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Sunlight induced degradation of E133 in a commercial beverage
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Abstract

The degradation pathway of E133 dye was investigated, when a commercial beverage containing the dye was subjected to summer sunlight
and temperature. The study employed HPLC-DAD and HPLCeMSn analyses, conducted on both the beverage and model solutions subjected to
sunlight irradiation.

The results indicate that E133 was not present in the beverage after 16 days of irradiation and that the degradation products are formed only
after long exposure times. Possible structures are proposed but their identification was made difficult by the formation of adducts with other
ingredients present. Solid Phase Extraction (SPE) was developed to lower the matrix interferences.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Many dyes are employed in the textile and food industries.
The coloured wastes produced are decolourised, before dis-
posal, using different treatment processes [1e8]. Even if public
is no longer alarmed by unnatural colours that, in the past, char-
acterized the waters of rivers and lakes, chemists not only know
that the absence of colour does not mean the absence of toxicity
but also that the uncoloured species formed could be even more
toxic than the parent dye. Dye decolourisation can take place
naturally under strong sun irradiation and high temperatures
and experimental evidence shows that undesired decolourisa-
tion can also occur with food dyes allowed by European legis-
lation and widely used in commercial food and beverages. Since
many food dyes are aromatic amino-sulfonates, alarm concerns
the possible formation of toxic aromatic amines [9e14].

Relatively few degradation studies of aromatic sulfonates
are present in the literature [15e17]. The photodegradation
of dyes has been studied under anaerobic reductive condition
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[18] as well as in oxidative condition [19e21], catalysed by
peroxidase [22,23] or by TiO2 [3,24e28].

Moreover, the results obtained have been interpreted differ-
ently for different dyes and it is not possible to predict a gen-
eral behaviour for the degradation pathway of aromatic
sulfonate dyes.

To check the possible degradation of food dyes induced by the
action of sun and temperature, some commercial beverages were
exposed, in sealed bottles, to sun irradiation and high summer
temperatures in the town of Alessandria (Piedmont Region,
north-west Italy). These experiments showed that some bever-
ages lose their colour within 2 weeks, and in particular those con-
taining CI 42090 (Brilliant Blue FCF E133) and CI 15985
(Sunset Yellow FCF E110) [29,30]. The degradation pathway
of E110 in an orange coloured drink has been studied using
HPLCeMS methodologies and some degradation intermediates
have been identified [29]. This study was first performed on
model solutions and then applied to the beverage. The major
problems in the identification of the products came from the
other ingredients present in the beverage that were shown to par-
ticipate in the degradation process with the formation of adducts.

As concerns E133 (Fig. 1), a previous paper [30] reported
a study performed on model solutions of the dye, different
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Fig. 1. Molecular structure of the dye Brilliant Blue FCF, E133.
treatments based on oxidative conditions under natural sun-
light irradiation, using potassium persulfate at different persul-
fate:dye molar ratios were employed.

The aim of the present study was to identify the degradation
intermediates that form in a beverage as a result of the action
of uncontrolled sunlight and temperature so as to mimic the
conditions encountered during transport, distribution and stor-
age. The final aim was to evaluate the possible toxicity caused
by the degradation process. For this purpose HPLC coupled
with mass spectrometry seemed the most suitable analytical
method. As reported on the label, the beverage contains, be-
sides the dye, inorganic (sodium chloride, potassium o-hydro-
gen phosphate, magnesium carbonate) and organic species
(glucose, fructose, saccharose, citric acid, aroms, E445 emul-
sion agent). Particular attention is devoted to the extraction
procedures, generally based for complex food samples on
liquideliquid extraction with tetrabutylammonium salt [30]
or Solid Phase Extraction (SPE) [31e34].

2. Experimental

2.1. Instrumentation

The chromatographic analyses were carried out by (i) a Fin-
nigan Mat Spectra System equipped with a Degasser
SCM1000, a gradient pump Spectra System P4000, a Spectra
System AS3000 autosampler, interfaced to an SN4000 module
and a diode array detector (Spectra System UV6000LP), ESI-
MS Finnigan LCQ Duo ion trap detector; (ii) a Mercke
Hitachi L-6200 Lichrograph chromatograph equipped with
a two-channel MerckeHitachi D-2500 chromato-integrator
and interfaced with a MerckeHitachi L-4250 UV/vis detector.

