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Abstract

Bottled drinking water of numerous brands from different countries, including
Bangladesh, Malaysia, Australia, India, Singapore, Norway, Japan, Vietnam,
and Taiwan, were studied using three-dimensional fluorescence (excitation-
emission matrix, EEM) spectroscopy and multivariate parallel factor analysis
(PARAFAC) model. Fluorescent-dissolved organic matter (DOM) components
such as microbial processed tyrosine-, fulvic acid (M)-, and tryptophan-like
had maximum intensity/concentration at 70.8%, 16.7%, and 12.5% bottled
drinking water samples, respectively. The total intensity of all fluorescing
DOM components was minimum and maximum in one of the brands from
Australia and Vietnam, respectively. Unlike in Japan, the concentrations of
DOM components in bottled drinking water were comparable to or higher
than groundwater, freshwater, and marine water in Bangladesh, Malaysia,
India, and Taiwan. The concentration of Escherichia coli was quantified from
its significant correlation equation with the microbial-processed tryptophan-
like component. Apart from 60% and 20% of bottled water samples from
Malaysia and Bangladesh, the remaining samples of studied countries were
medium to very high-risk because of E. coli signatures. The adverse health
impacts from previously identified over-acceptable-limit mineral concentra-
tions in bottled drinking water are discussed. DOM components at such con-
centrations in bottled drinking water also strengthened doubts about the
efficiency of conventional water treatment techniques and biofilm control.
Economic indicators of the studied countries affirmed that willingness and
proper management knowledge are necessary to ensure safe bottled drinking

water besides budget and labor wages.

PRACTITIONER POINTS

« Higher protein-like components intensity than humic-like affirmed micro-
bial abundance
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INTRODUCTION

Bottled drinking water is considered one of the quickest-
growing beverages because its production and consump-
tion have increased worldwide (Felipe-Sotelo
et al., 2015). The global market value of bottled drinking
water was estimated at 270 billion US$ in 2021 and is
projected to reach 500 billion US$ by 2030 (Bouhlel
et al.,, 2023). Bottled water is considered a healthier
option because of its therapeutic and medicinal benefits,
better taste and less odor than tap water (Djam
et al., 2020; I. M. M. Rahman et al., 2017). Multiple purifi-
cation techniques such as boiling, deionization, filtration,
reverse osmosis, ozonation and chlorination are followed
to ensure the quality of bottled drinking water (Djam
et al., 2020; I. M. M. Rahman et al., 2017). However, sev-
eral concerns, including over-acceptable level mineral
concentration and physicochemical properties, contami-
nation during production, transportation and storage, re-
filling in used bottles illegally, and the possibility of path-
ogenic abundance, have posed severe doubt on the qual-
ity of bottled drinking water (I. M. M. Rahman
et al., 2017). Considering the growing demands, different
studies have been conducted on disinfection by-products,
mycotoxins, volatile organic compounds, endocrine dis-
ruptors, pharmaceuticals, minerals, pesticides, and
microorganic presence in bottled drinking water (Carstea
et al., 2016; Mata et al., 2015; Otero et al., 2015; Shammi
et al., 2022).

Dissolved organic matter (DOM) in drinking water is
a significant emerging concern because it disrupts aes-
thetic, chemical, and biological stability and affects treat-
ment  techniques and encourages pathogenic
development (Croft, 2012). DOM can originate from soil,
living and dead animals, terrestrial and aquatic plants,
microorganisms and their decayed products, and various
anthropogenic sources (Chow et al., 1999). DOM compo-
nents are carbon sources for the metabolism of living
organisms. DOM can also influence biogeochemical and

Bangladeshi brands

« Risks for E. coli availability was medium to very high in maximum samples
o Adverse health impacts for overlimit Pb, Al, and PO,>~ minerals in

« Inefficiency of drinking water treatment techniques in DOM and biofilm

« Importance of labor wage, willingness, and knowledge for drinking water

DOM components, E. coli risk, EEM model, fluorescence spectroscopy, PARAFAC analysis

ecological functions, including photochemical reactions,
proton binding, and transportation and aggregation of
organic and inorganic substrates (Bridgeman et al., 2011).
The presence of DOM can change the color of drinking
water, disrupting taste and causing odor. DOM can act as
substrates that promote microbial growth and activity
(Leenheer & Croue, 2003). DOM can also impose unwa-
vering doubts on conventional drinking water treatment
techniques and their efficiencies by clogging the pores in
activated carbon, fouling membranes, competing for
adsorption sites with other compounds, and demanding
more coagulant and disinfectant chemicals (Croue
et al.,, 2000). Coagulant and disinfectant chemicals in
excessive amounts can further react with DOM and gen-
erate disinfection byproducts (DBPs) in drinking water
(Matilainen et al., 2011). The promotion of microbial
growth and production of DBPs cause severe and deadly
health problems in the human body, including cancer
(Li & Mitch, 2018).

Pathogenic health impacts because of DOM presence
include dysentery, diarrhea, typhoid fever, hepatitis, chol-
era, cryptosporidiosis, vomiting, nausea, headache, amoe-
biasis, anorexia, polio, and colitis (WHO, 2017).
Moreover, DBPs can cause bladder cancer, miscarriages,
and the birth of small children because of gestational age
(Li & Mitch, 2018). Approximately 1 million people die
from contaminated drinking water each year worldwide
(Ritchie et al., 2019). Around 7.2 million illnesses,
600,800 emergency department (ED) visits, 120,000 hos-
pitalizations, and 6600 deaths were recorded because of
waterborne infections in the United States in 2014, of
which 1.13 million illnesses, 31,600 ED visits, 47,700 hos-
pitalizations, and 3300 deaths were associated with drink-
ing water (Gerdes et al., 2023). Mostly norovirus and
nontuberculous mycobacteria were responsible for ill-
ness, hospitalization, and death cases, and about $1.39
billion cost for health care annually because of drinking
contaminated water in the United States (Gerdes
et al., 2023). According to The World Counts, yearly,
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around 3.6 million people die from water-related dis-
eases, of whom 2.2 million are children. The World
Counts also informed about ~6% of total annual deaths
worldwide because of waterborne disease.

