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Abstract

Polyethylene terephthalate (PET) is widely used as a raw material for water bottles. However, since PET is an ester, water can
react with it to release toxic molecules such as formaldehyde. This work provides a quantitative analysis, by high-performance
liquid chromatography (HPLC-UV-Vis) after derivatization with dinitrophenylhydrazine (DNPH) of formaldehyde (FA)
in flat natural or carbo-gaseous mineral waters bottled coming from different regions of Morocco, bought at Oujda in a
local supermarket and analyzed in the Université of Oujda. At 18 °C, formaldehyde was not detected in 9 of the 12 bottles
purchased at the supermarket. For bottles of flat natural mineral water incubated at 30 °C, FA concentrations were below the
detection limit, reaching 0.38 pg/L in carbo-gaseous mineral water. At 40 °C, the concentration range was from 12.9 pg/L
for flat natural to 31.5 pg/L for carbo-gaseous minerals water. After a 24-month storage at room temperature and away from
light, flat natural mineral waters showed traces of FA, and in carbo-gaseous mineral water, the concentration of FA could
reach 13.9 pg/L. The results show that temperature, storage duration, and the presence of CO, influence the migration of
formaldehyde from PET, but the rate of migration does not pose a threat to consumer health. Statistical parameters validat-
ing the analytical method used are presented with accuracy and precision. The repeatability of several stability statistics of
the analytical technique was evaluated.
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Introduction types of bottled water: table water (ET), sources water (ES),

and natural mineral water (EM) including flat natural min-

Production and variety of bottled waters in Morocco have
experienced an increase in recent years in relationship with
a growing consumption. Moroccan law distinguishes three
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eral water and carbo-gaseous mineral water (EMg) (Gharibi
et al. 2018; Schymanski et al. 2018).

The bottled water quality depends not only on the water
quality captured but also on the conditions of its packaging
and storage in a plastic container (Danopoulos et al. 2020).
The water—plastic exchange process can influence the water
chemistry (Koelmans et al. 2019). In this way, the exchange
between organic material and water is always possible dur-
ing the physical process, storage or transport under inad-
equate conditions (sun exposure, temperature rise, saturated
atmosphere in gas) (Chen et al. 2023). Contamination of
water by “secondary” micro-organic molecules and ions can
also affect its quality and, as a result, have adverse effects
on consumer health (Surana et al. 2022). Recent studies
have shown that drinking water can be contaminated with
a large number of plastic microparticles (10 000 particles
per liter) between 6.5 and 100 um of size (Marsden et al.
2019; Koelmans et al. 2019; Mason et al. 2018). In bottled
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water, packaging and/or the bottling process mainly cause
this contamination (Bach et al. 2012).

Poly (ethylene terephthalate) (PET) is widely used to bot-
tle water. The preference of this polyester to distribute water
in bottles is due to its relative high chemical inertia, and its
physical properties such as transparency, lightness, gas seal-
ing, and its ease of recycling (Jin et al. 2020).

When interacting with water, the PET releases formal-
dehyde (FA), a toxic molecule (Coniglio et al. 2020) which
is part of the family of volatile organic compounds (VOCs)
(Zhang et al. 2020). Solubility of FA in water is 400 pg/L at
20 °C (Griitzner and Hasse 2004) and increases with tem-
perature (Kramer et al. 2012). Formaldehyde is a product
of normal metabolism and is essential for the biosynthesis
of certain amino acids in human metabolism cycle (Pietzke
et al. 2020a, b). When FA is dissolved in water, it hydrates
itself to give methylene glycol (or methanediol) (CH,(OH),)
which polymerizes to give a series of polymethylene glycols
(Kramer et al. 2012; Abdu et al. 2014). The hydration reac-
tion of formaldehyde to methylene glycol is reversible, both
compounds are in equilibrium and are constantly and rapidly
transformed from one to the other (Hazra et al. 2013). The
conversion rate depends on temperature, pH, concentration,
and the presence of other molecules such NH;, CH;OH et
CO, (Trincado et al. 2018). The photodegradation rate of
formaldehyde was reduced in the presence of other VOCs
such as benzene, toluene, ethylbenzene, o-xylene (Flueck-
iger et al. 2009), acetic acid, ethanol, and isooctane (Li et al.
2016). Therefore, even if they constitute two chemically
distinct molecules, the Scientific Committee for Consumer
Safety has considered that methylene glycol, in a solution,
is equivalent to formaldehyde (Golden and Valentini 2014).

This organic compound can migrate from plastic to water
during the packaging process. The amount of formaldehyde
in water depends on the chemical quality of the raw material
making the PET, the molecular weight of the polymer, and
the manufacturing technology used for its production. The
blowing temperature has a great impact on the FA transfer
from the plastic to water (Mutsuga et al. 2005). Migration
also depends on external factors such as temperature and
storage duration, interactions between containers, and the
concentration of carbon dioxide in the water (Nawrocki et al.
2002; Mutsuga et al. 2006; Abboudi et al. 2016).

