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Selection of lead-zinc flotation circuit design byapplying WASPAS method
with single-valued neutrosophic set

Edmundas Kazimieras Zavadskagomualdas Bau$ysDragisa Stanujki¢
and Marija Magdalinovic-Kalinovic*

In this paper, selection of adequate circuit desifead-zinc froth flotation, which has a sigréfit impact on the processing costs
and useful minerals utilization, is considered.sTbomplex selection problem can be adequately predeas an MCDM problem. Three
different circuit design schemes are consideredju8etial Selective Pn-Zn flotation, Collective-Sertfial Selective Pn-Zn flotation,
Collective Pn-Zn flotation. An approach for solvingmplex decision-making problems based on theotl88ASPAS method and single-
valued neutrosophic sets, namely WASPAS-SVNSpeged. The efficiency and usability of the progaggproach are considered on the
example of a lead-zinc flotation scheme selectioblpm.

Key words$ lead-zinc flotation multi-criteria decision making, WASPAS-SVNS, naofpbic set.

1. Introduction

Valuable minerals usually occur in low concentnasion ores, as part of supporting less valuable or
valueless substances. Not so rare ore contains typee of valuable minerals.

As an example of metals that often occur togethesres can be specified copper, lead, zinc, sdwat
gold, where lead (Pb) and zinc (Zn) can particyldré highlighted as metals whose minerals usuatiyuo
together in ores. To further processing these ralagit is usually necessary to make their separatvhere the
froth flotation is commonly used in for benefic@tiof valuable minerals.

The froth flotation is a very complex physicocheahiseparation process that utilizes the differeimce
surface properties of the valuable minerals and am@d gangue minerals. Such differences in mineral
properties between the minerals within the flotatjpulp become apparent after conditioning with ahlé
reagents like depressant, activators, promoteligotors, etc. The attachment of valuable minet@ksir bubbles
is the most important mechanism and representm#jerity of the particles that are recovered asrcentrate
(Kumar et al. 2013, Wills and Napier-Munn, 2006).

The separatiorof Pb and Zn in froth flotation, as well as itsigfncy, are discussed in humerous studies,
such as Chen and Xiao (2016), Mikhlin et al. (20T®hghan and Dianati (2015), Ran et al. (2014) ldnang
et al. (2013). Many different characteristics of thoth flotation process, usually some aspectstedlto the
complex physicochemicaéactions and kinetics of the milled ore particlesre considered in these studies.

However, the number of papers that treated Pb-gtatfbn process as MCDM problem is minor compared
to the number of papers devoted to physicochem@adtions and kinetics in the froth flotation pregeAs an
example of these rare papers, Kostovic and Glig@0d5), and Savic et al. (2015) can be mentioned.

The number of papers that consider various decisiaking problems related to extraction of the vhlaa
minerals from the MCDM standpoint is slightly largand Baral et al. (2014), Rahimdel and Ataei @01
Chakraborty and Chakraborty (2012) and so on caméetioned as some of such papers. Guria et ab5{20
Stanujkic (2013) and Stanujkic et al. (2013) coesdd some aspects of flotation circuit design seledrom
the MCDM standpoint.

The relatively low prices of raw metals, as wellres so rarely significant variations of their mécon
the stock market, often require the use of the fi@aton process that ensures high technologiodl @conomic
efficiency, particularly when poorer ores are pssasl. For these reasons, as well as the spedifiaakristic of
certain ores, several technological schemes of iPlrh flotation, with different technological amtonomic
efficiency, were proposed.

Higher technological efficiency should lead to hegleconomic efficiency. However, froth flotatioropess
is very complex so that the increasing of technickgefficiency does not always result in the irmgiag of

! Edmundas Kazimieras Zavadskd3epartment of construction technology and manaménVilnius Gediminas Technical University,
Sauletekio al. 11, 10223, Vilnius, Lithuaniadmundas.zavadskas@vgtu.lt

2 Romualdas BausyDepartment of graphical systems, Vilnius Gedimif@chnical University Sattekio ave. 11, Vilnius LT-10223,
Lithuania.romualdas.bausys@vgtu.lt

3 Dragisa Stanujkic Faculty of Management in Zajecar, John Naisbitiversity, Park Suma Kraljevica bb, 19000 ZajecBerbia.
dragisa.stanujkic@fmz.edu.rs

4 Marija Magdalinovic-KalinovicPhD, Candidate at Faculty of Economics, University @, Nserbia, marijamk75@gmail.com

85


https://core.ac.uk/display/211976377?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Edmundas Kazimieras ZavadskasRomualdas BauSysDragisa Stanujkic andMarija Magdalinovic-Kalinovic : Selection of lead-zinc
flotation circuit design by applying WASPAS metheith single-valued neutrosophic set

economic efficiency. Additionally, investment andopessing costs should also be taken into accotmenw
selecting the appropriate of Pb-Zn froth flotaticircuit design. In order to solve this problem im efficient
way, a framework of the multi-criteria decision rmakcan be applied.