Fluorescence spectroscopy is a widely used organic
matter characterization technique in terrestrial, aquatic,
and atmospheric environments (Coble, 2007, Hudson
et al, 2007). Such a technique portrays a three-
dimensional excitation—emission matrix (EEM) sketch
with distinct excitation/emission wavelength positions for
particular fluorescing components (Stedmon & Bro, 2008).
Parallel factor analysis (PARAFAC), an advanced multi-
variate analytical tool, can comprehensively separate each
component from EEM according to its distinct excitation/
emission wavelength position with fluorescent intensity/
concentration (Stedmon & Bro, 2008). The technique is
simple, prompt, sensitive, and specific, and it hardly
requires any sample preparation, pre-treatment, or compo-
nent extraction (Hudson et al., 2007; Stedmon &
Markager, 2005). Because of such advantages, fluorescence
spectroscopy was considered for the study over other time-
consuming and complex high-performance size exclusion
chromatography (HPSEC) and liquid chromatography-
mass spectrometry (LC-MS) techniques.

Studies on bottled drinking water quality, including
DOM distribution, are minimal. Mineral concentration,
microbial abundance, and the database of waterborne dis-
eases, illnesses, and deaths utterly demand frequent and
extensive study on bottled water quality. Moreover, accord-
ing to the United States Environmental Protection Agency
(USEPA), worldwide climate change can significantly dete-
riorate drinking water quality in the future. Therefore,
using fluorescence spectroscopy, this study characterized
and quantified significant emerging contaminants, that is,
DOM components in bottled drinking water of various
countries. Risk levels due to microbial contamination were
further assessed following DOM concentrations. This study
also discussed efficiency differences in various bottled
water manufacturing techniques, adverse effects of overli-
mit mineral concentrations, and role of economic indica-
tors on bottled water purification methods.

MATERIALS AND METHODS
Sampling and water-quality measurement

The study considered 24 bottled drinking water brands
from nine different countries, including five from
Bangladesh: B1, B2, B3, B4, and BS5; five from Malaysia:
M1, M2, M3, M4, and M5; three from Australia: Al, A2,
and A3; three from India: 11, I2, and I3; three from
Taiwan: T1, T2, and T3; two from Vietnam: V1 and V2;

ENVIRONMENT RESEARCH

and one from each of Singapore: S1, Japan: J1, and
Norway: N1. Bottled drinking water was preserved at 4°C
temperature in a portable cooler box for transportation to
the laboratory, followed by starting water sample analysis
immediately. The information mentioned in the bottle
labelling, such as mineral content, water source, and
treatment technique, were noted. Physicochemical
parameters, including temperature, pH, conductivity, dis-
solved oxygen (DO), and turbidity of the bottled water,
were measured using a YSI sonde multiparameter.

Measurement of fluorescence properties of
bottled drinking water

The three-dimensional fluorescence (EEM) properties of
the collected bottled drinking water were measured using
a fluorescence spectrophotometer. Samples were placed in
a 5-cm long quartz cuvette for the measurement. Scanning
excitation (Ex) and emission (Em) wavelengths in fluores-
cence spectrophotometer were set at 225-400 nm and
250-500 nm with 5- and 1-nm intervals, respectively. Fur-
ther parameters in the fluorescence spectrophotometer
were set as silt width at 5 nm for excitation and emission
bands, scanning speed at 1200 nm/min, and photomulti-
plier tube voltage at 700 V during sample measurement.
Ultrapure Milli-Q water was used as a blank during sam-
ple measurement in the fluorescence spectrophotometer.

EEM and PARAFAC modeling with
samples

The collected data from the fluorescence spectrophotome-
ter were processed by subtracting blank Milli-Q and remov-
ing Raman and Rayleigh spectra from each sample. The
arbitrary unit of fluorescence data was converted to the
Raman unit (RU) using the Raman wavelength position of
Milli-Q water (Lawaetz & Stedmon, 2009). The processed
data of each sample was later considered for fluorescence
EEM and PARAFAC analysis. DOMFluor (v1.7) toolbox in
MATLAB (v.2016a) was used for such three-dimensional
modeling (Stedmon & Bro, 2008). Data calibration and vali-
dation were meticulously performed during PARAFAC
modeling to identify the exact number of fluorescing com-
ponents in the sample (Stedmon & Bro, 2008).

Quality control and assurance in the study
Research quality was adequately controlled and assured

during the study. The fluorescence spectrophotometer
was calibrated properly before sample measurement. The
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apparatuses used during sample analysis and measure-
ment were entirely rinsed using acids and Milli-Q water
before usage. The laboratory environment was ensured to
follow WHS standards, and the samples were carefully
secured from any dust or miscellaneous contamination.

RESULTS AND DISCUSSION

Physicochemical properties in
bottled water

Bottled drinking water of different brands in various coun-
tries showed unlike physicochemical properties (Table 1).
The properties such as temperature, pH, conductivity, spe-
cific conductivity, DO (%), DO, and turbidity varied
between 23.9-27.3°C (26.1 + 0.9), 5.9-7.7 (6.7 + 0.5), 4.6—
284.3 uS/cm (93.5 + 87.9), 4.4-277.9 uS/cm (92.3 + 86.7),
56.2-85.6% (71.0 + 7.0), 4.7-6.8 mg/1 (5.7 + 0.5), and 0.1-

