —R*)’

In Eq. (5) S represents the average group score of i-th alternative and R; the worst
group score of i-th alternative, $* = min;S;, = = max;S;, R* = min;R;, R~ = max;R;, and
v denotes significance of the strategy (usually is v = 0.5).

The average group score of alternatives and the worst group score of alternatives are

determined as follows:

S; = Z;l:le<xj’."—xlj)/<x;—xj_>, (6)

and

R; = max; [wj (xj* - )cij>/(x]’.k - X )] . @)

In Eq. (6) and Eq. (7) xji" and x; are determined as follows:

= § maxx; x; €Q, .. ®)
;o . ’
7 minx; x; € Q in
and
= ] minx; X €Q,. ©)
7 max;x; X; € Qi

where: Q- denotes set of maximization and Q,,;, denotes set of minimization criteria.

2.1.3 The MOOSRA Method

The MOOSRA method uses ratio between utility of maximization b; and minimiza-
tion nb; criteria, respectively, for determining performance score of alternatives v;, as
follows:

b 2ea,, "i%

‘max

Vo= e = e T (10)
' nb; ZjeQm,,, Tywj

The MOSRA method uses the vector normalization procedure as well as the TOPSIS
method.
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2.1.4 The WASPAS Method

The WASPAS method uses performance score of alternatives Q, for ranking and select-
ing the best alternative, where Q, is usually calculated as follows:

_ 0 @ _ Lgn LT W
0,=0.50," +0.50,” = Ezjzlrijwj +5 11 (ry)". 11
In Eq. (7) QEI) and Ql@ denote relative importance of i-th alternative based on weighted
sum and exponentially weighted sum method, respectively.
The normalized ratings Ty in Eq. (11) are calculated as follows:

Xij
—— x; €Q
) maxx; 7Y max
=y oo (12)
X;; ij min
i

2.1.5 The CoCoSo Method

The CoCoSo method uses the weighted sum method and the exponentially weighted sum
method for calculating performance score of alternatives k;, where weighted sum and the
exponentially weighted sum are calculated, as follows:

n

Si= 21 (13)

J=1

P=T], ()" (14)

In Eq. (13) S, represents utility of i-th alternative based on weighted sum method, while in
Eq. (14) P; represents utility of i-th alternative based on exponentially weighted sum method.
The performance score of alternatives k; is calculated as follows:

wi=

k; = (kia + ky, + kic) + (kiakibkic) . (15)

W | =

where: k;,, k;, and k;. denote three aggregated appraisal scores which are calculated on the
basis of S; and P;.

The normalized ratings Ty in Eq. (13) and Eq. (14) are calculated as follows:

X —minXx;
T € Q.
_ max;xg—minx; Y
rij = ma)/,vxij—xv. . (16)
—_— 1 x.eQ .
Xjj 'min

X;Max;X;—minx;
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3 Results and Discussion
3.1 Criteria for Evaluation and Selection

For the evaluation of the proposed methods for treatment of waste water from Rob-
ule Lake and the selection of the most appropriate one, 7 criteria were used. Criteria
for evaluation and selection were chosen by five experts in wastewater treatment and
according to their importance in the selection process.

Following criteria for the selection of wastewater treatment method were chosen:

1. Efficiency in the metal ions removal and the quality of the purified water (Cr)
— is one of the most important characteristics of the water treatment method. Effi-
ciency of a wastewater treatment method is in the function of obtained purified
water which is in accordance with increasingly stringent regulations. In this case,
the efficiency of metal ions removal from wastewater should be adequate to ensure
that the concentration of metal ions in purified water is below the maximum allowed
concentration for discharging in surface water according to Serbian legislature,.

2. Necessity of pre-treatment and / or post-treatment of treated water (Cr,) — represents
one of factors that can influence the economic efficiency of wastewater treatment method.
Necessity of pre-treatment and / or post-treatment of treated water in many ways raises
the cost of the treatment: capital costs are higher because of procurement of the addi-
tional equipment, operation cost is higher because of engagement the additional labor,
power, etc.

3. Possibility of using the generated waste (Cr;) — could be an added value and have
positive effect on applied method. If the waste which can be used in industry is gen-
erated during the wastewater treatment, the provided added value will have the posi-
tive effect on economic efficiency of wastewater treatment method.