A microprocessor pH meter equipped with a combined
glassecalomel electrode was employed for pH measurement.

2.2. Reagents

Ultra pure water from a Millipor Milli-Q system was used
for the preparation of all solutions. Acetonitrile (HPLC grade)
and dichloromethane were purchased from Merck, sodium
hydroxide 1.0 N standard solution and ammonium hydroxide
30% from Carlo Erba, sulfuric acid 95e97% from Fluka,
methanol 99.9% HPLC grade, C.I. 42090 (Brilliant Blue
FCF, E133), tetrabutylammonium bromide (TBA) 99%, citric
acid 99% and ammonium acetate 99.999% were all purchased
from SigmaeAldrich. On line nitrogen gas had a purity of
99.9990%.

A stock dye solution was prepared in a dark glass flask at
a concentration of 1000.0 mg/L in ultra pure water and was
preserved at 4 �C. Dilutions using ultra pure water were per-
formed to obtain the desired concentrations.

2.3. Extraction of the dye from the beverage

Two kinds of solid phase were tested, namely Strata C18-E
and Strata-X33 Polymeric from Phenomenex, Waters.

The optimised method makes use of a Waters cartridge
(Strata C18-E). The cartridge was conditioned with the re-
agents added in the order and at the concentrations as follows:
2.0 mL of acetonitrile, 2.0 mL of methanol and 2.0 mL of wa-
ter at pH 2.0 for sulfuric acid. The cartridge was then charged
with 2.0 mL of the sample and washed with 4.0 mL of water to
remove possible interfering species. The elution of the dye is
then performed with 2.0 mL of a 50/50 v/v acetonitrile/water
mixture brought to pH 2.0 for sulfuric acid.

The liquideliquid extraction of the dye is performed with
3.0 mL of dichloromethane, after the addition of 0.40 mL of
TBA (200.0 mM) to 2.0 mL of the sample.

2.4. Chromatographic conditions

When using the UV/vis detector (set at 626 nm, lmax of the
dye) the stationary phase was a C18 LiChroCART, HPLC-
Cartridge RP-18e (5 mm) 250� 4.6 mm from Merck and the
mobile phase a 60/40 v/v mixture of 20.0 mM ammonium
acetate aqueous solution/methanol. The injection volume
was 100.0 mL and the flow rate was 1.0 mL/min.

When using the mass spectrometry detector, the stationary
phase was a Polaris C18-ether (5 mm) 150� 4.0 mm from Var-
ian and the mobile phase, flowing under isocratic conditions at
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flow rate of 0.2 mL/min, was a 60/40 v/v mixture of 20.0 mM
ammonium acetate aqueous solution/methanol; the injection
volume was 20.0 mL.

2.5. Mass spectrometry conditions

High purity nitrogen was used as nebulizer gas (operating
pressure at 80 of the arbitrary scale 0e100 of the instrument
for the sheath gas and 20 for the auxiliary gas); helium
(>99.999%) was the quenching agent. The ESI probe tip
and capillary potentials were set, respectively, at 4.50 kV and
�46.00 V (depending on the ionisation mode). The heated
capillary was set at 200 �C and ion optics parameters were op-
timised to the following values: tube lens offset, 30.00 V; first
octapole voltage, 8.00 V; inter octapole lens voltage, 14.00 V;
and second octapole voltage, 13.00 V.

The mass-to-charge range was 50e900 m/z. The mass spec-
trometer was operated both in positive (PI) and negative (NI)
ions’ full-scan mode (3 micro scans, 50 ms inlet time) and in
MSn mode. PI and NI modes can be usefully used in the iden-
tification of unknown species as the degradation intermediates.
Tuning was optimised for the mass signal 749 m/z (PI) and 747
m/z (NI) that respectively, correspond to [M� 2Naþ 3H]þ

and [M� 2NaþH]�, where M is the mass of the E133
dye.