0.2 NTU (0.1 & 0.04) in bottle drinking water except B4
(Table 1). pH, conductivity, and DO in B4 were found at
7.4, 964 pS/cm and 54mg/l (I. M. M. Rahman
et al., 2017). Apart from pH and turbidity at 6.5-8.5 and
0.5 NTU, respectively, other physicochemical parameters,
including temperature, conductivity, and DO, still lack
any standard acceptable limit in drinking water
(WHO, 2022). However, there are suggestive limits for
such parameters to maintain the best and most health-
effective drinking water quality. The advised limits of con-
ductivity, DO, and DO (%) are 50-800 pS/cm, 6.5-8.0 ppm,
and 80-110% in healthy drinking water (Atlas
Scientific, 2022; Wisewell, 2022). pH in M2, M5, 12, 13, V1
S1, Al, A2, and J1 were lower than the acceptable limit
(Table 1). Low pH causes corrosion in drinking water
(WHO, 2022). Conductivity, specific conductivity, and tur-
bidity were within the accepted limit in all drinking bot-
tled water (Table 1). However, DO in the bottled water
was lower than the recommended limit except Al and A3

TABLE 1 Physicochemical properties of bottled drinking water at various countries.
Sample Temperature Conductivity Specific conductivity Turbidity
1D (§9) pH (pS/cm) (uS/cm) DO (%) DO (mg/l) (NTU) Reference
Bl 25.1 7.1 1432 142.4 75.0 6.1 0.1 This study
B2 26.2 6.7 27.7 26.9 72.8 5.9 0.2
B3 25.6 7.1 168.3 166.4 64.7 5.3 0.1
B4 - 7.4 96.4 - - 5.4 - (I. M. M. Rahman
et al., 2017)
B5 27.3 74 2839 271.9 68.6 5.5 0.2 This study
M1 24.5 6.6 79.3 80.4 68.8 5.7 0.1
M2 24.3 6.3 198.7 201.4 59.6 4.9 0.1
M3 25.2 6.6 66.7 67.3 63.9 5.3 0.1
M4 25.7 6.6 117.6 1159 78.9 6.3 0.2
M5 239 59 216.8 221.1 56.2 4.7 0.1
Al 27.2 6.3 379 36.4 85.6 6.8 0.1
A2 27.2 6.3 89.9 86.5 76.3 5.9 0.1
A3 27.2 6.8 46.7 44.8 83.6 6.5 0.1
11 26.6 7.1 49.2 47.7 64.8 5.3 0.2
12 26.8 6.2 8.6 8.3 69.9 5.5 0.1
I3 27.1 6.4 8.5 8.2 65.7 5.2 0.2
V1 26.4 6.2 4.6 4.4 70.7 5.6 0.1
V2 26.2 7.7 2843 277.9 67.7 5.5 0.1
S1 26.9 6.3 5.6 54 70.3 5.6 0.1
N1 26.3 7.4 28.9 28.2 74.2 5.9 0.2
T1 25.8 7.3 6.4 6.3 70.6 5.7 0.1
T2 27.2 7.4 41.6 40.0 73.6 6.4 0.1
T3 25.5 6.9 164.5 162.9 74.1 5.9 0.1
J1 25.6 6.3 72.4 71.7 77.7 6.4 0.1
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FIGURE 1 Three-dimensional fluorescence EEM of bottled drinking water samples: (a) B3, (b) M5, (c) A2, (d) I3, (e) V2, (f) S1, (g) N1,

(h) T3, and (i) J1. EEM, excitation-emission matrix.

(Table 1). DO at low concentrations can promote micro-
bial conversion of sulfate to sulfide and nitrate to nitrite
(WHO, 2022). pH and DO were lowest at Malaysian bot-
tled water M5 among the studied samples (Table 1).

EEM and PARAFAC model with bottled
drinking water samples

EEM model identified various humic- and protein-like
fluorophores in drinking bottle water samples
(Figure 1). EEM model found fluorophores including
Ex/Em = 225-230/294-318 nm (tyrosine-like) at 50%,
230-240/334-340 nm (tryptophan-like) at 8.3%, 225-
230/288-310 nm (tyrosine-like) and 225-235/328-332
(tryptophan-like) at 12.5%, 230/410 nm (fulvic acid [M-
like]) at 4.2%, 225-245/270-318 nm (tyrosine-like) and
225-235/410-434 nm (fulvic acid [M-like]) at 12.5%,
225-230/264-300 nm  (tyrosine-like), 225-235/336-
376 nm (tryptophan-like), and 225-235/398-420 nm
(fulvic acid [M-like]) at 12.5% samples (Figure 1). Com-
paratively higher intensity of tyrosine-like in total 84.5%

samples indicated its frequent presence in bottle drink-
ing water (Figure 1).

PARAFAC model identified four fluorescing DOM
components in bottled drinking water (Figure 2). Compo-
nent 1 (Cl) had a fluorescence peak at
Ex/Em = 225/302 nm, indicating its character as
tyrosine-like (Fellman et al., 2010; Santin et al., 2009).
Component 2 (C2) showed peaks at Ex/Em = 230/400
and 285/400 nm, indicating its nature as autochthonous
fulvic acid (M)-like (Fu et al., 2010). Component
3 (C3) can be characterized as fulvic acid (C)-like as it
showed fluorescence peaks at 260/456 and 325/456 nm
(Fu et al., 2010). Component 4 (C4) showed a fluores-
cence peak at 240/338 nm, specifying its character as
tryptophan-like (Dubnick et al., 2010).

Among the four fluorescing DOM components, C1
had the highest intensity in 70.8% samples, while C2 and
C4 occupied the highest intensity in the remaining 16.7%
and 12.5% samples (Figure 3). C2 had the highest intensity
among four DOM components in all Vietnam and
Japanese bottled water brands V1, V2, and J1, and one
Australian brand A2 (Figure 3). C4 had the highest
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intensity in two Australian brands, that is, A1 and A3, and
one Taiwan brand, T2 (Figure 3). The fluorescent intensi-
ties ranged between 0.002-0.4 RU (0.12 + 0.12), 0-0.25
RU (0.03 + 0.05), 0.0004-0.17 RU (0.016 + 0.03), and 0-
0.39 RU (0.04 + 0.08) in C1-C4, respectively (Figure 3).
Maximum intensity of C1 and C4 were identified in M3
and T2, respectively (Figure 3). C2 and C3 had their maxi-
mum intensity in V2 (Figure 3). Intensities of C1 in I2 and
N1 were in the comparable ranges with its maximum
intensity containing brand M3 (Figure 3). Fluorescence
intensity of DOM components in total was maximum in
V2 (Figure 3). Integrated intensity of components at I3,
M3, N1 and T2 were in the similar ranges with V2
(Figure 3). Minimum intensities of C1-C4 were identified
in Al, Bl1, B4, and M3, respectively (Figure 3). C2 was
absent in B4 and T1, while C4 was absent in M1, M2, and
B4 (Figure 3).

