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Abstract

Access to healthy drinking water is vital to human health and development. Bottled water consumption has been on the
rise in recent years. As several chemical and bacteriological parameters affect bottled water quality, it is difficult to choose
the highest-quality bottled water. Numerous studies have proposed the use of multiple-criteria decision-making (MCDM)
methods to overcome this problem. Herein, the two-stage fuzzy analytic hierarchy process (FAHP) and technique for order
preference by similarity to ideal solution (TOPSIS) method were adopted to rank different brands of bottled water. The
FAHP approach allows working at the intervals of judgment rather than absolute values. TOPSIS is a technique for ordering
performance based on its similarity to the ideal solution. An expert panel selected and classified the criteria and sub-criteria.
A pairwise comparison questionnaire was then developed, and the weights of the criteria and sub-criteria were assigned
by water quality experts. The data on the quality of different brands of water were collected from the Iranian bottled water
database. The final data analysis and weight determination of each parameter were performed in Excel and R software Pro-
grams. Finally, the CC; (value of closeness coefficient) and rank of 71 bottled water brands were calculated, and the best
brand was introduced. Among the selected criteria, carcinogenic chemical compounds with the weight of 0.368 were the most
important compound in ranking bottled water brands, followed by bacteriologic, pathogenic chemical compounds, chemical
compounds important in terms of toxicity, nutritious chemical compounds with a low toxicity level, chemical compounds
related to esthetic effects, and chemical compounds without health effects, respectively.
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Introduction

A challenge currently faced by developing countries is
the lack of access to healthy drinking water (Abuzerr et al.
2019; Cobbina et al. 2015). Based on the World Health
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Organization’s (WHO) report, about 663 million people
worldwide do not have access to healthy drinking water
(WHO 2017). The increased population growth, a lack of
healthy drinking water, and the public opinion about good
taste, health, and appropriate quality have increased bottled
water consumption. This rise has been considered in the past
three decades, with the highest consumption being reported
in developing countries of Asia and South Africa (Hu et al.
2011). The bottled water sale rate was $198.50 billion in 2017,
a value which is estimated to reach $307.2 billion by 2024
(Doria 2006). Therefore, access to healthy drinking water is
vital to human health and development (Fisher et al. 2015).
Natural processes (erosion) and anthropogenic activities
(electroplating, metal smelting, and chemical industries)
are the main sources of pollutant entrance into the water.
Although a few heavy metals are essential to human health,
their excess amount can have negative effects such as ane-
mia, renal dysfunction, cancer, and brain damage (Chowdhury
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et al. 2016; Gharibi et al. 2012; Qu et al. 2020; Qu et al.
2021a, b; Rezaee et al. 2015; Zhang et al. 2021). The existence
of numerous parameters affecting water quality complicates
bottled water quality assessment and ranking and decision-
making about the purchase of the best and highest-quality
brand. Therefore, there is a dire need for precise and logical
techniques for accurate and scientific decision-making. To this
end, studies have proposed various methods for choosing the
best option and making the decision, among which MCDM
methods have received considerable attention owing to their
numerous advantages (Kou et al. 2014; Mulliner et al. 2016).

MCDM methods are adopted to solve decision-mak-
ing problems and planning in the face of multiple criteria
(Muruganantham and Gandhi 2020). These methods are
popular and extensively utilized to find the best solution or
option in different branches of science, such as engineering
(Sakthivel et al. 2016; Shen et al. 2010; Shyur and Shih
2006; Yazdani-Chamzini et al. 2014; Yousefzadeh et al.
2020) and environmental sciences (Beskese et al. 2015;
Meshram et al. 2019; Pires et al. 2011; Rezaian and Jozi
2012; Rikhtegar et al. 2014). A frequently used MCDM
approach is the AHP method. According to the literature,
from 1994 to 2014, the hybrid fuzzy MCDM with 19.89%
was ranked the first among other approaches. AHP (15.82%),
FAHP (8.53%), and TOPSIS (7.4%) methods were the most
frequently used methods in 1081 papers. This method has
gained momentum owing to its relative simplicity compared
to MCDM methods, easier understanding, and not using
complex mathematical calculations (Javanbarg et al. 2012;
Torfi et al. 2010). Despite its popularity, the AHP method
has always been criticized for its inability to face ambiguous
and imprecise decision-making problems (Naderzadeh et al.
2017). Therefore, when decision-makers face a complex and
ambiguous problem and express their opinions relatively and
uncertainly, the standard AHP can no longer be suitable.
Since the usual AHP cannot correctly reflect human think-
ing and due to the uncertainty and imprecision of pairwise
comparisons, the fuzzy AHP or FAHP is employed in these
cases (Archibald and Marshall 2018; Naghadehi et al. 2009;
Serrano-Cinca and Gutiérrez-Nieto 2013; Singh et al. 2019).

The TOPSIS technique is another decision-making model
employed in numerous decision-making problems by managers
and planners. This technique is one of the best and most precise
multiple-criteria decision-making methods, in which appropriate
choices are those with a minimum distance from the positive ideal
solution, i.e., the best case possible, and with a maximum distance
from the negative ideal solution, i.e., the worst case possible. This
technique is designed without including the type of indicators
(in terms of having a positive or negative effect on the decision-
making objective) in the model but considering the weight and
degree of importance of each indicator (Kim et al. 1997; Shih
et al. 2007; Zyoud and Fuchs-Hanusch 2017, 2019). Nowadays,
the simultaneous use of these two techniques (FAHP-TOPSIS)
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has found extensive application for making important decisions
(Ertugrul and Karakasoglu 2009; Mandic et al. 2014; Paksoy et al.
2012; Se¢me et al. 2009; Wang et al. 2009).

