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A B S T R A C T

In this study, we examine the chemical stability of two disazo dyes, namely Solvent Red 19 and 23 (SR 19 and SR
23), under simulated conditions. Both dyes are considered to be chemically stable under normal exploitation
conditions and therefore, are used extensively as excise duty components that enable a rapid visual verification
of the tax levels that were imposed on fuel products as well as identifying fuel usage. However, the results from
this study confirmed that the colour of the samples that had been fortified with either SR 19 or SR 23 fades under
the influence of external conditions such as UV-A irradiation and temperature over time. The UV-A irradiation
was the dominant factor that was responsible for the colour of the samples to fade in two designed experiments
that were carried out independently for two model systems. The analysis of the UV/Vis and fluorescence spectra
as well as the interpretation of the changes that were observed in the chromatographic profiles provided sub-
stantial evidence that the colour fading was caused by the photodegradation of the disazo dyes, which also
occurs in non-polar media including fuel products. SR 19 is more stable than SR 23.

1. Introduction

Control of fuel products over the stock and their market value sti-
mulates the economy and the development of specific industrial sectors.
Depending on the anticipated purpose of usage, e.g. heating, road and
marine transport, fueling agricultural machinery, fuel prices are dif-
ferent mostly due to the variations in the tax levels. In many countries,
fuel products are tagged with specific chemical substances in order to
label the intended purpose of usage [1]. For example, since 2001, the
EU regulates the use of an ‘invisible’ compound, which is known under
the name Solvent Yellow 124, as a euromarker for fuel. This euro-
marker can be detected easily by the police as well as custom and tax
officers by performing a simple test outside the laboratory. Besides the
addition of the euromarker, fuel products are also spiked with another
specific dye, which indicates the intended tax level. Therefore, it is
possible to visually confirm the expected purpose of fuel usage and the
corresponding tax level. In Poland, fuel products that are designated for
heating purposes are tagged with red dyes. These are either Solvent Red
19 or Solvent Red 164 [2], while in the United States of America,
Solvent Red 23 (also known as Sudan III) is added to distinguish low-
taxed heating oil from automotive diesel fuel. The respective

regulations define the amount of excise duty components (euromarker
and dye) in order for the authorized agencies to control their levels
easily. Therefore, a decreased concentration of any excise duty com-
ponent is interpreted as an attempt at fuel counterfeiting.

Illegally removing excise duty components, which is known as ‘fuel
laundering’, is induced by the financial rewards that are expected due
to the reduced amounts of rebated tax on fuel products compared to the
regular taxes. The effect of this ‘laundering’ is the loss of fuel colour.
Therefore, regulations require that the excise duty components should
be (i) difficult to remove at low costs and (ii) chemically stable under
normal exploitation conditions. Surprisingly, in practice, these two as-
sumptions are difficult to fulfill, see e.g., [3]. From the chemical point
of view, removing the excise duty components from fuel products is not
complicated [4–7], while confirming this intentional removal cannot be
observed by a simple spectrophotometric assessment of the sample
colour [8]. While a lower level than expected of a given dye in a fuel
sample can be interpreted as counterfeiting, in practice, it may be ob-
served due to a chemical or photocatalytic degradation that is triggered
when a sample is exposed to external factors, among which, UV-A ir-
radiation plays a crucial role, see e.g., [9].