By country, C1 ranged between 0.05-0.15 RU (0.08
+0.04), 0.15-0.4 RU (0.21 + 0.11), 0.002-0.03 RU (0.01
+0.02), 0.06-0.3 RU (0.19 + 0.14), 0.02-0.18 RU (0.1
+0.11), and 0.03-0.19 RU (0.1 + 0.09) in Bangladesh,
Malaysia, Australia, India, Vietnam, and Taiwan, respec-
tively, having minimum and maximum intensity in
Australia and Malaysia, respectively (Figure 3). C2 was
found within the ranges between 0 and 0.04 RU (0.02

Component 2

225 250 275 300 325 350 375 400

Component 4
500

450

Fluorescence intensity (RU)

400

0.08

350
0.06

300 0.04

0.02

250
225 250 275 300 325 350 375 400

Fluorescent DOM components in bottled drinking water identified by PARAFAC modeling. DOM, dissolved organic matter.

+0.02), 0.02-0.04 RU (0.03 £+ 0.007), 0.005-0.05 RU
(0.02 + 0.02), 0.01-0.03 RU (0.02 + 0.01), 0.02-0.25
RU (0.13+0.16), and 0-0.02 RU (0.02+0.01) in
Bangladesh, Malaysia, Australia, India, Vietnam, and
Taiwan, respectively, showing minimum and maximum
intensity in Taiwan and Vietnam, respectively (Figure 3).
C3 varied between 0.0004-0.02 RU (0.008 + 0.008),
0.007-0.02 RU (0.01 #+ 0.004), 0.001-0.02 RU (0.009
+ 0.01), 0.005-0.008 RU (0.006 + 0.002), 0.006-0.17 RU
(0.09 + 0.12), and 0.001-0.008 RU (0.005 + 0.003) in
Bangladesh, Malaysia, Australia, India, Vietnam, and
Taiwan, respectively, possessing minimum and maxi-
mum intensity in Taiwan and Vietnam, respectively
(Figure 3). C4 showed intensities between 0 and 0.04 RU
(0.02 +0.01), 0-0.01 RU (0.004 + 0.006), 0.01-0.04
RU (0.02 + 0.02), 0.006-0.09 RU (0.04 + 0.04), 0.006-0.02
RU (0.01 + 0.009), and 0.01-0.39 RU (0.14 + 0.22) in
Bangladesh, Malaysia, Australia, India, Vietnam, and
Taiwan, respectively, having the minimum and maxi-
mum intensity in Malaysia and Taiwan, respectively
(Figure 3). Component intensities in total ranged
between 0.06-0.21 RU (0.13 + 0.07), 0.19-0.45 RU (0.25
+ 0.11), 0.02-0.15 RU (0.07 + 0.07), 0.12-0.47 RU (0.26
+ 0.18), 0.05-0.61 RU (0.33 + 0.4), and 0.1-0.44 RU (0.26
+0.17) in Bangladesh, Malaysia, Australia, India,
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countries: (a) Bangladesh, (b) Malaysia, (c) Australia, (d) India, (e) Taiwan, (f) Vietnam, Norway, Japan, and Singapore. DOM, dissolved

organic matter.

Vietnam, and Taiwan, respectively, showing minimum
and maximum intensity in Australia and Vietnam,
respectively (Figure 3). Protein-like components domi-
nated in bottled drinking water and possessed >50% of
total intensity in all samples of studied countries except
Vietnam (Figure 3). Integrated intensity of entirely
anthropogenic sourced and microbial processed protein-
like C1 and C4 possessed >70% of total intensity in 80%,
100%, 33%, 100%, and 100% samples in Bangladesh,
Malaysia, Australia, and Taiwan (Figure 3). In contrary,
integrated intensity of natural and microbial derived
humic-like components C2 and C3 had 53-68% of total
intensity in all studied bottled drinking water samples of
Vietnam (Figure 3).

The intensity/concentration of fulvic-like substances
(C2 and C3) in Malaysian bottled waters were although
lower than Cikapundung River, protein-like components
(C1 and C4) were up to 41 times higher than the river
water (Sururi et al.,, 2021). The identified sources of
microbial-derived protein-like components in the Cika-
pundung River water were animal manure, domestic
waste, tourism, residential waste, and plantation (Sururi
et al., 2021). In Bangladesh, the intensities of humic- and
protein-like components in bottled drinking water were
lower than in groundwater except Cl in B3 and B5