Accordingly, to overcome the problems associated with
decision-making, herein, a hybrid FAHP-TOPSIS method
was used as a systematic, popular, and frequently used
method to solve multiple-criteria decision-making prob-
lems by using the fuzzy set theory (Mikhailov and Tsvetinov
2004; Yousefzadeh et al. 2020; Zyoud et al. 20164, b).

Therefore, the main purpose of the present study is to create
a comprehensive model for bottled water ranking in Iran. Also,
this study aims to present results that can be simply used by sen-
ior managers to survey the performance of the factory produc-
ing bottled drinking water considering the quality of drinking
water and treatment methods as well as establishing appropriate
modification methods to meet the drinking water criteria.

So, to achieve these purposes, a comprehensive database
of physical, chemical, and bacteriological parameters of Ira-
nian bottled water was employed and five main steps were
followed to weight the criteria and sub-criteria: 1, investigat-
ing the parameters’ health and esthetic effects; 2, classify-
ing the parameters into groups of criteria and sub-criteria
based on their effects; 3, forming a panel of experts to weigh
the parameters; 4, using the FAHP method to determine the
fuzzy weight of each element and finally; 5, implementation
of the TOPSIS method to rank the choices (71 brands).

Method
Sample size

The sample included the physicochemical and bacteriological
parameters of 71 bottled water brands in Iran (Latifi et al. 2015).
The data on the quality of water from different brands were
collected from the Iranian bottled water databank. To comply
with ethical considerations, the names of the brands are not
mentioned, and each sample received a code from 1 to 71.

Fuzzy AHP and TOPSIS

The steps aimed to determine and prioritize different com-
pounds and parameters affecting the quality of bottled water
and, subsequently, to rank and determine the best brands.
As noted before, this was performed by using fuzzy AHP
and TOPSIS, the stages and steps of which are given below.

Step 1: Determining the criteria and sub-criteria (Delphi
method)

We studied the health and esthetic effects of elements in
drinking water by reviewing the WHO guideline and the
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literature. For each element, we then prepared a fact sheet
including the health effects, the amount present in water, the
pathways of the entrance to the water, and standards devel-
oped by international and national organizations.

The Delphi technique is a group decision-making pro-
cess whereby expert opinions about a topic are collected
and examined (Gumus 2009; Murry and Hammons 1995).
In the first step, by using the Delphi method, we formed
an expert panel consisting of 10 water quality experts from
Tehran University of Medical Sciences to discuss the chemi-
cal and microbial parameters affecting the quality of bot-
tled water. Based on each parameter’s degree of importance
and health-related effects (extracted from the guidelines of
WHO, Environmental protection agency (EPA), and Iranian
national standards) and upon examining similar studies on
the parameters affecting the quality of water (EPA 2018;
WHO 2017), seven main criteria and 44 sub-criteria (sec-
ondary criteria) were selected (Table 1).

Figure 1 presents the criteria in the form of a hierarchical
diagram. The main and final objective (ranking bottled water
quality) was placed at the first level of the decision hierarchy.
The main indicators (chemical compounds related to esthetic
effects, carcinogenicity, pathogenicity, toxicity, low-toxicity
nutrients, those without health effects, and bacteriological
agents) were placed at the next level. Secondary indicators
were placed at the third level, and decision options (the bot-
tled water brands) were placed at the final level.

Step 2: Completing the pairwise comparison questionnaire

A pairwise comparison questionnaire was developed based
on the determined criteria and sub-criteria and completed

by 10 water quality experts from various universities of
Iran (Tehran, Shahid Beheshti, Semnan, and Hormozgan
University of Medical Sciences) and the Tehran Province
Water Organization. To fill out the questionnaires, first, the
criteria had to be compared with each other, and then, the
sub-criteria had to be compared and scored. The linguistic
variables for performing pairwise comparisons were based
on Table 2 (Saaty 1990; Sun 2010).

After developing the hierarchy, completing the question-
naires (by experts), performing pairwise comparisons of
the criteria and sub-criteria, and allocating numeric scores,
the data of each questionnaire were separately entered into
Excel, and the final equivalent or combined matrices of
expert opinions were prepared. The geometric mean was
used to form the equivalent matrix (Eq. (1)).

L
n n
l_Iai = y/a;,a,,...,4a, (D
i1

Saaty proposed this method as the best technique for
combining pairwise comparisons (Saaty 1986). The result-
ing pairwise comparison matrix is calculated as the geo-
metric mean of all pairwise comparison matrices in the
list of matrices. The unified fuzzy pairwise comparison
matrix, consistency test of each matrix, the weight for each
criterion, the best non-fuzzy performance (BNP) value for
each weight, and finally the rank and priority of the cri-
teria on the BNP values were examined and analyzed by
the Fuzzy AHP package version 0.9.0 in R software (Deng
1999; Ramik 2020). The obtained equivalent matrix was
analyzed by FAHP, which is explained below to calculate
the score of each criterion and sub-criterion.

Table 1 The selected main and secondary (sub-) criteria affecting bottled water quality and their definitions (EPA 2018; WHO 2017)

Main criteria Sub-criteria

Definitions

Esthetically important chemical compounds

AP, NH,*, CI", hardness, Fe**, Mn?*, Na*,
K*, So,2*, Ca®t, Mg?t, HCO;™, Po,~, ALK,

Including parameters leading to esthetic effects
(taste, color, smell, and sediments)

TDS, corrosion index, pH

Carcinogenic chemical compounds As~, Pb**

Pathogenic chemical compounds

Important chemical compounds in terms of
toxicity

Important chemical compounds with low
toxicity

B62+, Ba2+, Sr2+

Chemical compounds without health effects

Bacteriological agents

Cd**, Cr**, Hg™, Nit, Ag™, No, ™, No,™
Sb**, V3*, TI*, B™, Co**

Cu**, Se™, Zn**, Sn>*, Mo, Lit, F~

HPC, coliform, Pseudomonas aeruginosa

Including definitive carcinogenic elements

Including the elements, each of which causes a
specific disease

Including elements which lead to toxicity at
high amounts

Including chemicals needed by the human
body; however, if these chemicals exceed the
permissible level, they will have undesirable
effects on human health