On an everyday basis, the two representatives of the so-called azo
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dyes, SR 19 and SR 23, serve as excise duty components. The azo dyes
have very vivid colours such as red, orange and blue due to the presence
of diaza bond(s) (delocalised π electrons) and chromophore groups in
their chemical structures. Delocalised π electrons are responsible for
creating some interesting physical and chemical properties. For ex-
ample, these dyes can easily form different configurational isomers [10]
and photoisomerisation is observed due to the changes in the config-
uration in the functional groups that are attached to the rigid diaza
bond(s). These configuration changes are responsible for the changes of
the colour in a sample and are especially relevant in our study. Col-
ourfastness, which describes the resistance of the colour of a dye mo-
lecule or dyed sample against fading, is another essential property of a
dye. Although colourfastness is a fundamental concern in the textile
industry, its importance in characterising chemical markers is often
neglected. Over the past several years, the photodegradation of azo
dyes has been extensively studied [11–13]. Some authors have sug-
gested that the process of photodegradation is driven by the conversion
of triplet to singlet oxygen, which is sensibilised by azo compounds.
Such a conversion process was proven to be available in azobenzene
dyes by Podsialy and Sokolowska [12]. Moreover, the self-sensitised
oxidation of an azo dye is significantly delayed when a quencher is
added into the system. The authors also noticed that the colour fading
of the mixtures that contained azobenzene dyes and their benzothia-
zolyl analogues was dependent on the configuration of the functional
groups and was substantially retarded when the -N=N- group was
sterically hindered. They postulated that this process starts with the
break of the -N=N- bond. As was described in references [14–16],
singlet oxygen plays a crucial role in the process of photochemical
degradation, which is not reversible and eventually leads to permanent
loss of colour. The formation of singlet oxygen is also promoted by the
tautomeric isomerism of azo compounds with the OH- substituent,
specifically the presence of a hydrazine tautomer. Such an induction
mechanism of photochemical degradation was shown to be true for
arylazonaphtols [17]. On the other hand, Morita and Hada questioned
the role of azo-hydrazone tautomerism in the photochemical degrada-
tion process [16]. They stressed the fact that the intrinsic property of an
azo dye molecule to increase its reactivity with self-synthesised singlet
oxygen was an essential factor. Various photochemical reactions make
the group of azo compounds fascinating and worth exploring. Most of
the published studies focus on attempting to find the photochemical
reactions that are able to break down the molecules of different in-
dustrial azo dyes in an optimal way in order to decrease their presence
in the aquatic environment [11,18–20]. One way to do this is via the
photocatalytic degradation of industrial dyes using titanium dioxide as
the photocatalyst [19,21]. Another possible option for breaking down
dye molecules is through a nonselective attack of the hydroxyl- and
peroxy-radicals that are generated in the Fenton reaction [22].

In this study, we question the chemical stability of the disazo dyes
that are used as excise duty components in the fuel industry and we
specify the reasons that are responsible for this instability. The ex-
perimental measurements were designed to mimic the behaviour of
non-polar fuel samples in order to provide sufficient evidence that SR
19 and SR 23 are unstable in samples that are exposed to UV-A irra-
diation over time or are stored in high temperatures. The underlying
hypothesis is that these factors affect the chemical composition of the
model mixtures to a large extent and that the samples would become
colourless over time. We are convinced that the qualitative and quan-
titative data that were obtained from several different analytical tech-
niques will help us to explain the reasons for the limited performance of
the spectrophotometric method for determining the amount of excise
duty components in fuel products and to determine a possible me-
chanism for the chemical instability.

As highlighted in the literature, counterfeiting and adulteration of
different fuel products is recognized worldwide and considered as a
serious issue. Therefore, to date, different analytical methods [23] and
advanced approaches extended with chemometric data modeling were

proposed to deal with the identification of possible aspects of fuel
counterfeiting, e.g. [24–29] and determining the level excise duty
components, e.g. [30].