(Tareq et al., 2013). C1 in bottled water was similar and
higher than groundwater in B5 and B3, respectively
(Tareq et al., 2013). Moreover, intensities of C2 in B2, B3
and B5, and C3 and C4 in B1, B2, B3, and B5 were either
similar or higher than their intensities in most of the
months in the upstream Ganges River, Bangladesh (Niloy
et al., 2021). Intensities of C1 in B3 and C2 in B2, B3, and
B5 were in the comparable ranges with upstream
and downstream Brahmaputra River, Bangladesh (Niloy
et al., 2022). Such studies on river water identified the
sources and production of C1, C2, and C4 from microbial
processing and C3 through photochemical activities
(Niloy et al., 2021, 2022). In India, C1, C2, and C3 in I1,
12 and I3, and C4 in 12 and I3 were higher than in the
southwestern Bay of Bengal water in the Indian portion
(Chari et al., 2013). Sources of the components in the
southwestern Bay of Bengal were identified as bacterial
degraded allochthonous, autochthonous, and anthropo-
genic substances (Chari et al., 2013). C1 in I1 and I3 was
higher than groundwater (Wilson et al., 2023). Cl
was comparable to groundwater and surface water in 12
and I3, respectively (Wilson et al., 2023). Moreover, C4 in
I3 was higher than groundwater (Wilson et al., 2023).
Microbial-derived slurry or waste materials were identi-
fied as sources of such protein-like components C1 and
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C4 (Wilson et al., 2023). The identified intensities of
humic- and protein-like components in the bottled water
were comparable to or higher than shallow aquifers in
the western Bengal Basin in India (Schittich et al., 2018).
In Japan, intensities of humic- and protein-like compo-
nents in bottled water were lower than in the Ohta, Kur-
ose, Yodo, Yamato, and Kokubu rivers water (Ayeni
et al., 2022; Mostofa et al., 2005). In Taiwan, integrated
intensities of C1 and C4 in T1, T2, and T3 were higher
than in estuarine water (Yang et al., 2013). Microbial
metabolites, sewerage, miscellaneous anthropogenic
inputs, and autochthonous production were identified as
sources of protein-like components in Taiwan estuaries
(Yang et al., 2013). The intensity of C4 in T2 was also
found higher than in the Taiwan Strait throughout the
year and the Jiulong River Estuary (Guo et al., 2012; Lin
et al., 2016). Sources of C4 were identified as microbial-
processed allochthonous and autochthonous substances
(Guo et al., 2012; Lin et al., 2016).

Humic substances can cause an endemic and periph-
eral vascular disease called “Blackfoot disease” (F. J.
Lu, 1990b). The presence of As,0O5 accelerates the oxida-
tion and polymerization of protocatechuic acid and thus
promotes the production of humic substances (F. J.
Lu, 1990b). In a 20-32 days study, 50% Balb/c mice
became crippled, had ulceration, phlegmasia, gangrene
and necrosis in the extremities, and experienced black
turned leg and tail when they were fed 5 mg of humic
substance per 20 g of body weight daily (F. J. Lu, 1990b).
Such blackfoot disease can also cause kidney, bladder,
liver, and lung cancers; diabetes mellitus; erythematous
swelling; hypertension; cardiovascular anomalies; cere-
bral apoplexy; ulcers; goiter; amputation of affected
limbs; and blood coagulation in the human body
(F. Lu, 1990a; F. J. Lu, 1990b). Humic-metal complex,
especially with As, was also found to inhibit human plas-
min activity up to 80% (Hseu et al., 2001). The mortality
rate was significantly higher in the blackfoot
disease-affected zones compared to the unaffected areas
(Chen et al., 1994). Intensities of both humic substances
C2 and C3 were maximum in one of the bottled drinking
water brands from Vietnam V2 (Figure 3). Intensities of
C2 and C3 in V2 were 3.3-56.9 times and 7.3-469.4 times
higher than their intensities in other bottled water brands
(Figure 3) and thus stimulate the possibility of occurring
blackfoot disease through the drinking of bottled water.

Microbial growth and activity linkage with
protein-like components

Tryptophan- and tyrosine-like components predomi-
nantly originate from microbial intracellular and

extracellular activities, including metabolism, cell multi-
plication, structural fragments, and particular functional
proteins of microbes (Carstea et al., 2016; Fox
et al., 2017). The tryptophan-like component was ubiqui-
tously identified in the supernatant, lysed, and resus-
pended cells of cultured bacteria such as Escherichia coli,
Bacillus subtilis, and Pseudomonas aeruginosa (Fox
et al., 2017). The presence of a tryptophan-like compo-
nent in the environment was found to correlate strongly
with microbial population size and thus is widely
affirmed to exploit such fluorescing component for the
measurement of microbial activities in the system (Baker
et al., 2015; Fox et al., 2017).

Tryptophan- and tyrosine-like components were
mainly found in industrial effluent, sewage wastewater,
and urban and agricultural runoff (Yang et al., 2012; Ye
et al., 2019). Moreover, the influx of sewage into surface
water from residential runoff stimulates algal growth,
which was identified as another source of protein-like
components (Yang et al, 2012). Anthropogenic and
microbial-induced protein-like components are labile,
comparatively less aromatic, smaller in molecular size
and weight, and contain higher §'°C value and lower
double bond equivalents and stability than mostly natu-
ral humic-like components (Ye et al., 2019). Hydrophilic
protein substances were less likely to be removed than
hydrophobic humic in the alum-used coagulation process
(Soh et al., 2008). Biodegradable dissolved organic carbon
(BDOC) that supports microbial growth is usually found
with higher concentration in hydrophilic protein than in
hydrophobic humic substance (Soh et al., 2008). More-
over, despite poor trihalomethane formation potentiality,
inadequate removal of hydrophilic protein than hydro-
phobic humic substance in coagulation significantly con-
tributes to carcinogenic DBP formation (Bieroza
et al., 2010; Soh et al., 2008).

Microbial risk assessment using
concentration of tryptophan-like
fluorophore

A significant correlation (r = 0.74, 0.85) was identified
between E. coli enumeration and concentration of
tryptophan-like component in groundwater and polluted
river water in a previous study (Baker et al., 2015;
Nowicki et al., 2019). Tryptophan was absent in B4, M1,
and M2 and, therefore, was excluded from microbial enu-
meration and risk assessment. E. coli concentration ran-
ged from 1.79 to 22112.07 CFU/100 ml and was
minimum and maximum at Malaysian bottled drinking
water M3 and Taiwan bottled water T2, respectively
(Table 2). M3 was the only bottled water brand to affirm
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low risk for E. coli abundance (Table 2). M4, M5, A3, 11,
V1, and T1 bottled water were in the medium-high risk
category, and the remaining drinking water was in the
high/very high-risk category because of E. coli availability
(Table 2). Among the countries with multiple bottled
water brands in this study, 0%, 33.3%, 33.3%, 50%, and
33.3% bottled water were in medium-high, and 80%,
66.7%, 66.7%, 50%, and 66.7% bottled drinking water were
in high/very high-risk category in Bangladesh, Australia,
India, Vietnam, and Taiwan, respectively (Table 2). In
contrast, in Malaysia, 20% and 40% of bottled water were
found in low and medium/high-risk categories, respec-
tively, and hardly any bottled water had a very high risk
for E. coli contamination (Table 2). Moreover, in
Singapore, Norway, and Japan, bottled drinking water
was in the high/very high-risk category (Table 2). C4 was
though absent in B4, M1, and M2, the presence of
another microbial-derived anthropogenic component,

water- >
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C1, indicated the predominance of other types of micro-
organisms apart from E. coli in such bottled drinking
waters (Figure 3).