4. Capital costs (Cry,)—have direct effect on economic efficiency of wastewater
treatment method and include preparatory work costs (construction costs), equip-
ment procurement, and all needed licenses for work.

5. Operating and maintenance costs (Crs) —have direct effect on economic effi-
ciency of wastewater treatment and include: labor, power, normative material, etc.
6. Needed area (Crg) — is the area for wastewater treatment plant, and it may affect
the application of method in two ways: the availability of the space, as a limiting
factor, and the cost of providing it, as an economic factor.

7. Sensitivity of the method (Cry) — has the influence on application of wastewater
treatment method in following way:

- if the sensitivity of wastewater treatment method is high, operation costs are
higher (the number and the qualifications of the labor must be higher, as well as
addition equipment for process control is needed).

- if the sensitivity of wastewater treatment method is low, the method is simpler (the
number and the qualifications of the labor is not required to be so high, additional
equipment for process control is not needed).

Lower sensitivity of wastewater treatment method has good economic effects.
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Zzzgsiznggkigagtgagt r%;oup Criteria Cr, Cr, Cry Cry Crs Crg Cry
Weight 030 020 0.10 020 0.10 005 0.05
Optimization — max  max  max  min max  max — max
A 6 10 5 3 10 2 8
A, 9 10 10 7 9 9 9
Ay 9 3 1 3 3 8 6
A, 5 10 1 7 5 8 6
As 5 10 1 7 5 3 1
Ag 9 1 3 3 3 1
A, 9 1 3 3 3 1
Ag 9 1 3 3 3 1

3.2 Wastewater Treatment Methods Evaluation and Selection

The evaluation of 8 wastewater treatment methods: passive treatment method (A,), sequen-
tial neutralization (A,), ion exchange (A5), adsorption process based on low cost adsorbents
(A,), adsorption process based on natural zeolits (As), electrodialysis (A¢), filtration with
nanofiltration membranes (A,), and reverse osmosis (Ag), for purification of water from
Robule Lake, using 5 presented MCDM methods (TOPSIS, VIKOR, MOOSRA, WAS-
PAS, and CoCoSo) is discussed in this section. Alternatives were evaluated based on the
considered criteria. The criteria weights were directly assigned by five experts, based on
their experience. The sum of the assigned weights is 1.

The starting decision-making matrix, compiled based on the opinions of five domain
experts, is presented in Table 2.

Ranking orders of alternatives, as well as some important calculation details obtained
by applying the previously described MCDM methods, are shown in Table 3.

As can be concluded from Table 3, the alternative denoted as A, was chosen as the most
suitable by all the methods. However, it can also be concluded that there was some disa-
greement regarding the ranking orders of remaining alternatives. The biggest discrepancy
was obtained with MOOSRA method, which provided different ranking order for all alter-
natives except for A,. There were also some disagreements in the case of VIKOR method,
which gave different ranking orders for A, and A; alternatives. For determining the final
rank of the remaining alternatives, the following Eq. was used:

. (zL.R,,)
mll’li T
S =— 7 (17)

! Zj]';] Rtj ’
k
where: R;; denotes the rank of alternative i obtained using MCDM method j, S; denotes the
total utility of the alternative i obtained based on the usage of five selected MCDM meth-
ods, and k denotes number of used MCDM methods.

The results obtained applying Eq. (17) are presented in Table 4.

The obtained results confirm that alternative A,, i.e. sequential neutralization, was
the most acceptable, followed by alternatives A, (passive treatment system) and A
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Table 3 Calculation details and

ranking orders obtained using A A A A A A A A
five MCDM methods TOPSIS  d- 0.1 013 008 007 007 008 008 0.08
4* 006 006 0.1 0.2 012 012 0.2 0.12
G, 063 0.69 043 038 036 040 040 040

Rk 2 1 3 7 8 4 4 4
VIKOR S, 034 021 043 070 076 049 049 049
R 023 020 020 030 030 020 020 0.20
0, 024 000 0.19 094 100 025 025 025

Rank 3 1 2 7 8 4 4 4
MOOSRA b, 032 042 022 025 022 0.9 0.19 0.19
nb, 0.6 0.10 0.6 0.10 0.10 0.16 0.16 0.16
v 201 423 142 251 218 122 122 122