2. Material and methods

2.1. Design of the experiments

The design of experiments (DoE) is an objective statistical approach
that aims to facilitate the planning of an experiment and to further
optimise it [31]. In particular, the DoE methods enable the effects of a
few external factors to be assessed simultaneously and running a lim-
ited number of necessary experiments. In order to evaluate the effect of
three external factors such as exposure to UV-A irradiation (A), tem-
perature (B) and the duration of sample storage (C), the experiment was
conducted following the full factorial design in which each of the three
factors was evaluated at two levels [31]. The samples that were irra-
diated were placed in quartz flasks and sealed with quartz corks,
whereas the samples that were stored in darkness were placed in glass
flasks, sealed and carefully covered with thick aluminum sheets. Then,
for 64 days, all of the samples were incubated in two climatic chambers
(MK 240 and KB 240, Binder) at two different temperatures with or
without UV-A irradiation exposure. The climatic chambers permit
precise and automatic temperature control over time. The temperature
in the chambers was kept at two different (6 °C and 30 °C) but constant
levels (the maximal expected temperature fluctuation inside each cli-
matic chamber during the entire experiment was equal to 0.5 °C). In
addition, both climatic chambers were equipped with customised illu-
mination panels with five 15 W fluorescent lamps (Actinic BL TL-D,
Philips) that generate illumination from the UV-A spectral range with a
maximum intensity of between 350 and 400 nm. These two climatic
chambers and their possible settings enabled us to study the effect of
three different factors (UV-A irradiation, temperature and the duration
of sample storage) on the colour intensity of the samples simulta-
neously, which is in agreement with the principals of experimental
design. The colourfastness of the samples was quantified after 17 and
64 days using a UV/Vis spectroscopy and the high-performance liquid
chromatography with the UV/Vis detection and mass spectrometry.

2.2. Preparing the model mixtures of Solvent Red 19 and Solvent Red 23

Two separate model mixtures that contained either SR 19 (Sigma-
Aldrich, melting point: 130 °C) or SR 23 (Sigma-Aldrich, melting point:
199 °C) were prepared in the following manner. A 3.22 mg of red disazo
dye was dissolved in 0.7 dm3 of heptane (Sigma-Aldrich, purity higher
than 99%, HPLC grade), which led to a concentration of 4.6 mg·dm–3 of
dye in the model mixtures.

2.3. UV/Vis measurements

The UV/Vis spectra of the mixtures that contained either SR 19 or
SR 23 as a major component were measured using a spectrophotometer
Nicolet Evolution 220 LC (Thermo Scientific) coupled with a Peltier
thermostatted cell holder to record the spectra at a constant tempera-
ture. The spectra were measured in the spectral range of 200 and
1000 nm every 2 nm (the acquisition rate: 1200 nm·min–1 and the in-
tegration time: 0.05 s) at 25 °C using standard quartz cuvettes with a
10 nm long optical path.

2.4. Fluorescence excitation-emission measurements

The fluorescence excitation-emission spectra were measured using a
Cary Eclipse Fluorescence Spectrophotometer (Varian) equipped with
an Agilent Carry Temperature Controller. They were recorded at 25 °C
using the Peltier thermostatted multicell holder (possible temperature
variation±0.05 °C) for the samples in the standard quartz cuvettes
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(optical path length of 10 nm). The following settings of the fluorimeter
were used: acquisition rate 1200 nm·min–1, integration time 0.1 s, de-
tector voltage 600 V and the slit for measuring the excitation and the
emission spectra 5 nm. The excitation and emission spectra of the
samples that contained SR 19 were collected in the spectral range of
230–360 nm every 10 nm and 280–650 nm with an increment of 2 nm,
respectively. The excitation and emission spectra of the samples that
contained SR 23 were recorded in the spectral range of 230–400 nm
every 10 nm and 250–650 nm every 2 nm, respectively. The Rayleigh
and Raman scattering were removed from the excitation-emission
spectra using the method described in reference [32] and implemented
in Matlab.

2.5. High-performance liquid chromatography

Samples of 1 ml, which contained either SR 19 or SR 23, were
concentrated under a nitrogen gas stream. Then, the residues were
dissolved in 200 μl of CH3CN and separated using a Thermo UltiMate
3000 UHPLC-UV (Sunnyvale, CA, USA) system coupled to a micrOTOF-
QII mass spectrometer (Bruker Daltonics, Germany) and equipped with
an electrospray ionisation source (ESI). Chromatographic separation
was performed on an Acclaim RSLC 120 C18 column (2.2 μm,
2.1 × 100 mm), thermostatted (30 °C) and protected by an additional
column Guard Cartridge Acclaim 120, C18 (5 μm, 2.1 × 10 mm). The
three-component mobile phase consisted of CH3CN (A), 0.1% formic
acid in CH3CN (B) and water (C), which was delivered using a linear
gradient at a constant flow rate equal to 0.3 ml·min–1. The gradient
programme started with the following composition of the mobile phase:
50% A, 10% B and 40% C and its composition was linearly modified to
reach 90% A, 10% B and 0% C after 9 min and then kept constant for
6.5 min. Conditioning the chromatographic column after separation
took 9.5 min. The injection volume was equal to 10 μl and the tem-
perature of the autosampler was set to 20 °C.