Elements in this group are rarely found in
drinking water. So far, no considerable health
effect has been found for this group

Including specific bacteria affecting the health
of society
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Fig. 1 Hierarchical diagram of selected criteria and sub-criteria for ranking bottled water quality
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Table 2 Linguistic variables and triangular fuzzy numbers (TFN val- Haa

ues) M, M,

TFN values Crisp values Linguistic variables 1 A

11,1 1 Equal

2,3,4 3 Not bad

4,5,6 5 Good V(M2M))

6,7,8 7 Very good / \

8,9,10 9 Perfect 0 » M
’2 ma ll l Uz m; u,

Step 3: Determining the weight of the criteria (FAHP
principles)

In this method introduced by Chang (1996), the level of
each object is analyzed in the following stages via the
fuzzy synthetic extent value (S;) (Chang 1996):

Stage 1: X = {xl,xz,x3, ,xn} as a set of objects and G
= {gl,gz,g3, gn} as the objective. Thus, the analysis
value of the level of M for each object will be in the
form of Eq. (2), where M;l_(l,Z, ...,m) denotes the tri-

angular fuzzy numbers (li, m;, ui).
1 a2 P
Mg,.’Mg;""Mgf i=12,...,n )

Stage 2: The fuzzy synthetic extent value is calculated
using Eqgs. (3)—(6):

: n m .11
jhil M;;i ® [Zi:l Zj=1 Mjgj] ’ G)
Zjn;l Mj;si - (2;:1 L eril m;, Z;il uj) “)
Z?:l 221 sz;;i = (Z?:l L Zinzl m;» Z?:l ui) ®)

Siz

. o1l 1 1 1
[Zi:l Zj=1 Mjgi] - (Z?zlui, Z?:lmi’ Zlei) ©

1

M, and M, are the triangular fuzzy numbers denoted by
(1;,my,uy) and (I, my, u, ), respectively Fig. 2 (Saaty 1990).

V(My > M) = hgt(M, N M,) = py, (d)
1, ifmy >my,
= 0’ l:ﬂ] Z l/l2,

L—u,

(mz—uz)—(ml—ll) ’

otherwise

The calculations were performed by using the afore-
mentioned stages, and the degree of compatibility in the

Fig.2 The intersection between M, and M,

judgments was also calculated. The Fuzzy AHP 0.9.0 pack-
age in R was employed to perform the final analysis and
determine the best non-fuzzy performance (BNP) weight
per main criterion and sub-criterion; in this way, the main
criteria and sub-criteria were weighted. These weights
were used to prioritize the criteria and also utilized in the
next step and in TOPSIS for the final ranking of the bot-
tled water brands.

Step 4: Final ranking (TOPSIS principles)

Stage 1: Forming the normalized matrix by the Euclid-
ean norm method

The decision-making matrix was unscaled by using
the Euclidean norm method. Each r; was calculated
by dividing the corresponding entity in the primary
matrix x; by the square root of the sum of squares of
the elements of the corresponding column, as in Eq. (7)
(Chen 2000).

Xjj

ij

m 2 (7N
PIEES

Stage 2: Forming the weighted matrix (weighted

unscaled matrix)

In this stage, to obtain the weighted unscaled matrix,

the weight of the indicators was used as in Eq. (8).

vijzwjxrl-ji=1,2,...,mj=1,2,...,n (8)

Stage 3: Calculating the positive and negative ideals
Here, one positive (A*) and one negative (A~) ideal were
calculated for each indicator, based on Egs. (9) and (10).

At = {v?,...,v:} = { <m]axvij|i € I>,(@Iinvﬁli e J)}
9
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AT = {vl_, - V;} = { <minv,~j|i € I>, <maxvij> li Ej)}
J J

(10)
Sage 4: Calculating the distance of each option from posi-
tive and negative ideals
For each indicator, the distance between each option from
the best (lef) and worst (D7) options was computed based
on Egs. (11) and (12). Here, v; and v; are the positive
and negative weighted unscaled matrix of each entity and

the positive and negative ideal values of each indicator,
respectively.

1
P A LR
1
n 2
d- = Z(Vij_vj_)z i=1,....m (12)
=

Stage 5: Calculating the ideal solution
By using Eq. (13), the relative proximity (CC;) of each
option to the ideal solution was calculated.

d-
CC. = !

—i=12,...
Tlarvd)

,m

13)

Finally, by multiplying the CC,, the final order and rank of
all bottled water brands were obtained, and the best brand
was selected based on all the effective criteria.

Results and discussion

All the FAHP and TOPSIS stages were followed in the
FAHP 0.9.0 package in R and Microsoft Excel 2013. The
degree of compatibility in the judgments in all the examined
matrices was calculated and found to be <0.1 (CR<0.1).
All the matrices were thus compatible, and the comparison
results were stable. Table 3 lists the pairwise comparison
matrix resulting from the expert opinions. For the other
sub-criteria, a matrix similar to the following matrix was
formed. Table 4 presents the output of R in terms of the
weight obtained from each main criterion and sub-criterion.

The FAHP approach requires the pairwise comparison of
the criteria and sub-criteria to determine relative weights.