Rk 4 1 s 2 3 6 6 6
WASPAS o) 081 088 0.68 059 053 062 0.62 0.62
0P 076 084 054 051 044 047 047 047
0, 078 086 061 055 049 055 0.55 055

Rk 2 1 3 4 8 5 5 5
CoCoSo S, 066 079 0.57 030 024 051 0.51 051
P, 558 598 397 385 279 291 291 291
ke 018 019 013 0.2 009 010 0.10 0.10
ky 481 548 386 266 200 3.19 3.19 3.19
ke 092 100 067 0.61 045 050 050 0.50
k290 324 225 171 127 181 181 181

Rk 2 1 3 7 8 4 4 4

(ion exchange). A considerable divergence in performance between mentioned alterna-
tives can be noticed. It is known that MCDM methods generally give the same ranking
order, and that differences are manifested only in certain specific cases (Stanujkic et al.
2013), as a consequence of the applied normalization procedure, the aggregation pro-

cedure used, and used criteria weights.

Table 4 The final rank of

X Alternative >R, S. Rank
alternatives = !
A, 2.60 0.38 2
A, 1.00 1.00 1
A 3.20 0.31 3
Ay 5.40 0.19 7
As 7.00 0.14 8
Ag 4.60 0.22 4
A 4.60 0.22 4
Ag 4.60 0.22 4
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3.3 Neutralization Tests

Based on the results of the MCDM analysis, according to which neutralization was
found to be the most appropriate method for treatment of wastewater from Robule Lake,
laboratory neutralization testing was carried out.

Batch reactor with magnetic stirrer speed of 400 rpm was used for laboratory inves-
tigations. Neutralization was carried out with lime milk prepared with Ca(OH), in con-
centration of 2.5 mass %. For the first neutralization step the aim was to reach pH 4.
After reaching the needed pH value, vacuum filtration was used for the separation of
phases. Liquid phase from the first neutralization step was used as a starting sample for
neutralization to pH 7. Liquid and solid phases were separated in the same way as in the
first neutralization step. The next neutralization steps were carried out with the liquid
samples from the previous neutralization steps.

Metal ions concentrations were determined by inductively coupled plasma mass
spectrometry. All chemical analysis were duplicated and quality control was performed
with blank and certified reference materials analysis. Values of concentrations of metal
ions obtained by chemical analysis were used for calculations of metal removal degree.

Table 5 presents the results of neutralization tests with the wastewater sample from
the Robule Lake.

Results of neutralization tests, presented in Table 5, show that Fe removal degree on
pH 4 was 99.7% mass. This value confirmed that Fe conversion into the insoluble hydrox-
ide form was almost finished on pH 4 and it was the good option for separation the Fe
ions from the other ions elements that existed in AMD from the lake. Removal degree for
other elements was as follows: Mn>Cu>Zn> Ni =~ Cd. Mn removal degree was about
30 mass %. Zn, Cd, and Ni were the originally minor component and the removal degree
was very low. This could be explained as the consequence of co-precipitation with the
sludge.

On pH 7, removal degree for all elements from Table 5 was as follows: Fe>Cu>Zn>Mn>
Cd>Ni.

Results for the neutralization test on pH 9 confirmed that the concentrations of Fe,
Cu, Zn, and Ni were under the MAC values. However, the concentration of Mn was
more than 20 times higher. Also, the concentration of Cd was higher than MAC value.
Based on obtained results, neutralization process was continued up to pH 10.

Concentration of Fe, Cu, Zn, and Ni ions on pH 10 were under the sensitivity limits
of the applied method. Mn and Cd ions removal degree was about 99.99 mass %.

Table 5 Chemical characterization of the Robule Lake wastewater samples treated by neutralization method
("Markovic et al. 2020)

pH value Concentration, mg/L

Fe Mn Cu Zn Cd Ni
pH 2.79 (start pH)" 322.6 90.8 347 12.8 0.04 0.41
pH 4" 1 62.7 31.5 12 0.041 0.42
pH7 0.01 422 0.04 0.65 0.019 0.21
pHO <0.0070 21.8 0.0051 0.025 0.0035 <0.0036
pH 10 <0.0070 0.01 <0.0033 <0.0050 0.0001 <0.0036
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As it can be seen from the results of this study, neutralization can be applied success-
fully for treatment of the wastewater from the Robule Lake, with aim to precipitate metal
ions present in this water.