The health risks resulting from the consumption of for-
maldehyde come from its cytotoxicity, its genotoxicity, and
its endocrine disruptor characterization (Pfuhler and Wolf
2002). FA is considered carcinogenic to humans (Santana
et al. 2019), and it is identified as one of the substances
causing sick house syndrome (Agarwal et al. 2011). The
formaldehyde is rapidly absorbed by the gastrointestinal
and upper respiratory tracts (Dehghani et al. 2018). Gas-
trointestinal tract tumors in rats increased when given 1500
mg/L FA (Nielsen and Wolkoff 2010). The 50 mg/(kg*day)
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was identified for histopathological changes to the stomach
from a well-conducted 2-year oral study in the rat (Til et al.
1989). Exogenous formaldehyde is taken up into the human
body via ingestion, inhalation, and dermal absorption.
Formaldehyde (FA) can cause allergic contact dermatitis,
upper respiratory tract irritation, and coughing (Aung et al.
2021). Severe exposure may result in serious lower respira-
tory effects, such as bronchitis and pneumonia (Kumar et al.
2023). Acute ingestion exposure can produce hypotension
and cardiovascular collapse. Nausea, vomiting, diarrhea, and
abdominal pain may occur following ingestion of formal-
dehyde (Pandey et al. 2000). Ulceration and damage along
the aerodigestive tract, including oral and gastrointestinal
mucosa, have been reported in cases where formaldehyde
had been ingested in excess quantities (Kundu et al. 2020).
Humans can be affected by sensory of irritation at levels
of 0.5 ppm formaldehyde and above contained in the air.
Based on the available data, there is no conclusive evidence
of systemic toxicity following oral administration of for-
maldehyde. Concerning the water bottled, the assessment of
plastic inertia in contact with water is governed by the EU,
the regulation states that the specific migration limit of FA in
foodstuffs must be less than 15 mg/kg (Baiguini et al. 2011).

In carbo-gaseous mineral waters, the solubility of for-
maldehyde is greater; CO, reacts with CH,O (FA) to form
clusters of hydrated methanediol, which are less volatile, so
the FA content increases (Huang et al. 2014). When CO,
reacts with CH,O0, it consumes CH,0O molecules, leading
to the formation of larger molecules such as methanediol.
These larger molecules are less volatile compared to CH,0,
which means they are less likely to evaporate or escape into
the atmosphere. As a result, the concentration of CH,0O
decreases while the concentration of the larger molecules,
including methanediol, increases, leading to an increase in
FA content (Huang et al. 2014). The pressure exerted by CO,
in the water on the sides of the bottles can also accelerate the
aldehydes migration (Darowska et al. 2003). Storing carbon-
ated mineral water for more than 8 to 9 months decreases the
amount of aldehydes (Nawrocki et al. 2002).

In term of methodology used, the analysis of formalde-
hyde (FA) in water will be carried out by derivation with
2,4-dinitrophenylhydrazine (2,4-DNPH), then pre-concen-
tration by liquid-liquid extraction (ELL), and analysis by
HPLC-UV-Vis according to the methods (US-EPA 1992,
1996). This approach was chosen because it is used as a
reference method, it is simple to implement, and it does not
require sophisticated equipment.

The main objective of this work is to determine the
migration of formaldehyde in quantity in two types of bot-
tled water in Morocco [flat naturel mineral water (EM,)
and carbo-gaseous mineral water (EM;)]. Some parameters
influencing the migration of formaldehyde from PET to
water will be studied. The focus will be on parameters that
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directly affect consumers, namely storage conditions (tem-
perature and duration) and the presence of CO, in natural
waters.

Materials and methods
Instrumentation and reagents

The dinitrophenyl hydrazone (FA-DNPH) was quantified
using an Agilent-type HPLC system with a diode array
detector (waters 2996), equipped with a 20 pL injection
loop. The Alliance eW2695 was used, it is a model of HPLC
separation module, which likely includes components for
sample injection, solvent delivery, column compartment, and
other modules necessary for chromatographic separation.
The separation is carried out on a C18 type column 250 mm
long, 4.6 mm internal diameter filled with particles 5 pm in
diameter. An isocratic mobile phase consisting of a 60:40
(v:v) ACN/H,0O mixture was pumped into the column at a
flow rate of 1 mL/min. The column was maintained at 25
°C. Acquisition by HPLC-UYV was carried out at 360 nm for
FA-DNPH (Qian et al. 2017). The wavelength was chosen
based on the UV-visible spectra plotted from hydrazone.
The hydrazone was eluted after 5 min.