Table 3 Unified fuzzy paired comparison matrix of main criteria

Relative weight

Esthetically
important
chemical com-
pounds

Carcinogenic
chemical com-
pounds

Pathogenic
chemical com-
pounds

Important
chemical com-
pounds in terms
of toxicity

Important
chemical com-
pounds with
low toxicity

Chemical com-
pounds without
health effects

Bacteriological
agents

Esthetically
important
chemical
compounds

Carcinogenic
chemical
compounds

Pathogenic
chemical
compounds

Important
chemical
compounds
in terms of
toxicity

Important
chemical com-
pounds with
low toxicity

Chemical
compounds
without health
effects

Bacteriological
agents

1,1,1

7.75,8.75, 8.88

6.60, 7.61, 8.32

6.11,7.13,7.95

3.75,4.81,5.85

0.40, 0.50, 0.66

6.31, 7.33, 8.06

0.11,0.11,0.14

1,1,1

0.16, 0.19, 0.24

0.14, 0.16, 0.19

0.12,0.13,0.15

0.11,0.11,0.13

0.85,1.14, 1.54

0.12,0.13,0.15

4.18,5.33,6.28

1,1, 1

0.61,0.92, 1.41

0.21,0.25,0.30

0.12,0.13,0.15

0.93,1.20, 1.52

0.13,0.14,0.16

5.34,6.43,7.23

0.71, 1.09, 1.64

1, 1,1

0.17,0.20, 0.26

0.12,0.13,0.15

1.00, 1.29, 1.64

0.17,0.21, 0.27

6.82,7.83,8.43

3.32,4.06,4.70

3.93,5.04, 6.04

1,1,1

0.15,0.18,0.22

3.68, 4.34,4.95

1.52,1.99, 2,51

7.75,8.75, 8.88

6.73,7.75,8.27

6.52,7.54,8.17

4.52,5.59, 6.48

1,1,1

6.95,7.97, 8.38

0.12,0.14,0.16

0.65,0.88,1.18

0.66, 0.84, 1.08

0.61, 0.78, 1.00

0.20, 0.23, 0.27

0.12,0.13,0.14

1,1,1
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Table 4 Determining and ranking the weights of criteria and sub-criteria via the FAHP method

Main criteria Original weight Rank Sub-criteria Local weight Overall weight Rank
Esthetically important chemical compounds 0.026 6 APt 0.13 0.00338 1
NH,* 0.11 0.00286 2
CI 0.09 0.00234 4
Hardness 0.04 0.00104 7
Fe?* 0.10 0.0026 3
Mn** 0.10 0.0026 3
Na*t 0.07 0.00182 5
K* 0.02 0.00052 10
SO2 0.05 0.0013 6
Ca* 0.03 0.00078 9
Mgt 0.04 0.00104 8
HCO;™ 0.3 0.00078 9
PO,~ 0.3 0.00078 9
Alk 0.3 0.00078 9
TDS 0.3 0.00078 9
Corrosion index 0.05 0.0013 6
pH 0.05 0.0013 6
SUM 1 0.026 -
Carcinogenic chemical compounds 0.368 1 As™ 0.73 0.26864 1
Pb* 0.27 0.09936 1
SUM 1 0.368 -
Pathogenic chemical compounds 0.157 3 Cd>* 0.26 0.04082 2
crt 0.18 0.02826 3
Hg* 0.30 0.471 1
Ni* 0.10 0.0157 4
Agt 0.06 0.00942 5
NO;~ 0.04 0.00628 6
NO,~ 0.06 0.00942 5
SUM 1 0.157 -
Important chemical compounds in terms of toxicity 0.150 4 Sb3* 0.36 0.054 1
V3 0.13 0.0195 4
TI* 0.21 0.0315 2
B~ 0.19 0.0285 3
Co** 0.11 0.0165 5
SUM 1 0.150 -
Important chemical compounds with low toxicity ~ 0.058 5 Cu** 0.17 0.00986 3
Se” 0.29 0.01682 1
Zn** 0.09 0.00522 5
Sn?* 0.07 0.00406 7
Mo 0.08 0.00464 6
Li* 0.1 0.0058 4
F~ 0.2 0.0116 2
SUM 1 0.058 -
Chemical compounds without health effects 0.020 7 Be** 0.42 0.0084 1
Ba2+ 0.35 0.007 2
S 0.23 0/0046 3
SUM 1 0.020 -
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Table 4 (continued)

Main criteria

Original weight Rank Sub-criteria

Local weight Overall weight Rank

Bacteriological agents 0.22

HPC 0.09 0.0198 3
Coliform 0.32 0.0704 2
Pseudomonas aeruginosa 0.59 0.1298 1
SUM 1 0.22 -

Equations (1)—(8) were used to calculate the weights of cri-
teria and sub-criteria. According to the experts, the carcino-
genic chemical compounds were the first and most important
criterion affecting bottled water quality (Table 4). The order
of the other main criteria was:

Carcinogenic chemical compounds > bacteriological
agents > pathogenic chemical compounds > chemical com-
pounds important in terms of toxicity > important chemical
compounds with low toxicity > esthetically important chemi-
cal compounds > chemical compounds without health effects.

As noted before and based on Table 4, the category of
carcinogenic compounds and its two sub-categories (lead
and arsenic) had the first and most important place (with
the weight of about 36.8%) among the qualitative factors
affecting bottled water quality. Studies on the health effects
of elements and their long-term health impact demonstrate
the importance of these elements and, consequently, the
necessity of controlling their maximum permissible value
in consumable water (Gleason et al. 2019; Nigra et al. 2017).

Reports also demonstrate that many health risks attributed
to drinking water in developing countries have a bacterio-
logical origin. Moreover, 3.3% of the annual global mortal-
ity results from a lack of disinfected/treated water. Results of
similar studies demonstrated that, by improving the bacte-
riological quality of drinking water, mortality resulting from
water-borne diseases can be reduced by about 5% (Baum-
gartner and Grand 2006; Prasanth et al. 2019). Therefore, put-
ting bacteriological factors with the weight of about 22% in
the second place of the important and effective groups in this
study indicates these parameters’ significant health impact.