The ESI mass spectra were recorded in the positive and full scan
modes. The analytes were characterised and identified according to
accurate measurements of masses of their parent and fragment ions
using the MS/MS analysis and the ESI Compass 1.3 Data Analysis
software (Bruker Daltonics, Germany). The parameters of the ESI source
were set as follows: capillary voltage 4.0 kV, nebuliser pressure 1.2 bar,
drying temperature 300 °C and dry gas flow rate of 8.0 dm3·min–1.
Nitrogen was used as the nebulising and collision gas.

2.6. Thermogravimetric analysis

The thermogravimetric analysis of SR 19 and SR 23 was performed
using a Perkin Elmer Pyris-1 instrument. The sample of SR 19
(4.017 mg) was heated at temperatures from 30 °C up to 850 °C. The
sample of SR 23 (1.272 mg) was heated at temperatures from 30 °C up
to 850 °C. In both thermogravimetric analyses, the temperature was
increased by 10 °C per minute.

3. Results and discussion

The chemical structures of the two red dyes, SR 19 and SR 23, that
were used and studied are presented in Fig. 1. These compounds belong
to a large group of commercially important azo dyes that have two
–N=N– functional groups that are substituted by aryl. They have a
conjugated π double bond system due to which they can delocalise
electrons throughout an entire molecule. Because they are also chro-
mophores, they can absorb light in the UV/Vis region, the band position
of which depends on the type, amount and substitution site of the
auxochromes. Azo dyes usually have a trans configuration around the
–N=N– group [10]. Moreover, as was described in reference [33], SR
23 can exist as two keto tautomers, but the irradiation of light in the
UV/Vis region causes isomerisation to a cis form. This trans-cis iso-
merisation is reversible both photochemically and thermally and

induces remarkable changes in the properties of these dyes including
differences in the respective absorption spectra [34,35].

3.1. Confirming the thermal stability of SR 19 and SR 23

The thermal decomposition of SR 19 is initiated at 205 °C (see
Fig. 2a). The sample weight loss of about 75%, which was observed on
the thermogram in the range of 205 °C and 292 °C (see Fig. 2b), could
be associated with the loss of C18H18N4. The lack of additional peaks on
the thermogram suggests that there were no more thermal decom-
position products. The decomposition of SR 23 was observed at 250 °C,
respectively (see Fig. 2c). The sample weight loss that was registered in
the range of 250 °C and 315 °C (see Fig. 2d) indicates that there were
two thermal degradation products with the potential structures
C10H11ON and C6H5NH2. These two products underwent a further
thermal decomposition in the range of 470 °C up to 640 °C. The ther-
mogravimetric analysis confirmed that both disazo dyes were thermally
stable in normal exploitation and storage conditions. Therefore, the
intensity of the colour fading in the samples that contained either SR 19
or SR 23 cannot be explained by their thermal decomposition.

3.2. Evaluating the effects of the UV-A irradiation, temperature, and
duration of storage

In the course of the experiment, the samples that contained either
SR 19 or SR 23 were stored in two climatic chambers and exposed to
UV-A irradiation (factor A), temperature (factor B), and different
durations of sample storage (factor C). All three factors were set at two
levels (a low and a high level) following the two-level full factorial
experimental design. Changes in the amount of dye in a sample as a
result of the influence of the three factors were quantified based on the
observed fading of the initial colour intensity. Therefore, the UV/Vis
spectra were evaluated only in the visible range in order to evaluate the

Fig. 1. Chemical structures of the two disazo dyes: a) Solvent Red 19 (N-Ethyl-
1-((4-phenyldiazenyl)phenyl)diazenyl)naphthalen-2-amine) and b) Solvent Red
23 (1-(4-(Phenyldiazenyl)phenyl)azonaphthalen-2-ol).
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impact of the selected factors on the concentration of a given dye. The
perception of colour by the human eye is limited to a spectral range
between 380 and 630 nm. Fig. 3 presents the absorption UV/Vis spectra
of the mixtures that contained either SR 19 or SR 23. The spectrum of
the control mixture is indicated by the black line, whereas the spectra of
the mixtures that were evaluated after 17 and 64 days are represented
by blue and red lines, respectively.