The total organic carbon (TOC) analysis (TOC/ TN
Analyzer multi-N/C 2100/2100) is available at the physical
measurements room of the Oujda Faculty of Science. This
test is not specific to carbonyl group (formaldehyde) but it
gives an indication of the enrichment of water in the organic
fraction of C. The tests commonly used to identify carbonyl
compounds are the Tollens test, the Fehling test, and the test
by Benedict (Asatkar and Basak 2023).

Samples

In this study, two types of water were chosen: flat natu-
ral mineral water (EM,) and carbo-gaseous mineral water
(EMg). The effect of the duration of bottle storage on the
migration of formaldehyde into the water has been followed
and analyzed. Moreover, the impact of storage temperature
has been determined. Table 1 shows the samples studied,
their date of bottling marked on the corks, and the date of
carrying out the analyses.

The experimentation concerned 18 EM, and 18 EMg; bot-
tles (each EM, and each EM; bottles are issue from the same
brand) to evaluate, on the one hand, the evolution of the con-
centration of the organic molecules with the temperature (18
°C—room temperature, 30°, 40°, and 50 °C) and with the
storage time (10 days, 1 year, and 2 years) and, on the other
hand, to check the reproducibility of the process, with 3 EM,
and 3 EMg; bottles for each experiment. Note that the same
group (3 EM, and 3 EM,), stored for 10 days at 18 °C,

Table 1 Bottling date stamped on the plastic corks, and bottling ana-
lyzing date

Mineral water (EM,) Carbo-gaseous min-
eral water (EM;)
Stored for 2 years ~ 02/20/2016 (3 bottles) 12/20/2015 (3 bottles)
Stored a year 02/02/2017 (3 bottles)  01/07/2017 (3 bottles)
Non-stored 02/15/2018 (3 bottles)  02/10/2018 (3 bottles)
Analysis date 02/24/2018 02/24/2018

was used as a common control for the temperature and stor-
age time tests. The high temperatures, 40 and 50 °C, were
chosen, given the summer temperatures in many regions of
Morocco which exceed 40 °C. Likewise, water bottles are
displayed by small traders outside shops in conditions that
can exceed 50 °C. The different bottles were stored in a place
sheltered from the sun and rising temperatures. The water
bottles were conserved, as far as possible, in natural condi-
tions in terms of temperature and external humidity, and
away from any exposure of odors. For long-term storage,
all samples were stored at room temperature with artificial
lighting and controlled temperature for 24 months, mimick-
ing typical conditions in retail outlets, supermarkets, and
homes.

Effect of storage time on formaldehyde migration

To study the effect of storage, 18 bottles of water (bottled
in Morocco) divided into 3 groups were analyzed. The first
group contained bottles of 0.5L of water stored for 2 years:
three flat natural mineral water (EM,) and three carbo-gase-
ous mineral water (EM)). The second group included bot-
tles of 0.5L of water stored a year: three flat natural mineral
water and three carbo-gaseous mineral water. The third and
last group was composed of six non-stored bottles (V=0.5L)
as control samples (in fact 10 days of storage at room tem-
perature): three flat natural mineral water and three carbo-
gaseous mineral water.

The bottling dates marked on the bottles ranged from 9 to
14 days before the date of purchase (Table 1).

Preparation of calibration standards

A 1 mg/L stock solution of formaldehyde (FA) has been
prepared in 1000 mL of ultra-pure water. Then seven cali-
bration solutions were prepared from the initial solution
added to 100 mL of ultra-pure water (Water for chroma-
tography (LC-MS Grade) LiChrosolv®. Merck), with the
following concentrations 0, 10, 20, 50, 100, 250, and 500
pg/L to draw the calibration curve. The stock solution was
kept cold (4 °C). A chemical derivatization was performed
modify the structure of formaldehyde, in particular to make
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them visible by the detection system of the analysis instru-
ment. Formaldehyde does not have a chromophore group in
the ultraviolet. By reaction of hydrazine with formaldehyde
in an acid medium, hydrazones are formed, which show a
maximum absorption around 360 nm (Qian et al. 2017). The
DNPH solution at 200 mg/L for the derivation was prepared
in a 60:40 (v:v) acetonitrile/water mixture. The citrate buffer
(1 mol/L, pH 3.4) was prepared by mixing 80 mL of cit-
ric acid solution (1 mol/L) and 20 mL of sodium citrate
solution (1 mol/L). It was used to buffer the derivatization
reaction mixture at pH 3.4 according to the method (US-
EPA 1992, 1996). To be able to calculate the yield of the
reaction of derivatization of formaldehyde into hydrazone,
a calibration line was carried out by the standards of the
hydrazones in acetonitrile/water 60:40 (v:v). All reagents
used were obtained from Sigma—Aldrich Co. with a purity
greater than 99.8%.