3. Results

3.1. Construction and validation of the calibration plot

As already observed by different authors [30,36,37], the
dye E133, both in a reference standard solution and in a bever-
age at its lmax of 626 nm, shows three typical peaks of differ-
ent intensities. The peak of greatest intensity was used in this
work. A calibration plot of peak area ( y) versus concentration
(x) was constructed, in the concentration range between 0.1
and 5.0 mg/L; the concentration levels were 0.1, 0.8, 1.5 and
5.0 mg/L. For each concentration level, three independent rep-
licates, analysed by the HPLC-DADeMS method, gave a stan-
dard deviation below 5%.

In order to validate the calibration plots and in particular to
test the statistical significance of the intercept, calculated by
the regression analysis, a statistical treatment was performed,
based on the calculation of the casual deviation sy/x along the
axis y [35]. The regression equation obtained showed a devia-
tion from the intercept value so as to evaluate the significance
of the mean value found for the intercept, a t-test was per-
formed to estimate the error associated with the value of the
intercept. Since the value of jtj (t¼ 0.03) was lower than the
t value tabulated for 95% significance level and (n� 1) free-
dom degrees (t¼ 2.35), the intercept of the calibration plot
was assumed as statistically non-significant. The regression
equation was therefore:

y¼ ð4389� 101Þx; R2 ¼ 0:9989
To evaluate the level of detection (LOD), in the chromato-
gram an area which corresponds to a signal-to-noise ratio of
around 3 is identified and used to proportionally transform
sensitivity (given as the peak area for 1.0 mg/L concentration
as obtained by the slope of the calibration plot) into concentra-
tion units (mg/L). The LOD value was 0.03 mg/L, whereas the
quantitation level (0.10 mg/L) was evaluated from the calibra-
tion plot as the lowest concentration that could be quantified.

3.2. Extraction

Taking into account the high number and different chemical
properties of the components present in the matrix (salts,
sugars, organic acids, .) which could interfere with the signal
of the dye in the HPLCeMS analysis of the beverage, extrac-
tion of the dye from the matrix was performed. At this stage
liquideliquid extraction and Solid Phase Extraction methods
were developed and compared.

3.2.1. Liquideliquid extraction
To extract the polar anionic form of the dye in dichlorome-

thane, an ion-pair with TBA was previously formed; to maxi-
mize the extraction recovery, experiments were undertaken at
concentrations of TBA ranging between 100.0 mM and
300.0 mM. The procedure in which 2.0 mL of the beverage
was added with 0.40 mL of 200.0 mM TBA and extracted
with 3.0 mL of dichloromethane gave an extraction recovery
of around 97% (Table 1).

3.2.2. Solid Phase Extraction (SPE)
The extraction process was optimised for the sorbent, wash-

ing agents and eluents by performing each series of experi-
ments on the extraction of a standard solution of E133
(3.0 mg/L) with a C18 and a polymeric phase.

As regards the washing solutions used to remove water sol-
uble interfering species prior to elution, the use of different
volumes of ultra pure water and NH4OH solution (at
pH¼ 9.0) revealed that a volume of 4.0 mL of ultra pure water
offered a good compromise of rapidity and efficiency.

In the case of the eluting reagents, when using the poly-
meric sorbent, best results (recovery of around 80%) were ob-
tained using 2.0 mL methanol with respect to mixtures v/v of
acetonitrile/water at different pH values. With C18 sorbent, it
was found that the recovery increased as the polarity of the
elution system increased and was near to 100% when a mixture
of 50/50 v/v acetonitrile/acidic water (pH¼ 2.0 for sulfuric
acid) was used. On the basis of these results, the extraction
procedure used C18 sorbent, 4.0 mL of ultra pure water as

Table 1

Optimization of recovery for the liquideliquid extraction of dye as a function

of TBA concentration

TBA (mM) Recovery (%)

100.0 80.83� 1.74

200.0 97.50� 0.50

300.0 73.33� 3.48
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washing solution and 2.0 mL of a 50/50 v/v mixture acetoni-
trile/water at pH 2.0 with sulfuric acid as eluent.