The elements belonging to the group of pathogenic
chemical compounds (chromium, cadmium, mercury, nitrite,
nitrate, etc.) have a bioaccumulation potential and cause spe-
cific diseases if they exceed the standard level. These com-
pounds can explain the third rank of this group in this study
(with a weight of about 15.7%) (Godt et al. 2006; Oehmen
et al. 2006; Qiu and Zheng 2009).

Based on the literature, the elements in the group of
chemical compounds significant in terms of toxicity (e.g.,
Sb3*, V3*, B~, Co?*) will have acute and chronic toxic
impacts such as diarrhea, vomiting, weight loss, nervous
system disorders, genetic mutations, and chromosomal
anomalies if they exceed the standard levels (Peter and
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Viraraghavan 2005; Wuilloud et al. 2000; Yazbeck et al.
2005). Thus, in this study, these compounds with a weight
of about 15% ranked fourth in terms of importance.

The elements belonging to the group of low-toxicity
nutritious chemical compounds were within the ranges
determined by international and national organizations for
the general public. Nevertheless, since they can cause tox-
icity if they exceed the standard level, they ranked fifth in
terms of importance (weight of about 5.8%) (Maheshwari
2006; Zietz et al. 2003).

Esthetically related chemical compounds can regulate
smell, taste, sediments, color, and other esthetic factors;
affect the acceptability of water by society; and do not
have considerable health effects on the consumers. Based
on the experts’ opinions, these compounds received the
weight of only about 2.6% and ranked sixth (Malakootian
et al. 2010; Sarin et al. 2004).

Studies on the elements belonging to the group of
chemical compounds without health effects (e.g., Be*",
Ba?*, Sr’*) suggest that the presence and entry of these
elements into water sources are insignificant, and no
important health effect has yet been reported for them.
This can explain why they received the coefficient of only
2% of the total weight and ranked the last in terms of
importance (World Health Organization 1993).

The weight presented in Table 4 was the definitive and
final (non-fuzzy) weight. The weight obtained in the last
stage was used in the TOPSIS technique by using R and
Excel for the final ranking of the brands. To this end, the
relative distance of each option had to be measured. The
option with the largest relative distance compared to the
others ranks first. Table 5 presents the CC; calculated by
TOPSIS for all the studied brands.

Based on Table 5, Fig. 3, and the results of tests and
experts’ opinions, brands 2, 3, 1, 44, and 47 received
scores of 0.679, 0.671, 0.645, 0.618, and 0.381, respec-
tively, and were the best five brands of water, while brand
68 with the score of about 0.013 ranked the last. Tables S1
to S7 in the supplementary file provide a summary of the
quality characteristics of each brand, which were the main
basis for their scoring and ranking.

Although all the bottled water brands studied here are con-
sumable, based on the roles of all the criteria and parameters
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;?)ltatll(::csl Wigir E{iilfdtal rank of No. brand CG; Rank Table 5 (continued) No. brand CG; Rank
1 0.645 3 52 0.113 36
2 0.679 1 53 0.047 59
3 0.671 2 54 0.348 9
4 0.349 8 55 0.076 47
5 0.367 7 56 0.018 70
6 0.344 10 57 0.072 50
7 0.380 6 58 0.27 16
8 0.215 19 59 0.034 65
9 0.210 22 60 0.027 67
10 0.183 26 61 0.113 37
11 0.343 11 62 0.337 12
12 0.240 17 63 0.035 64
13 0.214 20 64 0.078 46
14 0.186 24 65 0.042 61
15 0.182 27 66 0.283 15
16 0.080 44 67 0.024 69
17 0.144 33 68 0.013 71
18 0.184 25 69 0.036 63
19 0.075 49 70 0.024 68
20 0.081 43 71 0.028 66
21 0.178 29 - - -
22 0.064 52
23 0.150 32
24 0.096 41 affecting the selection of the best brand (examining the roles
25 0.044 60 of the seven main criteria and 44 secondary criteria), a sig-
26 0.188 23 nificant difference was perceived in their quality. This neces-
27 0.179 28 sitates further examinations and the use of multiple-criteria
28 0.048 56 decision-making techniques, not merely for bottled water
29 0.116 34 brand ranking and selection, but also in all managerial and
30 0.039 62 decision-making domains.
31 0.062 53
32 0.154 31
33 0.231 18 Conclusion
34 0.115 35
35 0.076 48 The quality assessment and selection of the best bottled water
36 0.110 38 brand are difficult due to the effect of various physical (tem-
37 0.061 54 perature and turbidity), chemical (heavy metals, anions, and
38 0.071 51 cations), and bacteriological (Pseudomonas and coliforms)
39 0.083 42 parameters on water quality and the existence of numerous
40 0.105 39 brands in the market. Herein, by using the MCDM method
41 0.214 21 (FAHP-TOPSIS), the quality of 71 bottled water brands in
42 0.055 55 the Iranian market was ranked. The application of MCDM
43 0.047 57 approaches in various sciences indicates these methods’
44 0.618 4 strong capability in evaluating problems that possess mul-
4 0.319 13 tiple criteria. These methods accurately assess bottled water
46 0.104 40 quality and aid the customer in selecting a higher-quality
47 0.381 3 brand. They can, therefore, be adopted to create competition
48 0.171 30 among manufacturers to produce higher-quality products.
49 0.079 4 In this study, the grouping and weighting of elements were
2(1) 8(3) E ;;‘ based on the opinions of Iranian experts and by taking into

account the local conditions of Iran. For global applications,
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Fig.3 Ranking of 71 brands of bottled water

a comprehensive model can be proposed for water quality
assessment by considering other chemical and bacteriological
parameters affecting water quality and with the participation
of international experts from other countries.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11356-021-16931-7.