The procedure was carried out as follows: 100 mL of
standard solution or commercial water was collected from
glass beakers, and 4 mL of citrate buffer (1 mol/L) was
added to adjust the pH of the sample to 3.4. Then 6 mL of
0.2 mg/L DNPH in ACN/H,0 (60:40) was added and the
sample was maintained for 2 h at 0 °C to produce hydrazones
(Shi et al. 2022). Thus, the reaction medium has a total vol-
ume of 110 mL (Fig. 1).

Hydrazone solution concentration

The analytical methodology followed was utilized, after
derivatization, to perform a liquid-liquid extraction with
dichloromethane and to analyze them by liquid-phase chro-
matography coupled with a UV detector. The choice of the
ELL was linked to its use in all laboratories. This technique
will then be validated according to the AFNOR Standard
(NF 2009) before finally being applied to a batch of min-
eral water samples. Once the formaldehyde is transformed
into the hydrazone derivative, the classic pre-concentration
technique was applied and the concentration of the sam-
ple was evaluated: liquid—liquid extraction. The extrac-
tion device (separation funnel, funnel, collection vial, and
beaker) was rinsed with 20 mL of dichloromethane for 15

Fig. 1 Diagram of the formalde-
hyde analysis process

min. An ultra-pure water blank (water reputed to be free of
traces of organic compounds) was carried out, following the
same procedure as that applied for the samples to check the
absence of contamination during the sample extraction pro-
cedure. Formaldehyde extraction using LLE was performed
based on the method (US-EPA 1996). The solution contain-
ing the hydrazone was transferred to a 250 mL separating
funnel and extracted with three 20 mL portions of dichlo-
romethane. Each vial was mechanically shaken for 15 min.
The three dichloromethane fractions were combined, 5 g of
sodium sulfate was added to remove all traces of moisture,
and the solution was filtered. The filtrate was completely
evaporated under a stream of nitrogen, the residue was dis-
solved in 10 mL acetonitrile:water of 60:40 (v:v) and then
filtered through a 0.45 um nylon filter. The extracts obtained
can then be stored in 15 mL glass tubes with screw caps and
in the freezer (—4 °C) while waiting for their analysis. The
inner surface of the plugs (in contact with the extract) was
covered with aluminum foil to avoid contamination.

Effect of temperature on formaldehyde migration

To study the influence of temperature on the transfer of
organic pollutants to water, two groups of samples were
selected. The first contains three flat natural mineral waters
in transparent bottles and the water bottles are of the same
brand and production lot. The second group is composed of
three carbo-gaseous mineral waters packaged in transparent
bottles. Water bottles are also of the same brand and produc-
tion lot. And the same water quality and number of bottles
(6) were reproduced at different temperature for a total of
24 water bottle.

Then the tests were carried out with respect to four con-
ditions temperature, (1) the control samples, with the three
flat natural mineral water and three carbo-gaseous mineral
waters which were preserved at room temperature for 10
days. The experiment was planted during the spring season
at a room temperature of around 18 °C (these bottles were
the same used for the storage test), (2) the samples incubated
at 30 °C in the oven for 10 days, (3) the samples incubated

100 mL (sample)

6 mL DNPH 2 mg/mL
(ACN/Water) (6:4)

4 mL Citrate buffer
(1 M) at pH=3.4

4. HPLC/UV-VIS

|

1. Sample preparation

v

3. Concentration p 2. Derivatization

analysis
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at 40 °C in the oven for 10 days, and 4) finally the samples
incubated at 50 °C in the oven for 10 days.

The adopted analytical methodology comprises three
steps (Bafios and Silva 2009), derivatization of formalde-
hyde (Fig. 2). The first step is the process of derivatization
which is a technique that allows the analysis of compounds
that cannot be directly analyzed. Indeed, formaldehyde is
trapped by 2,4-dinitrophenylhydrazine (or 2,4-DNPH) by
chemisorption; chemical derivatization involves the reaction
of hydrazine (2,4-DNPH) with aldehydes in an acid medium
to give hydrazones. The second step is the liquid-liquid
extraction process with dichloromethane from the hydrazone
formed and the last step is the analysis by liquid chromatog-
raphy coupled to a DAD detector of the product extracted in
the organic solvent.

Aldehyde analysis method validation

The analysis of aldehydes by HPLC-UV-Vis after deri-
vatization with DNPH and concentration by SPE has been
validated according to the AFNOR Standard (NF 2009). For
this, a calibration range in the EUP has been prepared. It is
composed of six levels: 10, 20, 50, 100, 250, and 500 pg/L.
This range was carried out over 5 consecutive days. Each
point in the range was derived and extracted following the
procedure described above. Statistical tests were performed
to verify linearity: Fisher’s test for repeatability stability, and
Cochran’s test. Dixon’s test was done to look for outliers.
The chosen limit of quantification, the lowest concen-
tration in the calibration curve which is 10 pg/L, was con-
sidered acceptable when: the mean concentration measured
(n=10)+ (2 x standard deviation) < LOQ+0 0.6 X LOQ, and
when the mean concentration (n= 10) — (2 X standard devia-
tion) >LOQ — 0.6 Xx LOQ. For the preparation, six standard
solutions were prepared from EUP at concentration levels of

Fig.2 Derivatization of formal-
dehyde

)J\-*-
Ry R

2

Carbonyl derivative

10 pg/L. These solutions were analyzed on 5 different days
at the rate of 2 determinations per day.