During the recent years, researchers have applieidod the efforts to take into account differaspects of
the complex real-life problems applying multi-crige decision-making frameworks, such as Morsel01®),
Filip et al. (2014) and Urbaniec (2015). Anotheedtion of the research is incorporation of theuagess of the
initial information in the cases of the solutiontb&é complex nature practical problems by multiecia decision
making (MCDM) methods. Nowadays, the novel extemsiare formulated for the original crisp MCDM
methods applying the different types of the fuzeyssn order to incorporate the indeterminacy &f ithitial
information considered at the real world practaatision problems.

A brief history of the one MCDM method, namely WAS®, which would be the basis for the solution of
the most appropriate Pb-Zn flotation circuit desigg considered in more detail. Zavadskas et @1%2
proposed and originally described Weighted Aggredigdum Product Assessment (WASPAS) method. This
method aggregates the Weighted Sum Model (WSM) taedWeighted Product Model (WPM) in order to
construct a universal decision-making strategy. fils¢ attempt to extend the original crisp WASPA®thod
for MCDM problems that deal with the uncertaintytbé initial information was performed in 2014 (Zagkas
et al. 2014). The proposed extension, namely WASPAB, was formulated under an environment of the
interval-valued intuitionistic fuzzy numbers. Rettgna multiple novel attribute Weighted Aggregat8dm
Product Assessment method with the grey attribsteses, namely WASPAS-G, was proposed in Zavadskas
al. (2015b). The proposed novel technique is g@aroy grey number algebra, which enables dealirth wi
the imprecise information and can provide enharmeclracy in the decision-making process. Turskial.et
(2015) proposed a fuzzy multi-attribute performamseasurement (MAPM) framework, which incorporates
the application of the novel Weighted AggregatedmSRroduct Assessment method with Fuzzy values
(WASPAS-F) and Analytical Hierarchy Process (AHP)is approach allows dealing with qualitative &itites,
which are usually accompanied by ambiguities angugaess, in a natural way. The WASPAS method is
extended for group decision making with intervagdey2 fuzzy sets (Keshavarz Ghorabaee et al. 2818w
extension of WASPAS method, namely WASPAS-SVNS wab® proposed by Zavadskas et al. (2015) in
the current year. This new approach is formulatedeu an environment of the single-valued neutromopét.
The considered neutrosophic set provides the méan®present and model the vagueness of the initial
information explicitly.

Therefore, this manuscript is organized as follo8&ction 2 presents an approach for the evaluafiéb-

Zn flotation circuit designs. The main definitiothee neutrosophic sets are discussed in Sectiorn Haation 4
presents an extension of the WASPAS method addptethe use of the single-valued neutrosophic ket.
Section 5, an example is considered in order tdfyére proposed approach. Finally, Section 6 pneséhe
conclusions.

2. Evaluation of Pb-Zn flotation circuit designs

In some ore deposits, Galena ore (PbS) is usualipnd together with Sphalerite ore (zZnS) in sulfide
mineral. Before a pyrometallurgical separatione&d (Pb) and zinc (Zn) from sulphide ores it isessary to
increase the concentration of the valuable mineralsre concentrate, whereby the beneficiation daally
carried out by using froth flotation.

During the flotation process, it is necessary thiege some conflicting requirements such as: agelas
possible utilization of valuable minerals, the besssible separation of Pb and Zn minerals, a taag®unt of
concentrate, lower investment and processing cests, In order to achieve such conflicting requieens,
various flotation circuit designs have been prodosd# which the following can be mentioned as freufly
used:

* the Sequential Selective Pn-Zn Flotation (SSF),
« the Collective-Sequential Selective Pn-Zn Flota(io®SF), and
e the Collective Selective Pn-Zn Flotation (CSF).