4 Conclusions

Mining activities in Bor have negative influence on the environment, equally polluting air,
water, and soil. Water from Robule Lake, which is located near the mining waste dump
zone and fed by surface water drainage and seepage, is highly contaminated with the site
specific compounds like sulphates, iron, and trace metal elements, concurrent to low pH-
values below 3.

New MCDM model that provides efficient support in selection of treatment method for
AMD was developed. Case study for developing the model was Robule Lake. Five experts
in the field chose eight wastewater treatment methods: passive treatment method, sequen-
tial neutralization, ion exchange, adsorption process based on low cost adsorbents, adsorp-
tion process based on natural zeolits, electrodialysis, filtration with nanofiltration mem-
branes and reverse osmosis, to be evaluated by five MCDM methods: TOPSIS, VIKOR,
MOOSRA, WASPAS, and CoCoSo. Criteria used for the selection of wastewater treatment
method were: efficiency in the metal ions removal and the quality of the purified water,
necessity of pre-treatment and / or post-treatment of treated water, possibility of using the
generated waste, capital costs, operating and maintenance costs, needed area, and sensitiv-
ity of the method. The criteria were also assigned weights according to their importance in
the selection process. Experts suggested numeric values to every of the eight alternatives
for each of the criteria. The results of the MCDM analysis showed that sequential neutrali-
zation treatment method was the most appropriate for this wastewater, while passive treat-
ment system and ion exchange were ranked as second and third, respectively. It was noted
that some discrepancies between the ranks of alternatives occurred with some methods.
The biggest discrepancy was in the case of MOOSRA method, while VIKOR method did
not coincide with the other three only in terms of second and third rank. Although MCDM
methods generally provide the same rank of alternatives, some discrepancies may occur
as a consequence of the applied normalization procedure, the aggregation procedure, and
criteria weights.

After the selection of wastewater treatment method, neutralization tests with lime milk
were carried out on water sample from Robule Lake. The results of testing showed that
concentration of Fe ions could be lowered below the limit prescribed by Serbian legislation
at pH 4, while other metal ions such as: Cu, Zn and Cd needed pH 7, except for Mn and
Cd, which needed pH 10 for effective removal.

Acknowledgements Authors would like to acknowledge the Ministry of Education, Science and Technolog-
ical Development of the Republic of Serbia for the financial support of scientific research at the University
of Belgrade, Technical Faculty in Bor (contract number 451-03-9/2021-14/200131) and Mining and Metal-
lurgy Institute Bor (contract number 451-03-9/2021-14/200052).

Authors Contributions Zoran Stirbanovi¢ — conceptualization; methodology; writing — original draft prepa-
ration; data curation; editing of manuscript; project administrator. Vojka Gardi¢ — methodology; writing —
original draft preparation. DragiSa Stanujki¢ — methodology; writing — original draft preparation; software.
Radmila Markovi¢ — data acquisition; investigation. Jovica Sokolovi¢ — visualization; validation; formal
analysis. Zoran Stevanovi¢ — validation; supervision.

@ Springer



Comparative MCDM Analysis for AMD Treatment Method Selection

Funding Research presented in this paper was funded by the Ministry of Education, Science and Tech-
nological Development of the Republic of Serbia as it was mentioned in Acknowledgement section of the

paper.

Data Availability The data will be available in article or upon request.

Declarations

Consent to Publish Authors give their permission to publish.

Competing Interests The authors declare that they have no conflicts of interest.