Selective light absorption in the visible range is responsible for the
colour intensity. The absorption spectra of the investigated diazo dyes
were dependent on both their molar absorption coefficient and their
concentrations. Therefore, the spectrophotometric method, which is
recommended for determining the amount of dye and euromarker in
fuel products [8] is based on monitoring the colour fading. To evaluate
the decrease in the concentration of a dye over time, we adopted a
similar response function as the one that is used in the recommended
spectrophotometric method in the DoE. However, the active area of the
spectrum that was used to monitor the sample colour was limited to
only the visible region. The magnitude of the changes in sample colour
was expressed as the difference between the area under the spectrum
that was calculated for the control sample and the area under the

spectrum for the sample that was exposed to the three factors. The area
under a given spectrum was integrated using the trapezoidal method
[36]. Tables 1 and 2 list the settings of the three factors and the cor-
responding values of the response function for the mixtures that

Fig. 2. The first derivative of weight loss expressed as a percentage (a red line) and weight loss expressed as a percentage (a blue line) in the function of temperature
for a) SR 19 and b) SR 23. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The UV/Vis spectra that were recorded at the beginning of the experiment (black line), after 17 days (blue line) and after 64 days (red line) that describe the
model mixtures that contained a) SR 19 and b) SR 23. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 1
Design of experiment for mixtures containing SR 19 with values of the response
function.

No. UV-A Temperature Time Interactions Response

A B C AB AC BC

1 −1 −1 −1 +1 +1 +1 36.90
2 −1 +1 −1 −1 +1 −1 37.50
3 +1 +1 −1 +1 −1 −1 28.24
4 +1 −1 −1 −1 −1 +1 27.38
5 −1 −1 +1 +1 −1 −1 39.94
6 −1 +1 +1 −1 −1 +1 37.30
7 +1 +1 +1 +1 +1 +1 18.72
8 +1 −1 +1 −1 +1 −1 17.56
Effect −14.94 −0.005 −4.12 1.02 −5.54 −0.74
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contained either SR 19 or SR 23. Values ‘−1’ and ‘+1’ denote the ‘low’
and ‘high’ levels of the factors and their possible interactions.

An analysis of experimental results proved that the colour intensity
of the samples did indeed fade over time. However, this was only valid
when the samples were exposed to the UV-A radiation. The control
samples, which were not irradiated during the experiment, preserved
their colour intensity. The most significant decrease in the colour in-
tensity of the samples was directly proportional to the value of the
respective response function. An analysis of the response values in-
dicated that for the samples that contained either SR 19 or SR 23, the
most significant decrease in the colour intensity was detected when a
sample was exposed to the UV-A radiation over time. Thus, the most
influential and dominant factor was determined to be the UV-A irra-
diation. This observation was confirmed by the magnitudes of the ef-
fects for the individual factors and their combinations, which are vi-
sualised in the respective normal probability plots in Fig. 4 in which all
of the experiments are ranked according to the values of the individual
effects and their combinations. Once the major factors and/or their
combinations were close to a straight line (see the grey dotted line in
Fig. 4a and b), their impact on the response function was relatively low
and, therefore, they had a negligible influence on the colourfastness. On
the other hand, the influence of a given factor and/or its combinations
on the response value increased when the value of the corresponding
effect was more distant from this line. For the model mixtures that were
prepared with SR 19 in the first experiment, it was possible to conclude
that factor A (the UV-A radiation) did indeed contribute substantially to

colour fading. The analysis of variance, ANOVA, also confirmed that
only the variance, which is explained by factor A is significantly higher
than the variance in the residuals (confidence level 95%).