3.3. Analysis of the beverage

3.3.1. Mass spectrometry characterisation of the dye
The mass spectrometric characterisation of the dye was per-

formed through the identification of the major product-ions
that formed in the collisional sequential fragmentations of
MSn experiments. ESI mass spectra profiles (MS, MS2, MS3,
MS4, MS5) were obtained by the direct infusion (flow rate,
20.0 mL min�1) into the ESI ion source of a 10.0 mg/L meth-
anol solution of the standard dye.

The molecular structure of the dye shows three negative
sulfonated groups saturated with Naþ and one protonable
aminic functionality (Fig. 1). To collect the maximum informa-
tion that could be useful to identify the degradation products of
E133 in the beverage, mass characterisation was performed both
in positive (PI) and negative (NI) ionisation modes.

The molecular mass of the dye was 792 amu; the molecule
provides well recognizable signals corresponding to two pos-
itive pseudo-molecular ions, respectively, at 749 m/z and 771
m/z. The peak at 749 m/z is due to the [M� 2Naþ 3H]þ,
whereas the peak at 771 m/z corresponds to [M�Naþ 2H]þ.
The characterisation in NI mode showed three negative
pseudo-molecular ions, respectively, at 373 m/z, 747 m/z and
769 m/z. The peak at 373 m/z is due to the [M� 2Na]2�,
whereas the peaks at 747 m/z and 769 m/z represent
[M� 2NaþH]� and [M�Na]�, respectively. Each precursor
ion was then fragmented with MSn analysis and the character-
istic product-ions are summarized in Tables 2 and 3.

3.3.2. Degradation pathway in the commercial beverage
Five bottles of the commercial, blue-coloured beverage were

bought from a local food store. One bottle (here indicated as t0)
was used as reference and stored inside, protected from sunlight
and high temperature. The other four bottles were exposed in
their sealed original bottles to the sun irradiation during Julye
September 2004 in the town of Alessandria (north-west Italy).
The progressive reduction of the blue colour could be observed
by the naked eye. When the variation of colour became signifi-
cant, one of the bottles was removed from sun exposure,
30.0 mL of the beverage were collected from the bottle using
a syringe, avoiding as possible the contact with atmosphere

Table 2

MSn characterisation of E133 in PI mode

m/z MS Fragment

749 MS [M� 2Naþ 3H]þ

458 MS2
[M – 2Na + H–SO3–     –CH2NCH2CH3–    ]+

171 MS3 [CH2−     −SO3H]+

579 MS2
[M – 2Na + 3H–SO3–     –CH2]+

458 MS3 [M – 2Na + H–SO3−     −CH2NCH2CH3−     ]+

771 MS [M�Naþ 2H]þ

601 MS2
[M – Na + 2H–SO3CH2–    ]+

691 MS2 [M�Naþ 2HeSO3]þ
and was immediately analysed. Simultaneously, a control sam-
ple (30.0 mL) was collected and stored at �20 �C.

The first degraded sample (indicated as t1) was removed af-
ter 10 days of sun exposition, when the colour had changed
from Brilliant Blue to pale blue (Fig. 2). Following the colour
variation, a second bottle (t2) was removed after 11 days and
a third bottle (t3) after 16 days, when the beverage was com-
pletely uncoloured. The fourth bottle (t4) was kept under the
sun for a further 10 days to determine if the degradation pro-
cess further proceeds in the absence of colour. Fig. 2 shows the
progressive changes in colour of the drink, after, respectively,
0, 10, 11, 16 and 26 days of exposure to sunlight.

All the samples (t0, t1, t2, t3 and t4) were subjected to the
SPE C18 extraction process and the solutions were submitted
to HPLC-DADeMS analysis.

As expected, the relative intensities of the dye peaks at 749
m/z (PI) and 747 m/z (NI) decrease according to the extent of
decolourisation of the beverage. In particular, the HPLC-DAD
and MS chromatograms of sample t1 (Fig. 3) showed the pres-
ence of a new peak with an Rt of 8.35 min (Fig. 3b). HPLC-
DAD analysis showed for this species two lmax at 229 nm
and 316 nm (Fig. 3c) and HPLCeMS analysis showed a signal
for m/z¼ 166 (Fig. 3d).