References

Adali EA, Isik AT (2017) The multi-objective decision making methods based on MULTIMOORA and
MOOSRA for the laptop selection problem. J Ind Eng Int 13(2):229-237. https://doi.org/10.1007/
s40092-016-0175-5

Ali Y, Pervez H, Khan J (2020) Selection of the Most Feasible Wastewater Treatment Technology in Paki-
stan Using Multi-Criteria Decision-Making (MCDM). Water Conserv Sci Eng 5:199-213. https://doi.
org/10.1007/s41101-020-00094-6

Anaokar GS, Khambete AK, Christian RA (2018) Evaluation of a performance index for municipal waste-
water treatment plants using MCDM — TOPSIS. Int J Technol 4:715-726. https://doi.org/10.14716/
ijtech.v9i4.102

Asl-Rousta B, Mousavi SJ (2019) A TOPSIS-based multicriteria approach to the calibration of a basin-
scale SWAT hydrological model. Water Resour Manage 33(1):439—452. https://doi.org/10.1007/
s11269-018-2111-5

Ayyildiz E, Ozcelik G (2018) Evaluation of wastewater treatment performances for municipalities by using
MCDM Methods: Case study in Turkey. J Sci Technol 11(2):243-254. https://doi.org/10.18185/erzifbed.
390010

Baghapour MA, Shooshtarian MR, Zarghami M (2020) Process mining approach of a new water quality
index for long-term assessment under uncertainty using consensus-based fuzzy decision support sys-
tem. Water Resour Manage 34(3):1155-1172. https://doi.org/10.1007/s11269-020-02489-5

Chen Y, Jiang X, Wang Y, Zhuang D (2018) Spatial characteristics of heavy metal pollution and the poten-
tial ecological risk of a typical mining area: A case study in China. Process Saf Environ 113:204-219.
https://doi.org/10.1016/j.psep.2017.10.008

Dimitrijevi¢ M, Kostov A, Tasi¢ V, Milosevi¢ N (2009) Influence of pyrometallurgical copper production
on the environment. ] Hazar Mater 164(2-3):892-899. https://doi.org/10.1016/j.jhazmat.2008.08.099

Dursun M (2016) Evaluation of wastewater treatment alternatives using Fuzzy VIKOR Method. J Adv
Manage Sci 4(4):333-336. https://doi.org/10.12720/joams.4.4.333-336

Gardi¢ V, Markovi¢ R, Masuda N, Sokolovi¢ J, Petrovi¢ J, Pordievski S, BozZi¢ D (2017) The study of
leachability and toxicity of sludge after neutralization of Saraka and Robule AMD wastewaters. J
Min Metall a 53(1):17-29. https://doi.org/10.5937/IMMA1701017G

Gichamo T, Gokg¢ekus H, Ozsahin DU, Gelete G, Uzun B (2021) Ranking of Natural Wastewater Treat-
ment Techniques by Multi-criteria Decision Making (MCDM) Methods. In: Ozsahin DU, Gokcekus
H, Uzun B, LaMoreaux J (eds), Application of Multi-Criteria Decision Analysis in Environmental and
Civil Engineering. Springer Nature Switzerland AG, Cham, pp 87-100. https://doi.org/10.1007/978-3-
030-64765-0_11

Hwang CL, Yoon K (1981) Multiple Attribute Decision Making Methods and Applications. Springer-
Verlag, Berlin

Ilangkumaran M, Sasirekha V, Anojkumar L, Sakthivel G, Boopathi Raja M, Ruban Sundara Raj T,
Siddhartha CNS, Nizamuddin P, Praveen Kumar S (2013) Optimization of wastewater treatment
technology selection using hybrid MCDM. Manage Environ Qual Int J 24(5):619-641. https://doi.
org/10.1108/MEQ-07-2012-0053

Karimi AR, Mehrdadi N, Hashemian SJ, Nabi Bidhendi GR, Tvakkoli-Moghaddam R (2011) Selection of
wastewater treatment process based on the analytical hierarchy process and fuzzy analytical hierarchy
process methods. Int J Environ Sci Tech 8(2):267-280. https://doi.org/10.1007/BF03326215

@ Springer


https://doi.org/10.1007/s40092-016-0175-5
https://doi.org/10.1007/s40092-016-0175-5
https://doi.org/10.1007/s41101-020-00094-6
https://doi.org/10.1007/s41101-020-00094-6
https://doi.org/10.14716/ijtech.v9i4.102
https://doi.org/10.14716/ijtech.v9i4.102
https://doi.org/10.1007/s11269-018-2111-5
https://doi.org/10.1007/s11269-018-2111-5
https://doi.org/10.18185/erzifbed.390010
https://doi.org/10.18185/erzifbed.390010
https://doi.org/10.1007/s11269-020-02489-5
https://doi.org/10.1016/j.psep.2017.10.008
https://doi.org/10.1016/j.jhazmat.2008.08.099
https://doi.org/10.12720/joams.4.4.333-336
https://doi.org/10.5937/JMMA1701017G
https://doi.org/10.1007/978-3-030-64765-0_11
https://doi.org/10.1007/978-3-030-64765-0_11
https://doi.org/10.1108/MEQ-07-2012-0053
https://doi.org/10.1108/MEQ-07-2012-0053
https://doi.org/10.1007/BF03326215