The magnitudes of effects for factor C (time of sample storage) and
its interaction with factor A (the UV-A irradiation and time of sample
storage) are also pronounced, but not statistically significant as the
effect of factor A, as depicted in Fig. 4a and confirmed by the ANOVA.
The fading of colour for samples which contain SR 23 also depends
mainly on the effect of factor A (the UV-A irradiation, Fig. 4b). The
remaining factors are statistically insignificant as confirmed by the
ANOVA. Comparing the magnitude of effect A in the other two ex-
periments, either with SR 19 or SR 23, the dynamics of colour fading is
much faster in the latter. Absolute changes in the area of spectrum in
the visible range for a control sample and for a sample that exhibits the
largest colour fading after 64 days, confirm that the colour fading for SR
23 is eight times faster than for SR 19. Therefore, one can conclude that
SR 23 is indeed less chemically stable due to its higher instability to UV-
A radiation than SR 19. It is relevant to point out that the chemical
stability of SR 23 also decreased due to the effect of temperature. The
colour fading of the samples with SR 23 was faster at higher tempera-
ture compared to samples with SR 19.

Two additional tables with ANOVA results, summarizing experi-
ments carried out for SR 19 and SR 23, were provided in the
Supplementary material.

Bearing in mind the chemical structures of the two disazo dyes,
variations in the colour intensity are only possible when the config-
uration of dye molecule changes. By analogy to the conformation
changes of structurally similar azobenzene compounds that contain
only one azo chromophore [35], the photoisomerisation of disazo dyes
that were studied is natural. Therefore, samples contained cis- and
trans- isomers. The photoisomerisation of azobenzene, which is induced
by UV-A radiation and/or temperature, as was described in detail in
reference [16], is reversible. Isomer trans- is more stable than isomer
cis- and therefore, its amount in a mixture is expected to be larger. The
absorption spectra of cis- and trans-azobenzene indicate that the pho-
toisomerisation of azobenzene indeed had an impact on the sample
colour. However, both isomers absorb light in the visible range [37].

Nonetheless, photoisomerisation is a reversible process and cannot
result in a permanent loss of the sample colour [10]. Compared to
azobenzene, the SR 19 and SR 23 dyes, which are more structurally
advanced forms, contain the chromophore and auxochrome groups.
Their presence favours the transition of absorption towards longer

Table 2
Design of experiment for mixtures containing SR 23 with values of the response
function.

No. UV-A Temperature Time Interactions Response

A B C AB AC BC

1 −1 −1 −1 +1 +1 +1 39.61
2 −1 +1 −1 −1 +1 −1 39.92
3 +1 +1 −1 +1 −1 −1 17.40
4 +1 −1 −1 −1 −1 +1 20.13
5 −1 −1 +1 +1 −1 −1 42.54
6 −1 +1 +1 −1 −1 +1 40.46
7 +1 +1 +1 +1 +1 +1 3.74
8 +1 −1 +1 −1 +1 −1 12.13
Effect −27.28 −3.22 −4.55 −2.34 −6.28 −2.01
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Fig. 4. The normal probability plot of the effects and their interactions for mixtures that contained a) SR 19 and b) SR 23. The three factors that were investigated in
the experiments correspond to the exposure to the UV-A irradiation (A), temperature (B) and the duration of sample storage (C).
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wavelengths. The chemical structures of the SR 19 and SR 23 dyes have
two disazo groups and, depending on the energy levels, they may exist
as different configuration isomers. Thus, a relatively simple photo-
isomerisation mechanism does not explain the irreversible loss of colour
in the samples that contained one of these two dyes.