Acknowledgements The authors hereby express their gratitude to the
Tehran University of Medical Sciences for assisting us in conducting
this study.

Author contribution Ramin Nabizadeh: conceptualization, methodol-
ogy, validation, project administration, funding; Samira Yousefzadeh:
conceptualization, methodology, validation, formal analysis, investiga-
tion writing-original draft, writing-review and editing, visualization,
supervision; Kamyar Yaghmaeian: supervision, writing-review and
editing, investigation; Mahmoud Alimohammadi: supervision, writing-
review and editing, investigation; Zahra Mokhtari: conceptualization,
methodology, validation, investigation writing-original draft, writing-
review and editing, visualization, supervision.

Funding This study was conducted as an environmental health engi-
neering MS thesis at the School of Public Health, Tehran University
of Medical Sciences, under financial supports, with the project code:
42913, 9511388013.

Availability of data and materials The datasets used and/or analyzed
during the current study are available from the corresponding author
on reasonable request.

Declarations

Ethical approval The study was approved by the ethical committee of
Tehran University of Medical Sciences. Ethics code: IR.TUMS.SPH.
REC.1397.277.

@ Springer

Consent to participate All authors duly participated.

Consent to publish All authors hereby consent to publish this manu-
script.

Competing interests The authors declare no competing interests.

References

Abuzerr S, Nasseri S, Yunesian M, Hadi M, Mahvi AH, Nabizadeh R,
Mustafa AA (2019) Household drinking water safety among the
population of Gaza Strip, Palestine: knowledge, attitudes, prac-
tices, and satisfaction. J] Water Sanit Hyg Dev 9(3):500-512

Archibald TW, Marshall SE (2018) Review of mathematical program-
ming applications in water resource management under uncer-
tainty. Environ Model Assess 23(6):753-777

Baumgartner A, Grand M (2006) Bacteriological quality of drinking
water from dispensers (coolers) and possible control measures. J
Food Prot 69(12):3043-3046

Beskese A, Demir HH, Ozcan HK, Okten HE (2015) Landfill site
selection using fuzzy AHP and fuzzy TOPSIS: a case study for
Istanbul. Environ Earth Sci 73(7):3513-3521

Chang D-Y (1996) Applications of the extent analysis method on fuzzy
AHP. Eur J Oper Res 95(3):649-655

Chen C-T (2000) Extensions of the TOPSIS for group decision-making
under fuzzy environment. Fuzzy Sets Syst 114(1):1-9

Chowdhury S, Mazumder MJ, Al-Attas O, Husain T (2016) Heavy
metals in drinking water: occurrences, implications, and future
needs in developing countries. Sci Total Environ 569:476-488

Cobbina SJ, Duwiejuah AB, Quansah R, Obiri S, Bakobie N (2015)
Comparative assessment of heavy metals in drinking water
sources in two small-scale mining communities in northern
Ghana. Int J Environ Res Public Health 12(9):10620-10634

Deng H (1999) Multicriteria analysis with fuzzy pairwise comparison.
Int J Approx Reason 21(3):215-231

Doria MF (2006) Bottled water versus tap water: understanding con-
sumers' preferences. J] Water Health 4(2):271-276


https://doi.org/10.1007/s11356-021-16931-7

Environmental Science and Pollution Research (2022) 29:20437-20448

20447

EPA (2018) 2018 Edition of the drinking water standards and health
advisories tables

Ertugrul I, Karakasoglu N (2009) Performance evaluation of Turkish
cement firms with fuzzy analytic hierarchy process and TOPSIS
methods. Expert Syst Appl 36(1):702-715

Fisher MB, Williams AR, Jalloh MF, Saquee G, Bain RE, Bartram JK
(2015) Microbiological and chemical quality of packaged sachet
water and household stored drinking water in Freetown, Sierra
Leone. PLoS One 10(7):e0131772

Gharibi H, Mahvi AH, Nabizadeh R, Arabalibeik H, Yunesian M,
Sowlat MH (2012) A novel approach in water quality assessment
based on fuzzy logic. J Environ Manage 112:87-95

Gleason JA, Nanavaty JV, Fagliano JA (2019) Drinking water lead
and socioeconomic factors as predictors of blood lead levels in
New Jersey’s children between two time periods. Environ Res
169:409-416

Godt J, Scheidig F, Grosse-Siestrup C, Esche V, Brandenburg P, Reich
A, Groneberg DA (2006) The toxicity of cadmium and resulting
hazards for human health. J Occup Med Toxicol 1(1):1-6

Gumus AT (2009) Evaluation of hazardous waste transportation firms
by using a two step fuzzy-AHP and TOPSIS methodology. Expert
Syst Appl 36(2):4067-4074

Hu Z, Morton LW, Mahler RL (2011) Bottled water: United States
consumers and their perceptions of water quality. Int J Environ
Res Public Health 8(2):565-578

Javanbarg MB, Scawthorn C, Kiyono J, Shahbodaghkhan B (2012)
Fuzzy AHP-based multicriteria decision making systems using
particle swarm optimization. Expert Syst Appl 39(1):960-966

Kim G, Park CS, Yoon KP (1997) Identifying investment opportunities
for advanced manufacturing systems with comparative-integrated
performance measurement. Int J Prod Econ 50(1):23-33

Kou G, Peng Y, Wang G (2014) Evaluation of clustering algorithms for
financial risk analysis using MCDM methods. Inf Sci 275:1-12

Latifi N, Alimohammadi M, Nabizadeh R (2015) Providing a com-
prehensive database of physical, chemical and microbiological
parameters of iranian bottled water, with an emphasis on graphical
and multivariate analysis. Tehran University of Medical Sciences,
Tehran

Maheshwari R (2006) Fluoride in drinking water and its removal. J
Hazard Mater 137(1):456-463