Z. Stirbanovic et al.

Kumar R, Ray A (2015) Selection of material under conflicting situation using simple ratio optimiza-
tion technique. In: Das KN, Deep K, Pant M, Bansal JC, Nagar A (eds) Proc 4th Intern Confer Soft
Comput Prob Solv. Springer, New Delhi, pp 513-519

Lai H, Liao H, Wen Z, Zavadskas EK, Al-Barakati A (2020) An Improved CoCoSo Method with a Maxi-
mum Variance Optimization Model for Cloud Service Provider Selection. Inz Ekon 31(4):411-424.
https://doi.org/10.5755/j01.ee.31.4.24990

Luo Y, Zhang X, Qin Y, Yang Z, Liang Y (2021) Tourism Attraction Selection with Sentiment Analy-
sis of Online Reviews Based on Probabilistic Linguistic Term Sets and the IDOCRIW-COCOSO
Model. Int J Fuzzy Syst 23:1-14. https://doi.org/10.1007/s40815-020-00969-9

Markovic R, Bessho M, Masuda N, Stevanovic Z, Bozic D, Apostolovski Trujic T, Gardic V (2020) New
Approach of Metals Removal from Acid Mine Drainage. Appl Sci-Basel 10(17):5925. https://doi.
org/10.3390/app10175925

Milijasevi¢ D, Milanovi¢ A, Brankov J, Radovanovi¢ M (2011) Water quality assessment of the Borska
Reka river using the WPI (Water Pollution Index) method. Arch Biol Sci 63(3):819-824. https://
doi.org/10.2298/ABS1103819M

Milosavljevic JS, Serbula SM, Cokesa DM, Milanovic DB, Radojevic AA, Kalinovic TS, Kalinovic JV
(2020) Soil enzyme activities under the impact of long-term pollution from mining-metallurgical
copper production. Eur J Soil Biol 101:103232. https://doi.org/10.1016/j.ejsobi.2020.103232

Mir MA, Ghazvinei PT, Sulaiman NMN, Basri NEA, Saheri S, Mahmood NZ, Aghamohammadi N
(2016) Application of TOPSIS and VIKOR improved versions in a multi criteria decision analysis
to develop an optimized municipal solid waste management model. J Environ Manage 166:109—
115. https://doi.org/10.1016/j.jenvman.2015.09.028

Mladenovié-Ranisavljevié 11, Taki¢ L, Nikoli¢ B (2018) Water quality assessment based on combined
multi-criteria decision-making method with index method. Water Resour Manage 32(7):2261—
2276. https://doi.org/10.1007/s11269-018-1927-3

Mwaanga P, Silondwa M, Kasali G, Banda PM (2019) Preliminary review of mine air pollution in Zam-
bia. Heliyon 5(9):02485. https://doi.org/10.1016/j.heliyon.2019.e02485

Nikolic N, Nikolic M (2012) Gradient analysis reveals a copper paradox on floodplain soils under long-
term pollution by mining waste. Sci Total Environ 425:146—154. https://doi.org/10.1016/j.scitotenv.
2012.02.076

Opricovic S (1998) Multicriteria optimization of civil engineering systems. Faculty of Civil Engineer-
ing, Belgrade. (In Serbian)

Petronijevi¢ N, Stankovié¢ S, Radovanovié D, Soki¢ M, Markovi¢ B, Stopi¢ SR, Kamberovi¢ 7z (2020)
Application of the flotation tailings as an alternative material for an acid mine drainage remedia-
tion: A case study of the extremely acidic Lake Robule (Serbia). Metals 10(1):16. https://doi.org/
10.3390/met10010016