The above-mentioned flotation circuit designs d@w in Figures 1 to 3.
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Afinely grounc Pb flotation Zn flotation .
L L — Bulk tail
ore circuit circuit
Pb Zn
concentrate concentrate
Fig. 1. The Sequential Selective Pn-Zn flotation.
A finely Pb-Zn :
. .. — Bulktail
ground ore flotation circuit

l Pb-Zn concentrate

Pb flotation Zn flotation Bulk tail
circuit circuit
Pb Zn
concentrate concentrate
Fig. 2. The Collective-Sequential Selective Pril@ation.
A finely Pb-Zn _
ground ore flotation circuit Bulk tail

Pb-Zn
concentrate

Fig. 3. The Collective Pn-Zn flotation.

From the above, it is evident that selection ohdaquate Pb-Zn flotation circuit design can betifled as
MCDM problem.

Due to the complexity of the froth flotation sepéra process, based on the opinions of domain éxper
the following criteria are proposed for evaluatamd selection of the most appropriate circuit desiia Pb-Zn
flotation:
¢ Milling Costs - MiC,

e  Capital Investment Costs - CIC,

e  Flotation Reagents Costs - FRC,

e Ecological Costs - EC,

* Maintenance Costs - MaC,

»  Utilization of Lead - UL,

«  Utilization of Zinc - UZ,

e Lead concentrate Processing Costs - LPC,
e Zinc concentrate Processing Costs - ZPC.

Criteria above are applied to formulate MCDM prable
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3. Neutrosophic sets

Smarandache (1999) presented the new concept apgiieation of the neutrosophic sets for the miodel
real world problems. In this section, the main agtiens of the neutrosophic set algebra, which laeebtsics of
the proposed extension, are presented.

Definition 1. Let X be the space of the modeled objects of the probleder consideration and1X . A

neutrosophic sef in X is governed by three functions: truth-memberskipcfion TA(X), an indeterminacy-
membership function A(x) and falsity-membership functioﬁA(x). These governing functionEA(x), IA(x)

and FA(X) are defined by real standard or real non-standabdets of]O' ,1*[ . That is TA(X)I X > ]O' ,1+[ ,

|A(X)I X - ]0' ,1+[ and FA(X)Z X - ]0' ,1+[ . In contrary to the application of the other fuzats, for the case
of the neutrosophic sets, any restriction on then sof TA(x),IA(x) and FA(x)is not introduced, so

0™ <supTa(x)+supl A(x)+supFa(x)< 3".
Definition 2. A single-valued neutrosophic set (SVNS) has bedmett as follows. In fact, this set is a
simplified version of the neutrosophic set. Thevaats of the SYNSN O X can be expressed as

N = {<x,T,;j ()15 (x).F5 (%)) : xO X} )
hereTg(x): X - [0], 15(x): X - [0a]andFg(x): X - [0a] witho<Tg(x)+15(x)+F5(x)<3 or all
N O X . The valueSg(x), 15(x) and Fg(x) correspond to truth-membership degree, the indiitecy-

membership degree and the falsity-membership degfre¢o N , respectively. Since each SVNS contains just
one element, a single-valued neutrosophic numbeVNK§ is expressed by N, = (t,.i,, f,)Where

taia fa0[01] ando<t, +i, + fo <3.

Definition 3. If N, = (t,,i,, f,)and N, = (t,,i,, f,)are two SVNNs, then the summation of tNe and N,
can be performed by the following expression

Ny O N, = (ty +t, ~tyty,iqi,, fy ;) 2
Definition 4. If ﬁl = (tl,il, fl) and Nz = (tz,i2 , fz) are two SVNNs, then multiplication of th&1
and qu can be calculated by the following expression
Ny O N, = (tyty,iy +ip =igiy, fy + f, = £, 1,) 3)

Definition 5. If ﬁl = (tl,il, fl) is an SVNN andA0O0O is an arbitrary positive real number, then
multiplication of the neutrosophic and real numbeas be expressed as

N, =[-(-t,)i7, 1) >0 @

Definition 6. If ﬁl = (tl,il, fl) is an SVNN andl O is an arbitrary positive real number, then power
function of these variables can be constructealésis

Ny = (tf 1-(L-i)' 1- (- 1) )'/‘ >0 (5)

Definition 7. If Nl = (tl,il, f1) is an SVNN, then the complementary component finel@ in the
following way

Nlc :(fl 71_i11t1) (6)