Additional two checks were performed to monitor the
validity and quality of the trial. The first consists doping of
two samples. This doping makes it possible to highlight a
possible matrix effect within the sample analyzed. Matrix
effects are due to the presence of interfering substances in
the sample, which are extracted together with the analytes.
These substances alter the performance of the method by
decreasing or enhancing the signal of the analytes. To detect
this type of interference, doping is carried out in the matrix.
These doping consist of the addition of a known quantity of
analytes in the sample submitted for analysis. The second
was an intra-series control for each series of samples. This
control consists in preparing two control solutions of theo-
retical concentration of formaldehyde at 10 and 250 ug/L
in the EUP. These solutions are intercalated between the
series of samples, to assess the accuracy and drift of the
analytical method. The calculated experimental concentra-
tion must not deviate from the theoretical value by 10%, to
validate the series.

Results and discussion
Total organic carbon (TOC) test

To check for the presence of organic compounds in the water
non-stored and stored for 2 years, such as carbonyls, we used
the total organic carbon (TOC) test. The results obtained
show that the EM, flat natural mineral water contains a
concentration of 1.22 mg/L, while the EMg carbo-gaseous
mineral waters show a concentration of 7.78 mg/L. Carbonyl
compounds such as formaldehyde found in bottled water are
more likely to have originated from PET than from aquifers

Ry Ry
NH,
HN/ \‘r
N
-
NO, o HN
—_—
NO,
NO,
NO,

+ 2,4-dinitrophenylhydrazine — Hydrazone derivative

@ Springer



1664

Euro-Mediterranean Journal for Environmental Integration (2024) 9:1659-1671

(Nawrocki et al. 2002). The presence of CO, increases this
concentration.

Effect of storage time on formaldehyde migration

The effect of storage time on the migration of FA in water is
shown in Fig. 3 and Table 2. It is noted that formaldehyde is
detected in the different waters analyzed only after 2 years
of room condition storage.

The concentration of formaldehyde in samples not
stored and analyzed immediately after purchase shows
values below the detection limit. For flat natural mineral

water and carbo-gaseous mineral water bottles stored over
12 months, formaldehyde was not detected in any of the
12 samples studied. Only after 24 months of storage, three
samples showed traces of the organic molecule with a
maximum concentration of 13.9 ug/L found in flat natural
mineral water. After 24 months of storage, the amount of
formaldehyde in the bottle of carbo-gaseous mineral water
(EMg) is lower than those found in flat natural mineral
water (EM,). This drop is probably due to the CO, leakage
by the cap causing also the departure of the predisposing
FA molecules which volatilize.

Fig.3 Chromatogram of for-
maldehyde analysis in EM2 flat 0.60 & EM2: 2 years
natural mineral water (control ? %
and after 2 years of storage) 0.50 ©o
DNPH
0.40 “
20.30- |
0.20 N
w,
-+
0.10 b
<
=
0.00 E— ~——— o ———————
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
min
0.50
J» w EM2: Control
et
0.40 ] i e
DNPH
0.30 |
2
0.20/ ‘
\
0.10‘ l ]
0.00 Ll
¥ T ~y ~ | L B | T T T {
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00
min
Table 2 Fc.)rmaldehyde . Flat natural mineral water (EM,) Carbo-gaseous mineral water (EMg)
concentration as a function of
storage time Min Max Mean SD Min Max Mean SD
pg/L pg/L
Not stored ND ND ND ND ND ND ND ND
1 year ND ND ND ND ND ND ND ND
2 years 6.48 13.9 9.47 3.92 2.10 6.48 4.79 2.36
ND not detected
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Formaldehyde concentrations in Morocco PET-bottled
water remain low compared to levels in other countries. In
Japan, levels of FA detected in bottled water samples range
from 10.1 to 27.9 pg/L (Li et al. 2016), in Taiwan, the con-
centration found can reach 200 ug/L (Tsai et al. 2003).

Effect of temperature on formaldehyde migration

Figure 4 and Table 3 represent results of the effect of tem-
perature on the concentration of the formaldehyde. In the
carbo-gaseous naturel water (EMg;), the detection of for-
maldehyde occurs from 30 °C and disappears at 50 °C.
However, in flat natural mineral water (EM,), formaldehyde
is only detected starting 40 °C and increases with tempera-
ture. In water EMg;, several other phases appear as the tem-
perature increases.