Petrovi¢ JV, Alagic¢ SC, Mili¢ SM, Tosi¢ SB, Bugarin MM (2021) Chemometric characterization of
heavy metals in soils and shoots of the two pioneer species sampled near the polluted water bodies
in the close vicinity of the copper mining and metallurgical complex in Bor (Serbia): Phytoextrac-
tion and biomonitoring contexts. Chemosphere 262:127808. https://doi.org/10.1016/j.chemosphere.
2020.127808

Popovié G, Stanujki¢ D, Karabasevié¢ D, Stirbanovié Z (2020) Model for ore deposits selection by using
the fuzzy TOPSIS method. J Min Metall a 56(1):59-71. https://doi.org/10.5937/JMMA2001059P

Pourmand E, Mahjouri N, Hosseini M, Nik-Hemmat F (2020) A multi-criteria group decision making
methodology using interval type-2 fuzzy sets: Application to water resources management. Water
Resour Manage 34(13):4067-4092. https://doi.org/10.1007/s11269-018-2111-5

Regulation on the categorization of watercourses (“Official Gazette of the SRS”, no. 3/1968) (In Serbian)

Regulation on Pollutant Limit Values into Surface and Groundwater and Sediment and Deadlines for
their Achievement (“Official Gazette of the RS”, n0.50/2012) (In Serbian)

Regulation on Limit Values Priority and Priority Hazardous Substances that Pollute Surface Water and
Deadlines for Achieving them, (“Official Gazette RS”, n0.24/2014) (In Serbian)

Saha S, Sinha A (2018) Review on Treatment of Acid Mine Drainage with Waste Materials: A Novel
Approach. Global Nest J. 20(3):512-528, https://doi.org/10.30955/gnj.002610

Sarai Atab M, Smallbone AJ, Roskilly AP (2016) An operational and economic study of a reverse osmo-
sis desalination system for potable water and land irrigation. Desalination 397:174—184. https://doi.
org/10.1016/j.desal.2016.06.020

Sarkar A, Panja SC, Das D, Sarkar B (2015) Developing an efficient decision support system for non-tra-
ditional machine selection: an application of MOORA and MOOSRA. Prod Manuf Res 3(1):324—
342. https://doi.org/10.1080/21693277.2014.895688

@ Springer


https://doi.org/10.5755/j01.ee.31.4.24990
https://doi.org/10.1007/s40815-020-00969-9
https://doi.org/10.3390/app10175925
https://doi.org/10.3390/app10175925
https://doi.org/10.2298/ABS1103819M
https://doi.org/10.2298/ABS1103819M
https://doi.org/10.1016/j.ejsobi.2020.103232
https://doi.org/10.1016/j.jenvman.2015.09.028
https://doi.org/10.1007/s11269-018-1927-3
https://doi.org/10.1016/j.heliyon.2019.e02485
https://doi.org/10.1016/j.scitotenv.2012.02.076
https://doi.org/10.1016/j.scitotenv.2012.02.076
https://doi.org/10.3390/met10010016
https://doi.org/10.3390/met10010016
https://doi.org/10.1016/j.chemosphere.2020.127808
https://doi.org/10.1016/j.chemosphere.2020.127808
https://doi.org/10.5937/JMMA2001059P
https://doi.org/10.1007/s11269-018-2111-5
https://doi.org/10.30955/gnj.002610
https://doi.org/10.1016/j.desal.2016.06.020
https://doi.org/10.1016/j.desal.2016.06.020
https://doi.org/10.1080/21693277.2014.895688

Comparative MCDM Analysis for AMD Treatment Method Selection

Stanujkic D, Djordjevic B, Djordjevic M (2013) Comparative analysis of some prominent MCDM
methods: A case of ranking Serbian banks. Serb J Manage 8(2):213-241. https://doi.org/10.5937/
sjm8-3774

Stevanovi¢ Z, Obradovi¢ Lj, Markovi¢ R, Jonovi¢ R, Avramovi¢ Lj, Bugarin M, Stevanovic J (2013) Mine
Waste Water Management in the Bor Municipality in Order to Protect the Bor River Water. In: Garcia
Einschlag FS (ed), Waste Water - Treatment Technologies and Recent Analytical Developments.
InTechOpen, London, pp 41-62. https://doi.org/10.5772/51902