Definition 8. If N, = (t,.i, f,) isan SVNN, a score function is defined as follows

S(NA):3+tA—jiA—fA -
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where S(NA)D[OJ]. This score function has the same range as atifums applied in the definition of the
neutrosophic sets (Bausgsal 2015).
Definition 9. Let N; and N, be any two SVNNs. Therefore, R(Nl)< S(NZ) then N, is smaller thanN,,

N, <N,.
4. A WASPAS method by single-valued neutrosophic se

Originally, the method of the multicriteria decisionaking, namely a weighted aggregated sum product
assessment (WASPAS) approach, was presented byggiaset al. (2012). The novel extension of thishoek
namely WASPAS-SVNS, was formulated on the basithefframework of the single-valued neutrosophic set
and presented in Zavadskas et al. (2015a). The icha@s of the applied method WASPAS-SVNS, by whieh
solution of the considered MCDM is performed, carmpbesented as follows.

Step 1.In this step, a decision-making matixs constructed. The elements of this matrix repretee
ratings of the alternatives with respect to the stered options. These elements can be expressed by

Xj,1 =12,...,m j=12,...,n, which is the ratings of the alternativewith respect to the criterion So the
aggregated decision matrix can be expressed as

X1 X o Xy
X X cee X
_| 21 22 2n
XK= o : @8)
Xml Xm2 an

Step 2. Normalization of the decision matrk is calculated on the basis of the vector normttina
strategy, which can be expressed as follows

_ X

Zin:l (Xij )2 ©)

Step 3.At this step, conversion of the normalized aggregi@ecision matrixX in the crisp form, obtained
in the previous step, to the neutrosophic numtepeiformed. Therefore, the neutrosophic aggregigeision
matrix X "is calculated. For this conversion, the relatiopstbetween normalized terms of the alternatives and
single-valued neutrosophic numbers are applied.s@heonversion grades are defined applying linguisti
expressions and are presented in Table 1.

Tab. 1. Neutrosophication grades to express thmitance of the alternatives.

Crisp normalized terms SVNNs

Extremely good (EG) / 1.0 (1.00, 0.00, 0.00)
Very very good (VVG) /0.9 (0.90, 0.10, 0.10)
Very good (VG )/ 0.8 (0.80, 0.15, 0.20)
Good (G)/ 0.7 (0.70, 0.25, 0.30)
Medium good (MG) / 0.6 (0.60, 0.35, 0.40)
Medium (M) / 0.5 (0.50, 0.50, 0.50)
Medium bad (MB) / 0.4 (0.40, 0.65, 0.60)
Bad (B) /0.3 (0.30, 0.75, 0.70)
Very bad (VB) /0.2 (0.20, 0.85, 0.80)
Very very bad (VVB) /0.1 (0.10, 0.90, 0.90)
Extremely bad (EB) / 0.0 (0.00, 1.00, 1.00)

Step 4. Applying the first decision-making strategy of tNASPAS-SVNS method, the total relative
importance of the alternativés calculated as follows

~ L - Lmin ~ ©
QM =2 Iy v, +(Z,-finx—rﬂ' W"fj) (10)
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where ifij and ij values correspond to the criteria, which have éonraximized, and)?_nij and ij

values correspond to the criteria, which have tonb@mized.
Step 5. Applying the second decision-making strategy, Whis incorporated into WASPAS-SVNS
methodology, the product total relative importan€éhe alternativé is governed by the following equation:

Cc
~N(2) — I—max('~-n )WEJ' Lmin (~n )WEI'
Q=112 Wi [12%

The same definition of the equation componentgjdied as in the previous equation (10).
Step 6. A common generalized criteria that incorporate theking results obtained by both decision
strategies, of the WASPAS-SVNS approach, is caledland has the following form:

Q =05Q™ +05Q?

(11)

(12)

Step 7.In the last step, the score functi@ﬁ) is applied to perform the backward conversion rispc

values and the final rankings of the alternativescalculated and ordered in the descending Waiyeoﬁ, .

5. Numerical example

To highlight the proposed approach, an exampleleiciing the most appropriate Pb-Zn flotation schésn
considered. The considered problem has been sblyafASPAS-SVNS method in order to demonstrate the
numerical efficiency of the proposed MCDM approach

For beneficiation of a Pb-Zn ore three previousigcdssed circuit designs, SSF, CSSF, and CSF, are
evaluated on the basis of evaluation criteria psegdn Section 2.