Table 3

MSn characterisation of E133 in NI mode

m/z MS Fragment

373 MS [M� 2Na]2�

769 MS [M�Na]�

689 MS2 [M�NaSO3]�

495 MS3
[M – 2 NaSO3−CH3−     ]–

453 MS4
[M – 2 NaSO3–CH3−     −CH3NCH3]–

424 MS5
[M – 2 NaSO3−CH3−     −CH3NCH3−CH2CH3]–

747 MS [M� 2NaþH]�

667 MS2 [M� 2NaSO3þH]�

587 MS3 [M� 2NaSO3]�

558 MS4 [M� 2NaSO3þHeCH2CH3]�

529 MS5 [M� 2NaSO3þHe2CH2CH3]�

t4t1 t3t0 t2

Fig. 2. Five bottles of commercial beverage containing E133 are subjected to

sun exposure degradation and are indicated as t0et4. The variation of intensity

of blue colour can be observed by naked eye.
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Fig. 3. (a) HPLC-DADeMS chromatogram of the sample t0 reporting the three peaks typical to E133 after extraction of 749 m/z signal; (b) HPLC-DADeMS

chromatogram of sample t1 where a new signal is present (8.35 min); (c) DAD spectrum of the new signal; (d) mass spectrum of the new signal. The conditions

of HPLC-DADeMS analysis are reported in Section 2.4.
The sample collected after 11 days of exposure to sunlight,
(t2), discoloured a paler blue colour. As expected, the relative
intensities of the peaks at 749 m/z (PI) and 747 m/z (NI) had
further decreased. The HPLC-DADeMS analyses did not
show new UVabsorbing species while the mass analysis showed
in NI a mass signal at 295 m/z with an Rt of about 18 min.

The sample t3, collected after 16 days of sun exposure, was
uncoloured. HPLC-DAD analysis confirmed the absence of
dye and also showed no evidence of the presence of other spe-
cies that absorbed in the UV/vis region. In turn, mass analysis
in NI confirmed the absence of the m/z signal of the dye and
showed, besides the signal at 295 m/z already observed for
the sample t2, the presence of a new peak eluting at
2.80 min and with an m/z ratio of 181.

The sample t4 collected after about 26 days of sun exposure
was uncoloured and HPLC-DAD chromatograms did not
show the presence of any peak. HPLCeMS analysis, with re-
spect to the analysis of the sample t3, revealed that the signal
at 295 m/z was lower by about 86%, while the signal at 181 m/z
was no longer present.
As a conclusion of this study in which degradation was fol-
lowed as a function of exposure to sun the sequence of the chro-
matograms recorded at the different times of exposure shows
that the intensity of the signal of the dye at 747 m/z (NI) pro-
gressively decreased in correspondence to the progressive de-
colourisation of the beverage. The same results were
obtained in PI following the signal with m/z¼ 749 (Fig. 4).
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Fig. 4. The decrease of peak area (relative units) at 749 m/z (PI) as a function

of irradiation time. HPLC-DADeMS conditions are reported in Section 2.4.
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A species with 295 m/z that was not present in the orig-
inal sample t0 was formed; this species had a maximum
value for the sample t1 and then progressively decreased
to 14% for sample t4. The species at 181 m/z formed in t3
but was no longer present in t4. The identification of the
species at m/z 295 and 181 was not possible, possibly due
to the matrix effect that is particularly relevant notwithstand-
ing the extraction process to which the beverage has been
subjected.