Malakootian M, Mansoorian H, Moosazadeh M (2010) Performance
evaluation of electrocoagulation process using iron-rod elec-
trodes for removing hardness from drinking water. Desalination
255(1-3):67-71

Mandic K, Delibasic B, Knezevic S, Benkovic S (2014) Analysis of
the financial parameters of Serbian banks through the application
of the fuzzy AHP and TOPSIS methods. Econ Model 43:30-37

Meshram SG, Alvandi E, Singh VP, Meshram C (2019) Comparison
of AHP and fuzzy AHP models for prioritization of watersheds.
Soft Comput 23(24):13615-13625

Mikhailov L, Tsvetinov P (2004) Evaluation of services using a fuzzy
analytic hierarchy process. Appl Soft Comput 5(1):23-33

Mulliner E, Malys N, Maliene V (2016) Comparative analysis of
MCDM methods for the assessment of sustainable housing afford-
ability. Omega 59:146-156

Murry JW Jr, Hammons JO (1995) Delphi: a versatile methodology for
conducting qualitative research. Rev High Educ 18(4):423-436

Muruganantham A, Gandhi GM (2020) Framework for social media
analytics based on multi-criteria decision making (MCDM)
model. Multimed Tools Appl 79(5):3913-3927

Naderzadeh M, Arabalibeik H, Monazzam MR, Ghasemi I (2017)
Comparative analysis of ahp-topsis and fuzzy ahp models in
selecting appropriate nanocomposites for environmental noise
barrier applications. Fluctuation Noise Lett 16(04):1750038

Naghadehi MZ, Mikaeil R, Ataei M (2009) The application of fuzzy
analytic hierarchy process (FAHP) approach to selection of

optimum underground mining method for Jajarm Bauxite Mine,
Iran. Expert Syst Appl 36(4):8218-8226

Nigra AE, Sanchez TR, Nachman KE, Harvey DE, Chillrud SN, Gra-
ziano JH, Navas-Acien A (2017) The effect of the Environmental
Protection Agency maximum contaminant level on arsenic expo-
sure in the USA from 2003 to 2014: an analysis of the National
Health and Nutrition Examination Survey (NHANES). Lancet
Public Health 2(11):e513-e521

Oehmen A, Viegas R, Velizarov S, Reis MA, Crespo JG (2006)
Removal of heavy metals from drinking water supplies
through the ion exchange membrane bioreactor. Desalination
199(1-3):405-407

Paksoy T, Pehlivan NY, Kahraman C (2012) Organizational strat-
egy development in distribution channel management using
fuzzy AHP and hierarchical fuzzy TOPSIS. Expert Syst Appl
39(3):2822-2841

Peter AJ, Viraraghavan T (2005) Thallium: a review of public health
and environmental concerns. Environ Int 31(4):493-501

Pires A, Chang N-B, Martinho G (2011) An AHP-based fuzzy interval
TOPSIS assessment for sustainable expansion of the solid waste
management system in Settibal Peninsula, Portugal. Resour Con-
serv Recycl 56(1):7-21

Prasanth K, Krishna SV, Krishna SR, Kumar KJ (2019) Quantitative
analysis of drinking water quality for long term water borne dis-
eases. In: International conference on advances in computing and
data sciences. Springer, Singapore, pp 500-508

Qiu W, Zheng Y (2009) Removal of lead, copper, nickel, cobalt, and
zinc from water by a cancrinite-type zeolite synthesized from fly
ash. Chem Eng J 145(3):483—488

Qu J, Akindolie MS, Feng Y, Jiang Z, Zhang G, Jiang Q, ..., Zhang Y
(2020) One-pot hydrothermal synthesis of NaLa (CO3) 2 deco-
rated magnetic biochar for efficient phosphate removal from water:
kinetics, isotherms, thermodynamics, mechanisms and reusability
exploration. Chem Eng J 394:124915

QulJ, LiuY, Cheng L, Jiang Z, Zhang G, Deng F, ..., Zhang Y (2021a)
Green synthesis of hydrophilic activated carbon supported
sulfide nZVI for enhanced Pb (IT) scavenging from water: charac-
terization, kinetics, isotherms and mechanisms. J Hazard Mater
403:123607

QuJ, Meng Q, Lin X, Han W, Jiang Q, Wang L, ..., Zhang Y (2021b)
Microwave-assisted synthesis of p-cyclodextrin functionalized
celluloses for enhanced removal of Pb (II) from water: adsorp-
tive performance and mechanism exploration. Sci Total Environ
752:141854

Ramik J (2020) Pairwise comparisons matrices with fuzzy and intui-
tionistic fuzzy elements in decision-making. In: Pairwise Com-
parisons Method. Springer, Cham, pp 125-170

Rezaian S, Jozi SA (2012) Health-safety and environmental risk assess-
ment of refineries using of multi criteria decision making method.
APCBEE Proc 3:235-238

Rezaee R, Nasseri S, Mahvi AH, Nabizadeh R, Mousavi SA, Rashidi
A, ..., Nazmara S (2015) Fabrication and characterization of a
polysulfone-graphene oxide nanocomposite membrane for arse-
nate rejection from water. J Environ Health SciEng 13(1):1-11

Rikhtegar N, Mansouri N, Oroumieh AA, Yazdani-Chamzini A, Kazi-
mierasZavadskas E, Kildiené S (2014) Environmental impact
assessment based on group decision-making methods in mining
projects. Econ Res-Ekonomska Istrazivanja 27(1):378-392

Saaty TL (1986) Axiomatic foundation of the analytic hierarchy pro-
cess. Manage Sci 32(7):841-855

Saaty TL (1990) How to make a decision: the analytic hierarchy pro-
cess. Eur J Oper Res 48(1):9-26