Stirbanovi¢ Z, Stanujki¢ D, Miljanovi¢ I, Milanovi¢ D (2019) Application of MCDM methods for flotation
machine selection. Min Eng 137:140-146. https://doi.org/10.1016/j.mineng.2019.04.014

Yahya MN, Gokgekus H, Ozsahin DU, Uzun B (2020) Evaluation of wastewater treatment technologies
using TOPSIS. Desalin Water Treat 177:416—422. https://doi.org/10.5004/dwt.2020.25172

Yan B, Xu DM, Chen T, Yan ZA, Li LL, Wang MH (2020) Leachability characteristic of heavy metals and
associated health risk study in typical copper mining-impacted sediments. Chemosphere 239:124748.
https://doi.org/10.1016/j.chemosphere.2019.124748

Yazdani M, Wen Z, Liao H, Banaitis A, Turskis Z (2019) A grey combined compromise solution (CoCoSo-
G) method for supplier selection in construction management. J Civ Eng Manage 25(8):858-874.
https://doi.org/10.3846/jcem.2019.11309

Wu M, Liu Z (2011) The supplier selection application based on two methods: VIKOR algorithm with
entropy method and Fuzzy TOPSIS with vague sets method. Int J Manage Sci Eng Manage 6(2):109—
115. https://doi.org/10.1080/17509653.2011.10671152

Zavadskas EK, Turskis Z, Antucheviciene J, Zakarevicius A (2012) Optimization of weighted aggregated
sum product assessment. Elektron Elektrotech 122(6):3-6. https://doi.org/10.5755/j01.eee.122.6.1810

Zeng B, Zhang ZX, Yang M (2018) Risk assessment of groundwater with multi-source pollution by a long-
term monitoring programme for a large mining area. Int Biodeter Biodegr 128:100-108. https://doi.
org/10.1016/j.ibiod.2017.01.002

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Zoran Stirbanovi¢'® - Vojka Gardi¢?® - Dragia Stanujki¢' © - Radmila Markovi¢?
Jovica Sokolovi¢' @ - Zoran Stevanovi¢?

Vojka Gardi¢
vojka.gardic@irmbor.co.rs

Dragisa Stanujkic¢
dstanujkic @tfbor.bg.ac.rs

Radmila Markovié
radmila.markovic @irmbor.co.rs

Jovica Sokolovié
jsokolovic@tfbor.bg.ac.rs

Zoran Stevanovi¢
zoran.stevanovic @irmbor.co.rs

University of Belgrade, Technical Faculty in Bor, Vojske Jugoslavije 12, 19210 Bor, Serbia
Mining and Metallurgy Institute, Zeleni bulevar 35, 19210 Bor, Serbia

@ Springer


https://doi.org/10.5937/sjm8-3774
https://doi.org/10.5937/sjm8-3774
https://doi.org/10.5772/51902
https://doi.org/10.1016/j.mineng.2019.04.014
https://doi.org/10.5004/dwt.2020.25172
https://doi.org/10.1016/j.chemosphere.2019.124748
https://doi.org/10.3846/jcem.2019.11309
https://doi.org/10.1080/17509653.2011.10671152
https://doi.org/10.5755/j01.eee.122.6.1810
https://doi.org/10.1016/j.ibiod.2017.01.002
https://doi.org/10.1016/j.ibiod.2017.01.002
http://orcid.org/0000-0001-7571-2844
http://orcid.org/0000-0001-9865-3939
http://orcid.org/0000-0002-6846-3074
http://orcid.org/0000-0001-9754-1150
http://orcid.org/0000-0002-2003-1141
http://orcid.org/0000-0001-5317-6884

	Comparative MCDM Analysis for AMD Treatment Method Selection
	Abstract
	1 Introduction
	1.1 Robule Lake
	1.2 Wastewater Treatment Methods

	2 Methodology
	2.1 MCDM Methods
	2.1.1 The TOPSIS Method
	2.1.2 The VIKOR Method
	2.1.3 The MOOSRA Method
	2.1.4 The WASPAS Method
	2.1.5 The CoCoSo Method


	3 Results and Discussion
	3.1 Criteria for Evaluation and Selection
	3.2 Wastewater Treatment Methods Evaluation and Selection
	3.3 Neutralization Tests

	4 Conclusions
	Acknowledgements 
	References