Concentration of minerals in bottled
drinking water and related consequences
on health

Minerals such as Na, K, Ca, Mg, and SO, in bottled
drinking water were within the permissible limit in
Bangladesh, Malaysia, Australia, Norway, and Singapore
in terms of brand-specific and on average (Tables 3, 4
and S1). Concentration of Na, Mg, and Ca in 12 and I3,
and K, Ca, and Mg in V2 were also within the permissible
limit (Tables 3, 4, and S1). HCO;~ concentration in M2,
M5, N1, V2, and Singapore and Australian bottle drink-
ing water also followed the guideline values (Tables 3, 4,

TABLE 2
Sample Fluorescence Concentration E. coli amount
1D intensity (RU) (ppb) (CFU/100 ml)
Bl 0.024 5.32 239.02
B2 0.024 5.4 244.87
B3 0.025 5.5 252.27
B4 0 0 0
B5 0.042 9.29 590.37
M1 0 0 0
M2 0 0 0
M3 0.001 0.26 1.79
M4 0.008 1.66 36.14
M5 0.013 2.88 88.34
Al 0.015 3.39 115.08
A2 0.045 9.89 653.44
A3 0.012 2.75 81.96
1 0.006 1.26 23.11
12 0.029 6.38 320.94
I3 0.086 18.99 1882.64
V1 0.006 1.39 27.1
V2 0.018 4.06 154.18
S1 0.017 3.67 130.88
N1 0.079 17.73 1684.25
T1 0.012 2.6 74.83
T2 0.39 86.72 22112.07
T3 0.021 4.69 194.82
J1 0.018 4.01 151.11

Microbial activity assessment from the concentration of tryptophan-like component (C4).

According to (Baker et al., 2015)

Risk category for E.  Risk category for E. coli concentration
coli concentration (according to [Nowicki et al., 2019])
High Very high
High Very high
High Very high
N/A N/A
High Very high
N/A N/A

N/A N/A

Low Low
Medium High
Medium High
High High
High Very high
Medium High
Medium High
High Very high
High Very high
Medium High
High High
High High
High Very high
Medium High
High Very high
High Very high
High High
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TABLE 3 Concentration of minerals mentioned in the labeling of bottled drinking water in various countries.

Sample ID Na (mg/l) K (mg/l) Ca(mg/l) Mg(mg/l) Cl (mg/l) SO,> (mg/l) HCO; (mg/l)
BS <8 - - - - - -

M2 4.5 1.8 18.3 1.2 0.55 3.2 62

M5 7.6 2.5 27 3.1 <2 13 110

I3 3 - - 1 - 2 .

N1 3 0.5 4.5 1.7 5 4 15

S1 2 - - . - 2 .

Acceptable limits (WHO, 2022) <200 12 <100-300 <100-300 200-300 <250 <100

TABLE 4 Concentration of minerals in bottled drinking water found at various studies in different countries (Kumar et al., 2021; Que
et al., 2021; I. M. M. Rahman et al., 2017; M. A. Rahman et al., 2013).

WHO
Mineral name Bl B2 B3 B4 B5 12 13 V2 Permissible limit (WHO, 2022)
Na (mg/1) 23.9 - 7.8 16.3 - 55 58 - <200
K 0.4 - 0.9 0.03 - - - 2-3 12
(mg/1)
Ca (mg/1) 1.6 - 14.6 0.06 - 65 70 11-17 <100-300
Mg (mg/1) 1.5 - 1.7 53 - 25 30 3-6 <100-300
CI~ (mg/1) - - - - - - - - 200-300
SO, (mg/1) 20.5 - 17.9 9.5 - - - - <250
HCO;™ (mg/1) - - - - - - - 280-330 <100
Al (mg/1) 0.6 - 0.7 0.8 - - - - <0.1
B (mg/1) 0.07 - 0.04 0.06 - - - - <24
Ba (pg/l) 2.7 . 2.3 = - . - - <1300
Cd (pg/1) - - 0.5 0.07 - - - - <3
Cu (pg/l) 6.4 - 8.2 8.2 - - - - <2000
Li (ug/1) 2.3 - 34 - - - - - -
Pb (ug/1) 12.2 . 54.9 1.6 . - - <10
Sr (pg/l) 10.7 - 78.2 - - - - - -
Fe (pg/l) - - - - - - - - <300
Zn (pug/) - - - - - - - - <4000
Cr (pg/l) - - - - - - - - <50
Mn (pg/1) - - - - - - - - <100
Ni (png/1) - - - - - - - - <70
As (pg/l) - - - - - - - - <10
F~ (mg/l) - - - - - - - <0.5 <1.5
NO;~ (mg/1) 12.8 - 72.9 8.3 - - - - <50
I (mg/l) - - - - - - - <0.01 -
PO,*>” (mg/l) 7.3 - 9.7 5.9 - - - - 0.1

and S1). Concentration of B, Ba, Cd, Cu, NO; were and, on average, bottled drinking water in Bangladesh
within the acceptable limits in drinking bottled water in (Table 4 and S1). Pb in B1, B3, and B5; NO; in B3; and
Bangladesh (Table 4 and S1). However, the concentration PO,*” in B1, B3, and B4 also exceeded the acceptable
of Al exceeded the permissible limits in brand-specific ~ limits in bottled drinking water in Bangladesh (Table 4).
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In Malaysian bottled drinking water, average concentra-
tions of Cd, Cu, Cr, Fe, Zn, Mn, Ni, As, Pb, F, and NO;™
were within the permissible limits (Table S1). The con-
centration of Cl~ according to bottle labelling and, on
average, in Malaysia and Norway followed the acceptable
guideline limit (Table 3 and S1).