At room temperature (T =18 °C), formaldehyde was
not detected in both types of water. However, when the
temperature is close to 30 °C, the summer temperature in
Oujda city, traces of formaldehyde appeared in the carbo-
gaseous mineral waters (Table 3). Formaldehyde occurs
in both type of water at higher temperatures (T =40 °C).
In EM, flat natural mineral water, the value of formalde-
hyde is on average 12.9 ug/L. This value obtained after
10 days at 40 °C in flat mineral water is close to that

Fig.4 Analysis of formalde-

Table 3 Results of the temperature effect on the concentrations of
formaldehyde migration in EM, and EMg

Flat natural mineral

Carbo-gaseous mineral

water water

Temperature Water Concentration Water Concentration
ng/L ng/L

Room temperature EM, ND EM; ND

18 °C (10 Days)

30 °C EM, ND EM; 0.38+0.1

40 °C EM, 139+3.6 EMg 31.5+7.0

50 °C EM, 57519 EMg; ND

ND not detected

found after 24 months of storage at room temperature in
the same flat mineral water (Fig. 3). This is due to the
solubility of formaldehyde which increases with tempera-
ture, accelerating the migration of this plastic molecule to
water. Compared to other studies, the concentration found
in flat natural mineral water (5.75 pg/L) is lower than
the maximum value (39.4 pg/L) detected in PET-bottled
naturel mineral water in Lebanon exposed to 40 °C for 10
days (Rayes et al. 2012). When the temperature reaches
50 °C, the amount of formaldehyde in flat natural mineral
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Table 4 Comparison of formaldehyde concentrations in different water (ug/L)

Locations Formaldehyde con-  Description of the water sample References

centration
Moroccan PET-bottled water 5.75-13.9 Flat natural mineral water Present work
Moroccan PET-bottled water 0.38-31.5 Carbo-gaseous mineral water Present work
Bottles water in Turkey 1.34-39.17 Carbonated mineral water Cogliano et al. (2005)
Bottles waters in Iranian Markets 12-45 Water samples purchased from supermarkets ~ Swenberg et al. (1980)

and shops

Bottles waters in US 31 Ozonated drinking water Cogliano et al. (2005)
Bottling water-Damascus 7.1-23.7 Natural spring water Abboudi and Odeh (2015)
European PET bottle water 7.8-13.7 Commercial mineral water Mutsuga et al. (2006)
Japan PET bottle water ND-59 Mineral water Bujaczek et al. (2021)
Japanese PET bottle water 10.1-27.9 Commercial mineral water Mutsuga et al. (2006)
Lebanese PET bottle water 41.3-49.3 Mineral water Rayes et al. (2012)
North American PET bottle water 13.6-19.5 Commercial mineral water Mutsuga et al. (2006)
North Saskatchewan River, US 9 Raw water Bujaczek et al. (2021)
Poland PET bottle water 8.1 Ozonated water after the rinse of bottles Darowska et al. (2003)
Poland PET bottle water 1.4 Carbonated natural mineral water Darowska et al. (2003)
Residential water supply lines, US 20 Normal water Diamond and Akinfiev (2003)
Taiwan water bottles 200 Drinking water Nawrocki et al. (2002)
Tap water 0.7-3.3 Tap water Bujaczek et al. (2021)

ND not detected

water decreases, and in carbo-gaseous mineral water, this
value is below the detection threshold. When the tempera-
ture rises (=50 °C), close to PET's vitreous transition
temperature (61-77 °C), the polymer becomes soft and
the sealing of the caps is less close off. The saturated
vapor pressure of water in the bottle increases sharply
with the temperature. It rises from 2.3 kPa at 20 °C to
12.3 kPa at 50 °C (Mokdad et al. 2012). This pressure
is exerted on the walls of the PET bottle and especially
on the cap, allowing dissolved gases in water to escape.
The departure of carbon dioxide drains and decreases the
concentration of formaldehyde molecules dissolved in
gaseous water.

The comparison of formaldehyde concentrations
obtained in flat natural mineral and carbo-gaseous
mineral waters from Moroccan PET-bottled is given in
Table 4. It should be noted that the small discrepancy
observed in the values found by the different studies
in waters from different countries might be due to the

Table 5 Permissible limits of formaldehyde by international drinking
water standards

International US Environ- World Health
Agency for mental Protec-  Organization
Research on tion Agency (WHO 2017)
Cancer (Ozlem  (US-EPA 1996)
2008)

Permissible 100 900 2600

limits (ug/L)

@ Springer

chemistry of the waters studied and the PET composition
of the bottles. However, all the values are of the same
order of magnitude as those found in the waters bottled in
Morocco and they are all lower than the guide values. The
formaldehyde concentrations expressed in pg/L are in the
range of 5.75-13.9 and 0.38-31.5 for flat natural mineral
water and carbo-gaseous mineral waters, respectively.