The ratings of considered alternatives, denotetl a4, andAs, obtained from an expert are shown in Table
2. The weight of evaluation criteria, obtained by BWARA method (Kersulierst al 2010), are also shown in

Table 2.
Tab. 2. Initial decision-making matrix.
L C, C, C; Cs Cs C, Cs (0
Criteria g CIC FRC MaC UL uz LPC ZPC
W, 0.18 0.08 0.15 0.05 0.05 0.20 0.20 0.04 0.04
min min min min max max min min
Aq 1 1 1.05 1 0.95 0.95 1 1
A, 0.9 1.15 1.1 1.05 0.93 0.93 1 1
As 0.8 0.9 0.7 0.95 0.96 0.96 1.1 1.1

The aggregated decision matrix, obtained afterrnsaphic conversion, is presented in Table 3.
Tab. 3. The aggregated decision matriX " after neutrosophication step.

Criteria Alternatives
Aq A, As

C; min (0.6389, 0.3111, 0.3611) (0.5750, 0.3875, 0.4250) 0.51(11, 0.4833, 0.4889)
C, min (0.5650, 0.4025, 0.4350) (0.6498, 0.3002, 0.3502) 0.5085, 0.4872, 0.4915)
Cz min (0.6272, 0.3228, 0.3728) (0.6571, 0.2929, 0.3429) 0.4181, 0.6228, 0.5819)
C, min (0.5698, 0.3953, 0.4302) (0.6838, 0.2662, 0.3162) 0.4558, 0.5662, 0.5442)
Cs min (0.5769, 0.3847, 0.4231) (0.6057, 0.3443, 0.3943) 0.5480, 0.4280, 0.4520)
Cs max (0.5793, 0.3810, 0.4207) (0.5671, 0.3993, 0.4329) 0.5854, 0.3719, 0.4146)
C; max (0.5793, 0.3810, 0.4207) (0.5671, 0.3993, 0.4329) 0.5854, 0.3719, 0.4146)
Cg min (0. 5581, 0.4128, 0.4419) (0.5581, 0.4128, 0.4419) (0.6140, 0.3360, 0.3860)
Cy min (0. 5581, 0.4128, 0.4419) (0.5581, 0.4128, 0.4419) (0.6140, 0.3360, 0.3860)

The numerical results, representing the applicatibthe steps 4-7, are shown in Table 4. The rayif
the alternatives are performed by the score oftfons of WASPAS-SVNS method (Eq. 7). It is not wiéfit to
make the conclusion that the most preferred altemds A;. Therefore, the most efficient is CSF circuit desi
scheme.
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Tab. 4. Numerical results obtained by WASPAS-SVNS.

Alternatives
A A, As
Q¥ (0.6659, 0.3155, 0.2909) (0.6643, 0.3205, 0.2964)  0.7530, 0.2332, 0.2311)
Q®@ (0.4480, 0.5382, 0.5520) (0.4430, 0.5457, 0.5570)  0.4603, 0.5195, 0.5397)
Q (0.5705, 0.4121, 0.4173) (0.5676, 0.4182, 0.4225)  0.6349, 0.3480, 0.3547)
Q) 0.5823 0.5772 0.646
Rank 2 3 1

6. Conclusions

Selection of adequate circuit design of lead-zirmthf flotation can have a significant impact on the
processing costs and useful mineral utilizationisTdomplex selection problem can be adequatelyepted as
an MCDM problem that involves evaluation based aidtiple, mutually opposed, criteria. For the assess of
three lead-zinc froth flotation circuit design sofes are implemented. The solution of that decisiahing
problem is performed by a novel extension, nameljpSRAS-SVNS. This approach WASPAS-SVNS is
constructed on the basis of the environment of dingle-valued neutrosophic set that enables totaaris
independent functions for the truth-membership degthe indeterminacy-membership degree, and thigyfa
membership degree. Or, in other words, the propéselshique allows incorporating the vagueness iviain
information into the considered models for the assent of lead-zinc froth flotation circuit schemes

Finally, the considered example confirms the udgbénd efficiency of the proposed WASPAS-SVNS
extension for selecting the most appropriate léad-flotation circuit design. Among the considereidcuit
design schemes, the most efficient is collectiveZBrilotation circuit design scheme. It is worthgoint out that
application of the MCDM framework allows solvingraplex engineering problems in the most efficienywa
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