Overlimit of Pb concentration in drinking water can
damage the brain and kidney; cause problems in teeth,
bones, hearing, joints and muscles, immune system, repro-
ductive organs, biological functions and liver, and disrupt
red blood cell production that carries oxygen in every part
of human body (Mulvihill, 2023; WHO, 2022). Elevated
levels of Pb in the human body can also cause headache,
anemia, appetite loss, disturbance in sleep and concentra-
tion, tingling sensation in the skin, convulsion, seizures,
and even coma and death (Environmental Health, 2024).
Young children, infants, and pregnant women can be
highly affected as low intelligence quotients (IQ) containing
brains in children were found to link with elevated Pb con-
sumption (Larsen & Sanchez-Triana, 2023). A low concen-
tration of Pb can affect patients with high blood pressure
and kidney problems more likely than healthy persons
(Environmental Health, 2024). The stored Pb in bones in
the mother's body can also be transferred into the infant
during pregnancy and thus can affect brain development in
newborns (Cangelosi et al., 2017; Levallois et al., 2018). The
presence of Pb in paints, pipes, faucets, solders, and miscel-
laneous materials in plumbing, water distribution and treat-
ment systems, and bottled water packaging areas can be
the possible sources of overlimit Pb in bottled drinking
water in Bangladesh (Levallois et al., 2018). Dust and fume
contamination, corrosion, and water temperature increase
can also elevate Pb concentration in drinking water
(Environmental Health, 2024; Levallois et al., 2018).

Bangladesh is a South Asian lower middle-income
country according to the World Bank region and income
classification. Pb was found at 6.8 pg/dl in adult and chil-
dren's blood, which was enough to reduce 6.9 per child
and 20 million total IQ points in 2019 in Bangladesh
(Sarah, 2023). Moreover, 85 per 100,000 population and in
total 138,045 people died from -cardiovascular disease
because of Pb exposure in 2019 in Bangladesh
(Sarah, 2023). The death rate in Bangladesh was 5.54%o, in
2019, and such death because of Pb-induced cardiovascular
disease was ~15% of total deaths (Sarah, 2023). Costs
because of cardiovascular disease mortality and IQ loss
were estimated at US$17,736 million and US$10,897 mil-
lion, which equated to 5.86% and 3.6% of GDP in
Bangladesh (Sarah, 2023). No research has been conducted
on Pb concentration in bottled drinking water to date in
the countries of this study except Bangladesh. Pb concen-
tration in human blood was found maximum in South
Asia, followed by Middle East and North Africa, Sub-
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Saharan Africa, Latin America and the Caribbean, East
Asia and Pacific, and Europe and Central Asia (Larsen &
Sanchez-Triana, 2023). Such study also revealed that chil-
dren with <5 years of age lost 765 million IQ points, and
545,000 adults died from cardiovascular disease worldwide
because of Pb exposure in 2019 (Larsen & Sanchez-
Triana, 2023). Moreover, IQ loss and death from cardiovas-
cular disease followed the descending order Sub-Saharan
Africa > South Asia > East Asia and Pacific > Middle East
and North Africa > Latin America and Caribbean >
Europe and Central Asia and East Asia and
Pacific > South Asia > Europe and Central Asia > Sub-
Saharan Africa > Middle East and North Africa > Latin
America and Caribbean (Larsen & Sanchez-Triana, 2023).
23% less income in future than present job evaluation
because of 1Q loss in children and 77% monetary cost for
welfare purposes in cardiovascular disease mortality
summed up to US$6.0 trillion in 2019 because of Pb expo-
sure, which equated to 6.9% global gross domestic products
(GDP) (Larsen & Sanchez-Triana, 2023). Europe and Cen-
tral Asia were identified as the maximum cost bearer
because of IQ loss and mortality in cardiovascular disease,
equating to 152% of its GDP (Larsen & Sanchez-
Triana, 2023). Such costs in East Asia and Pacific, Middle
East and North Africa, South Asia, Sub-Saharan Africa,
Latin America and the Caribbean were 10.5%, 9.7%, 9.1%,
8.9%, and 6.7% of their corresponding GDP, respectively
(Larsen & Sanchez-Triana, 2023).

Excessive Al might come from hydrolyzing salts such
as aluminum sulfate (VI) and sodium aluminate or pre-
hydrolyzed polyaluminum chlorides used in coagulation
during water treatment (Krupinska, 2020). Hydrolyzed
aluminum salts were identified to increase monomer sol-
uble Al concentration more efficiently than pre-
hydrolyzed salts  (Krupinska, 2020). Overlimit
Al > 0.1 mg/l in drinking water was identified to strongly
correlate with dementia and Alzheimer's disease with rel-
ative risk of 1.99 and 2.14, respectively (Rondeau
et al, 2000). The toxicity causing descending order
[Al (H,0)]’" > [Al (OH)*']>[Al (OH),"] ensured
infuse into blood plasma and causes vomiting, nausea,
mouth ulcers, diarrhea, arthritic pain, skin rashes, skin
ulcers, nervous system damage, neurofibril degeneration,
atrophy of neurons, T lymphocyte functioning disorders,
and lymphopenia (Krupinska, 2020; Sosnowski, 2023;
WHO, 2003). Al is ionized and can be easily absorbed in
both acidic and alkaline conditions, causing harm to liv-
ing organisms (Krupinska, 2020). The presence of phos-
phate and organic matter can influence Al solubility in
water (Krupinska, 2020). Phosphate in Bangladeshi bot-
tled drinking water exceeded the threshold limit and was
identified at a very high concentration (Table 4). Concen-
trations of humic and protein-like DOM components
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identified in this study were either comparable or some-
times higher than groundwater and the Ganges and
Brahmaputra River water (Niloy et al., 2021, 2022). After
the complexation of Al and ligands in organic matter, the
bioavailability of Al and coagulation effects were found
to decrease (Wang et al., 2010). Such Al-organic matter
complexation was so stable that removing Al from drink-
ing water was found difficult in the treatment process
(Wang et al., 2010). Such high concentrations of phos-
phate and organic matter may strongly influence Al solu-
bility in Bangladeshi bottled drinking water and increase
the possibility of severe Al-induced toxicity and damage
in the human body.