3.3.3. Model solutions
In order to collect information that might identify the inter-

mediates that are formed during the degradation process and
whose m/z signals have been found in mass analysis, four
model solutions of the dye were prepared in the absence of
the other components in the beverage and in two different re-
dox environments. Two aqueous solutions of dye at 2.50 mg/L
(the same concentration present as that in the beverage) were
prepared: one was fluxed with ultra pure nitrogen gas and the
other was kept under atmospheric oxygen. Both the solutions
were exposed, in Pyrex-glass bottles, to sun irradiation. Since
after three months of sun exposure no colour variation could
be observed, it was concluded that the decolourisation process
observed in the beverage does not involve the dye alone but is
due to possible interactions between the dye and the other
components present in the beverage. Since the component
present at highest concentration was citric acid, two model so-
lutions were prepared containing the dye and citric acid in the
same molar ratio (1:100) as in the beverage and the extent of
degradation was followed during exposure to solar irradiation,
in both oxidant and reductive conditions. At this stage, before
irradiation, one solution was fluxed with ultra pure nitrogen
gas and both the bottles were sealed.

During irradiation, the sample containing the dye and citric
acid in the presence of atmospheric oxygen changed colour
from blue to dark-blue, while the same solution in the pres-
ence of nitrogen was completely decolourised only after 7
days.

HPLC-DADeMS analysis of the uncoloured solution
showed the absence of signals of the dye at 749 m/z (PI)
and 747 m/z (NI) and the presence of a new peak, eluting
at about 1.7 min. Fig. 5 shows the chromatogram in diode
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array detection (a), mass detection in PI mode (b), NI mode
(c) and the mass spectrum in PI (d) and NI (e) mode. The
mass signals do not correspond to those found in the
beverage.

For the most intense mass signals reported in Fig. 5d and
e, through the following fragmentations by MSn, possible
chemical structures were conjectured (Figs. 6 and 7). It can
be seen that in all the proposed structures, a hydrogen
atom is always bound to the central carbon atom of a triarylic
dye structure, which precludes electronic delocalisation in the
aromatic structure of the dye and inhibits the chromophoric
properties in the visible region, so justifying the absence of
colour.

The same analysis was then carried out for the degradation
of the model dye/citric acid solution in which atmospheric ox-
ygen was not removed and which was of a dark-blue colour.
HPLC-DADeMS analysis showed that three peaks, as those
shown by the dye are present, but the UV/vis spectrum re-
corded for the second peak showed a lmax at 601 nm, which
was significantly different from that of E133 (626 nm). Mass
detection of this peak in NI corresponded to an m/z signal of
823 amu; moreover, mass analysis revealed two signals of, re-
spectively, 869 m/z and 915 m/z.

Taking into account that the signals observed were all
correlated by a difference of 46 amu, which corresponds
to the molecular mass of formic acid, the formation of ad-
ducts with formic acid, which could be derived from the
cleavage of citric acid present in the solution seems
probable.
4. Conclusions

The irradiation of a commercial beverage containing the
blue dye E133 showed that the beverage gradually discolors,
and completely loses its colour after 16 days. Degradation
of dyes in sealed beverages can therefore occur in every
day life under uncontrolled conditions that can be encoun-
tered during transport, distribution and storage. Laboratory
experiments also showed that solutions of the standard
dye alone do not undergo any degradation under the same
exposure time, but that degradation is assisted by other
components present in the beverage. It was clearly shown
that citric acid, which is the component present in the bev-
erage at the highest concentration (100-fold that of the con-
centration of the dye), may result in the formation of
metabolites.

On the other hand, the degradation products formed when
irradiating the model solutions containing the dye and citric
acid in the same concentration as in the beverage, revealed dif-
ferent structures to those formed from the degradation of the
beverage.

On the basis of the results obtained using model solutions,
it is opinion of the authors that the different ingredients of the
drink can give rise to different interactions in the degradation
pathway. Due to the large number of components present in
the beverage, their reactions on one hand make the identifica-
tion of the degradation species formed difficult and, on the
other hand, preclude the identification of a general pathway
that could be applied to coloured beverages to evaluate the
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mass signals are obtained by ion trap working in NI mode. Conditions are reported in Section 2.5.
possible toxicity of the species formed as a result of sunlight
irradiation.

Acknowledgements

The authors are grateful for the financial support to ‘‘Min-
istero dell’Istruzione, dell’Università e della Ricerca’’ (MIUR)
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