Effect of CO, on formaldehyde migration

The comparison between carbo-gaseous mineral water and
flat mineral natural water clearly shows that the presence of
CO, combined with an increase of temperature accelerates
the migration of formaldehyde in the water (Table 3). In fact,
it is the combination of two parameters which induces this
increase of FA, because in Table 2, it shows that, in room
temperature condition, no matter the time period, the CO,
content and the FA affect more the flat mineral water.

Indeed, the presence of formaldehyde was detected in
carbo-gaseous mineral water at 30 °C, while it was absent
in flat natural mineral water. At 40 °C, the concentration
increased to 31.5 pg/L in carbo-gaseous mineral water,
almost triple what was detected in flat natural mineral water.
This value (31.5 pg/L) is higher than the referenced thresh-
old of odor and taste in waters (between 20 and 40 pg/L)
(Rayes et al. 2012). This result, therefore, confirms other
studies highlighting the accelerator effect of the migration of
formaldehyde in water containing carbon dioxide (Darowska
et al. 2003; Redzepovié et al. 2012).
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Table6 Calibration results Name STD-1 STD-2 STD-3 STD-4 STD-5 STD-6
STD (ug/L) 10 20 50 100 250 500
Area (uV*sec) 72,320 101,083 130,620 205,326 500,326 875,389
72,322 101,087 130,615 205,332 500,339 875,403
2 72,320 101,085 130,623 205,330 500,336 875,369
3 72,321 101,082 130,617 205,322 500,310 875,401
4 72,318 101,081 130,623 205,321 500,319 875,389
5 72,318 101,079 130,623 205,323 500,328 875,384
Average 72,320 101,083 130,620 205,326 500,326 875,389
Minimum 72,318 101,079 130,615 205,321 500,310 875,369
Maximum 72,322 101,087 130,623 205,332 500,339 875,403
Standard deviation 1.79 3.19 3.90 5.03 12.0 13.8
Coefficient of variation 2.47 x 107 3.16 x 10° 298 x 107> 245x 107 240x 10° 1.58 x 107

The solubility of CO, in water decreases with tempera-
ture, it is equal to 1.67 g/L and 0.76 g/L respectively, at 20
°C and 50 °C (Diamond and Akinfey, 2003). Thus, when the
carbo-gaseous mineral water reaches 50 °C, the concentra-
tion of CO, decreases by half.

The pressure exerted by the CO, released on the sides of
the bottle was calculated by assuming that CO, is a perfect
gas. The mass degassed at 50 °C is 0.93 mg, if the estimated
unfilled volume in the bottle is 5 mL, the partial pressure of
CO, calculated is 68 Pa. This pressure adds to that exerted
by the saturated water vapor (RedZepovic et al. 2012).

Taking advantage of the relaxation of the plug, the CO,
escapes with a part of formaldehyde molecules. The forma-
tion reaction of methanediol clusters hydrated by CO, is
reversible and strongly influenced by temperature (Darowska
et al. 2003). At a temperature (7=50 °C), the concentra-
tion in carbo-gaseous mineral water is below the detection
threshold, which agrees with other studies (Darowska et al.
2003).

With the increase of incubation temperature, other impor-
tant peaks appear (Fig. 4). These peaks are likely due to
other aldehydes (acetaldehyde) which also have migrated
from plastic to water (Darowska et al. 2003). These peaks
are more intense for carbo-gaseous mineral waters.

Compliance with drinking water standards

Based on a comparison of permissible limits set by various
international organizations (Table 5), formaldehyde (FA)
levels in this study were below the allowable limit for drink-
ing water. In general, the formaldehyde levels of the present
study are in agreement with the results of previous water
studies in different geographic locations. Values of formal-
dehyde in all natural mineral water in this study are lower
than those reported for water from US supply pipes (Liteplo
et al. 2002), ozonated drinking water in bottles water of the
US (Cogliano et al. 2005), water samples purchased from

supermarkets and shops in bottles waters of Iran (Dehghani
et al. 2018), commercial mineral water in Japanese PET bot-
tle water and Northern American PET bottle water (Mut-
suga et al. 2006), carbo-gaseous mineral water in bottles
water of Turkey (Ozlem 2008) and for natural spring water
in bottled-Damascus in Syria (Abboudi and Odeh 2015).
But it is higher than those reported for raw water in North
Saskatchewan River of US (Bujaczek et al. 2021), and for
ozonated water and carbo-gaseous mineral natural mineral
water in Poland PET bottles (Darowska et al. 2003). On the
other hand, formaldehyde levels in the flat natural mineral
water of the present work are in agreement with the findings
presented by Santana et al. (2019) for commercial mineral
water in European PET bottles. Formaldehyde (FA) concen-
trations in carbo-gaseous mineral water from this study are
in the range of bibliographic works (Ozlem 2008).