Sakthivel G, Ilangkumaran M, Ikua BW (2016) Selection of optimum
fish oil fuel blend to reduce the greenhouse gas emissions in an
IC engine—a hybrid multiple criteria decision aid approach. IntJ
Green Energy 13(14):1517-1533

@ Springer



20448

Environmental Science and Pollution Research (2022) 29:20437-20448

Sarin P, Snoeyink V, Bebee J, Jim K, Beckett M, Kriven W, Clem-
ent J (2004) Iron release from corroded iron pipes in drinking
water distribution systems: effect of dissolved oxygen. Water Res
38(5):1259-1269

Se¢cme NY, Bayrakdaroglu A, Kahraman C (2009) Fuzzy performance
evaluation in Turkish banking sector using analytic hierarchy pro-
cess and TOPSIS. Expert Syst Appl 36(9):11699-11709

Serrano-Cinca C, Gutiérrez-Nieto B (2013) A decision support system
for financial and social investment. Appl Econ 45(28):4060—4070

Shen Y-C, Lin GT, Li K-P, Yuan BJ (2010) An assessment of exploiting
renewable energy sources with concerns of policy and technology.
Energy Policy 38(8):4604-4616

Shih H-S, Shyur H-J, Lee ES (2007) An extension of TOPSIS for group
decision making. Math Comput Model 45(7-8):801-813

Shyur H-J, Shih H-S (2006) A hybrid MCDM model for strategic ven-
dor selection. Math Comput Model 44(7-8):749-761

Singh AP, Dhadse K, Ahalawat J (2019) Managing water quality of
a river using an integrated geographically weighted regression
technique with fuzzy decision-making model. Environ Monit
Assess 191(6):1-17

Sun C-C (2010) A performance evaluation model by integrat-
ing fuzzy AHP and fuzzy TOPSIS methods. Expert Syst Appl
37(12):7745-7754

Torfi F, Farahani RZ, Rezapour S (2010) Fuzzy AHP to determine the
relative weights of evaluation criteria and Fuzzy TOPSIS to rank
the alternatives. Appl Soft Comput 10(2):520-528

Wang J-W, Cheng C-H, Huang K-C (2009) Fuzzy hierarchical TOPSIS
for supplier selection. Appl Soft Comput 9(1):377-386

World Health Organization (1993) Guidelines for drinking-water qual-
ity. World Health Organization

World Health Organization (2017) Guidelines for drinking-water qual-
ity: first addendum to the fourth edition

Wauilloud RG, Salonia JA, Olsina RA, Martinez LD (2000) Determina-
tion of vanadium (V) in drinking water by flow injection and pre-
concentration in a knotted reactor by inductively coupled plasma
optical emission spectrometry with ultrasonic nebulization. Spec-
trochim Acta B 55(6):671-680

Yazbeck C, Kloppmann W, Cottier R, Sahuquillo J, Debotte G, Huel
G (2005) Health impact evaluation of boron in drinking water: a

@ Springer

geographical risk assessment in Northern France. Environ Geo-
chem Health 27(5-6):419-427

Yazdani-Chamzini A, Shariati S, Yakhchali SH, KazimierasZavadskas
E (2014) Proposing a new methodology for prioritising the invest-
ment strategies in the private sector of Iran. Econ Res-Ekonomska
IstraZivanja 27(1):320-345

Yousefzadeh S, Yaghmaeian K, Mahvi AH, Nasseri S, Alavi N, Nabi-
zadeh R (2020) Comparative analysis of hydrometallurgical meth-
ods for the recovery of Cu from circuit boards: optimization using
response surface and selection of the best technique by two-step
fuzzy AHP-TOPSIS method. J Clean Prod 249:119401

Zhang Y, Akindolie MS, Tian X, Wu B, Hu Q, Jiang Z, ..., QuJ (2021)
Enhanced phosphate scavenging with effective recovery by mag-
netic porous biochar supported La (OH) 3: kinetics, isotherms,
mechanisms and applications for water and real wastewater. Biore-
sour Technol 319:124232

Zietz BP, Dieter HH, Lakomek M, Schneider H, KeB3ler-Gaedtke B,
Dunkelberg H (2003) Epidemiological investigation on chronic
copper toxicity to children exposed via the public drinking water
supply. Sci Total Environ 302(1-3):127-144

Zyoud SH, Fuchs-Hanusch D (2017) A bibliometric-based survey on
AHP and TOPSIS techniques. Expert Syst Appl 78:158-181

Zyoud SH, Fuchs-Hanusch D (2019) Comparison of several decision-
making techniques: a case of water losses management in devel-
oping countries. Int J Inf Technol Decis Mak 18(05):1551-1578

Zyoud SH, Kaufmann LG, Shaheen H, Samhan S, Fuchs-Hanusch D
(2016a) A framework for water loss management in developing
countries under fuzzy environment: Integration of Fuzzy AHP
with Fuzzy TOPSIS. Expert Syst Appl 61:86—105

Zyoud SH, Shaheen H, Samhan S, Rabi A, Al-Wadi F, Fuchs-Hanusch
D (2016b) Utilizing analytic hierarchy process (AHP) for decision
making in water loss management of intermittent water supply
systems. ] Water Sanit Hyg Dev 6(4):534-546

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



	Bottled water quality ranking via the multiple-criteria decision-making process: a case study of two-stage fuzzy AHP and TOPSIS
	Abstract
	Introduction
	Method
	Sample size
	Fuzzy AHP and TOPSIS
	Step 1: Determining the criteria and sub-criteria (Delphi method)
	Step 2: Completing the pairwise comparison questionnaire
	Step 3: Determining the weight of the criteria (FAHP principles)
	Step 4: Final ranking (TOPSIS principles)


	Results and discussion
	Conclusion
	Acknowledgements 
	References