Efficiency assessment of water treatment
processes mentioned in the bottle label

The particular water treatment process was mentioned in
the labelling of some of the studied bottled drinking water
(Table S2). According to such information, B4 and M3 were
treated through reverse osmosis, where B5, I1, I3, and S1
were purified following ultrafiltration, multistage purifica-
tion, ozonation, and advanced purification, respectively
(Table S2). 12 hardly mentions any particular treatment
process (Table S2). Fluorescence intensities including all
DOM components at such seven drinking water brands fol-
lowed descending order as I3 > M3 > B5 > 11> 12> S1
> B4 (Figure 3). Intensities of I3 and M3 were in compara-
ble ranges and were far higher than the rest bottled waters
(Figure 3). Such higher intensities in I3 and M3 neverthe-
less of using reverse osmosis and ozonation in water treat-
ment affirmed the failure of such advanced techniques in
DOM and microbial growth control. Moreover, despite the
similar treatment techniques, much higher intensity than
B4 affirmed the shortcoming in the reverse osmosis purifi-
cation process of M3 (Figure 3). Component C4 was low in
concentration at M3 (Figure 3). However, the presence of
another microbial-derived DOM component C1 at high
amount affirmed the excessive presence of other microbial
species rather than E coli in M3 (Figure 3). Except B4, high
risk of E. coli and other microbial contamination in rest of
the bottled drinking water affirmed the inefficiency of the
claimed water treatment processes in DOM and biofilm
control.

Correlations between economic
parameters and bottled drinking water

quality

Economic indicators in the studied countries were assessed
for any correlation with DOM intensities in bottled

drinking water to identify country-specific purification strat-
egies and market value adjustment. Such assessment
inferred that economic indicators such as gross domestic
product (GDP), GDP per capita, gross national income
(GNI) per capita, % population with <6.85 $PPP/day
income, and %population living under the poverty line had
insignificant correlation (p > 0.05) with summed intensities
of DOM components C3 and C4 and total DOM intensity
(Table S3). Such an insignificant correlation affirmed that
drinking water production companies still do not consider
the presence of DOM and microbial activities gravely. How-
ever, total DOM intensity had an inverse and nearly signifi-
cant correlation (r = —0.689, p = 0.059) with minimum
paid wages in the studied countries (Table S3). The top
wage-paid countries, such as Australia and Japan, had the
lowest average DOM intensities in bottled drinking water
among the studied brands (Figure 3). Conversely, Taiwan
and Singapore are moderate wage-paid countries
(Table S3). However, despite the similar range paid wages,
DOM intensity in Taiwan bottled drinking water brands,
especially in T2 and T3, were significantly higher than in
Singapore bottled water S1 (Figure 3). Among the other
four countries, despite the lowest paid rate, the average
DOM intensity in Bangladeshi bottled drinking water were
around 50% less than Malaysia, India, and Vietnam
(Figure 3 and Table S3). The average intensity in
Bangladeshi bottled water was similar to Singapore's,
although the paid wage in Singapore was almost eight times
higher than in Bangladesh (Figure 3 and Table S3). The
average DOM intensity in bottled water in Malaysia, India,
and Vietnam was comparable, although paid wages in
India and Vietnam were almost 50% less than in Malaysia
(Figure 3 and Table S3). The minimum wage here func-
tioned as a secondary indicator. Such comparison of paid
wages with DOM intensity reflected that budget and eco-
nomic health could affect water treatment processes, but
they are not the only controlling factors. Instead, willing-
ness, consciousness, and proper knowledge and manage-
ment contribute more than the budget for DOM and
microbial control in bottled drinking water.

CONCLUSION

This study focused on characterizing and quantifying
DOM components in bottled drinking water of numerous
brands from different countries, including Bangladesh,
Malaysia, Australia, India, Singapore, Norway, Japan,
Vietnam, and Taiwan, using three-dimensional fluores-
cence spectroscopy and multivariate PARAFAC model.
Anthropogenic sourced and microbial-processed tyrosine-
and tryptophan-like components were found with maxi-
mum intensities in 83.3% of samples, affirming the
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presence of frequent microbial activity in bottled drinking
water. Bottled drinking water was in the medium to very
high-risk category in 84% of samples because of E. coli
abundance. Comparatively higher intensity of humic sub-
stances in one of the bottled drinking water brands in
Vietnam than other brands posited the possibility of
organometallic complex formation with As, thus causing
peripheral vascular blackfoot disease. Discussed health
impacts because of over acceptable-limit minerals such as
Pb, Al, and PO,*>" at Bangladeshi bottled drinking waters
indicated that such unrestrained minerals concentration
can cause biological organ and productive system damage,
IQ loss, red blood cell production disruption, dementia
and Alzheimer's disease, death, and economic loss individ-
ually or in complexation with DOM components. Unlike
in Japan, DOM intensities in bottled drinking water were
comparable and higher than those found in groundwater,
freshwater, and marine water, thus confirming the ineffi-
ciency of conventional drinking water treatment tech-
niques. The economic indicators of the studied countries
inferred that besides budget and labor wages, willingness,
proper knowledge of treatment techniques, and conscious-
ness play significant roles in drinking water treatment.
Such extensive pioneer and novel studies on DOM charac-
terization and concentrations, microbial abundance,
adverse health, and economic impacts of overlimit mineral
contents in bottled drinking water will surely help rele-
vant authorities and governments of the studied countries
to become more concerned and secure proper steps to
develop drinking treatment techniques and adequate mon-
itoring, and ensure safe quality before consumption.
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