Validation of the formaldehyde analysis method

The analysis of aldehydes by HPLC/DAD after derivatiza-
tion with DNPH and concentration by SPE has been vali-
dated according to the AFNOR Standard (NF 2009). For
this, a calibration range in the EUP has been prepared. It is
composed of six levels: 10, 20, 50, 100, 250, and 500 pg/L.
This range was carried out over 5 consecutive days. Each
point of the range has been derived and extracted follow-
ing the procedure described previously (Experimental). The
limit of quantification (LQ) was validated at 3.5 ug/L.

The intra-series control is a control of accuracy and
drift at the level of the extraction method and the analytical
instrument. A control solution is prepared from an interme-
diate solution. The theoretical concentration of this solution
is 4 pg/L. This solution is prepared in the EUP when control-
ling a series of still water samples and in bottled sparkling
water. This control solution is treated in the same way as the
test samples. To validate the analytical series, the difference

@ Springer
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Fig. 5 Example spectra of formaldehyde calibration

concentration of 20 ug/L which is 10.4% (Fig. 6B).
Table 7 summarizes the statistical data obtained from the
various tests adopted to validate the analytical method.
Kruskal-Wallis ANOVA test (Fisher’s test) values

between the experimental concentration and the theoretical ~ deduced from the Fisher test are shown in Table 7. A very

concentration must be less than or equal to 10%.

low value of Prob > Chi-square (3.2887 x 107) strongly sug-

Standard deviation values for the various tests carried out  gests that the variables are dependent and that the observed
for formaldehyde calibration are shown in Table 6. All sta-  differences between groups are not due to chance. It suggest
tistical tests were performed on the area in pV sec. Figure 5 a good fit of the model to the data. Chi-square equals 28.2

shows some examples of calibration.

@ Springer

and DF equals 5.
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Table 7 Statistical data from validation tests
“10” “20” “50” “100” “250” “500”
Fisher's test Kruskal-Wallis ANOVA test
Mean Rank 3 8 13 18 23 28
Sum Rank 15 40 65 90 115 140
Cochran’s test (Shapiro—Wilk’s test) Extreme variances
df 1 1 1 1 1 1
W,s (observed value) 0.2
W, (critical Value) 0.544
p value (unilateral) 1.000
Alpha 0.05
Dixon’s test
Data point 72,322 101,087 130,623 205,332 500,339 875,403
Data index 1 1 1 1 3 2
Largest Q value 0.2 0.26 0.26 0.16 0.32 0.44
Critical value 0.71 0.71 0.71 0.71 0.71 0.71
Significance 0 0 0 0 0 0
Repeatability stability test Overall ANOVA
daf Sum of squares Mean of square F value Prob>F
Model 5 2.50 x 10° 4.99 x 10° 7.78x 101 0
Error 24 0.00154 6.42 x 107!
Total 29 2.50 x 10°
Fit statistics
R-Square 1
Coeff Var 2.55x 107
Root MSE 0.008

Repeatability stability test shows that a high value for
R-Square equal to 1 and a low coefficient of variation (close
to 0) indicate a good fit. A low value of root mean square
error (Root MSE =0.008) indicates good accuracy of fit.

Cochran’s C test for extreme variances gives a p value
equal to 1 which means that the data are probably normally
distributed and that statistical analyses based on this assump-
tion can be considered reliable and valid.

For the Dixon test, the significance is 0, at the 0.05 level,
there are no significant outliers.

Conclusion

This study investigated formaldehyde migration from PET
bottles into flat natural mineral water or naturally carbo-gas-
eous mineral water, considering storage time, temperature,
and water type. It was found that formaldehyde migrated
into flat natural mineral water only after extended storage
(24 months) at room temperature. Higher temperatures expe-
dited formaldehyde migration, with a concentration equiva-
lent to 2 years at room temperature reached in 10 days at 40
°C. This underscores the importance of proper storage and

transport to prevent formaldehyde contamination, especially
in hot climates like Morocco.

Temperature near PET’s glass transition (50 °C) softens
the plastic, weakening cap seals and allowing formaldehyde
escape through steam pressure. Similarly, carbo-gaseous
mineral water showed temperature-dependent formaldehyde
migration, with CO, presence exacerbating it. At 40 °C, for-
maldehyde concentration was nearly three times higher than
in flat natural mineral water due to CO,-induced methan-
ediol cluster formation during degassing.

Overall, Moroccan PET-bottled flat natural and carbo-
gaseous mineral waters appear safe for consumption regard-
ing formaldehyde levels, below international standards. Sta-
tistical analyses validated the analytical method’s reliability,
indicating good linearity, statistical significance, stability,
and normal distribution of results, with no outliers. Thus,
the method proves suitable for formaldehyde concentration
determination in water.

In view of the results found, we could expand the study to
look at the difference in possible values, taking into account
the place of purchase in rural or urban areas, the bottling
date, storage conditions.

@ Springer
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