The differences in the colour and colour intensity of a sample can be
attributed directly to configuration changes of the auxochromes that
are present in a dye molecule and some possible structural modifica-
tions of its chromophores. However, the irreversible modification or
fading of colour, and eventually, its permanent loss involves a func-
tional inhibition of the chromophores in a sample. These two scenarios
are possible only when a given molecule is prone to a chemical mod-
ification and/or is amenable to chemical degradation. In the case of the
two disazo dyes being studied, both scenarios are likely to happen and
can help to understand why the sample colour fades. This hypothesis
was confirmed in (i) a detailed analysis of the molecular structure of
both dyes from the perspective of photochemistry, (ii) an analysis of the
fluorescence excitation-emission spectra and (iii) the changes that were
detected in the composition of the samples, which were described by
their respective chromatographic profiles.

While the Vis spectra of the samples confirmed the general tendency
that can be spotted even by the eyes – the colour of the samples faded
over time, the corresponding UV spectra, the fluorescence excitation-
emission spectra and the chromatographic profiles provide substantial
evidence that over time different degradation products are formed.
Because the changes in the chemical composition of the samples were
observed only when they were exposed to UV-A irradiation over a long
period of time, in our opinion, the mechanism of the photo-induced
degradation of SR 19 and SR 23 is the most probable and dominant one.

The intensity and/or the shape of the UV spectra changed over time,
which indicates some instability of the chemical composition of the
mixtures. This observation was true for both of the experiments that
were carried out independently. Interestingly, the intensities of the UV
spectra that described the SR 19 mixtures decreased over time sys-
tematically in the entire UV spectral range. The shape of spectra that
were recorded for these mixtures 17 and 64 days after the beginning of
the experiment resembled the shape of the spectrum for the control
sample (see Fig. 3a). This observation drew our attention to the fact
that a decrease in the concentrations of the mixture constituents had a
significant influence on the shape of the corresponding spectrum.
However, the pattern of the changes in the UV spectra that described
the SR 23 mixtures was very different. In this case, the UV spectra
shapes were noticeably modified compared to the shape of the control
spectrum, which supports the conclusion that new degradation pro-
ducts are formed over time. The most extensive spectrum change was
observed after 64 days and was visible up to 300 nm (see Fig. 3b).

The fluorescence spectroscopy had a remarkably low sensitivity
compared to the UV/Vis spectroscopy and this property was highly
valued in our study because some possible degradation products of SR
19 and SR 23 can have very low concentrations. On the other hand, in
order to detect potential degradation products successfully using
fluorescence spectroscopy, the chemical substances should contain
fluorophores, i.e., specific groups that can emit fluorescence when they
are excited. Different fluorophores are excited with beams of electro-
magnetic radiation at a characteristic wavelength. Therefore, the ex-
citation-emission spectra enable a more comprehensive analysis of the
changes in the chemical composition of the samples and increase the
possibility of detecting several compounds simultaneously when some
specific requirements are met. Fig. 5 illustrates the variations in the
total fluorescence spectra of the control samples that contained either
SR 19 or SR 23 and the total fluorescence spectra that were measured
17 and 64 days after the beginning of the experiment. These are dis-
played as colour maps in which individual measurements are coded by
different colours with the intensities that were proportional to their
magnitudes.

In general, the excitation-emission spectra of the mixtures and their

changes over time were very different. Regarding the SR 19 mixtures,
the most pronounced differences in their excitation-emission spectra
indicated quantitative and qualitative changes in their chemical com-
position. These changes were far more noticeable after 17 than after
64 days (compare Fig. 5a, b and c). The peak with the maximum in-
tensity of fluorescence around 380 nm in the emission spectrum became
much smaller compared to the control sample. Moreover, the presence
of compound(s) that were absent in the control sample was confirmed.
Their fluorophores were excited in the spectral range between 290 nm
and 310 nm and emitted fluorescence that led to a broad peak in the
emission spectrum with a maximum intensity of around 350 nm. Re-
garding the SR 23 mixtures, the most substantial differences in the
excitation-emission spectra were noticed 17 days after the beginning of
the experiment (see Fig. 5d and e). The excitation-emission spectra for
the control sample were noisy and had very low intensities. After
17 days, it was possible to observe two intensive spots, which suggests
that there were some qualitative changes in the chemical composition
of the mixture. As is illustrated in Fig. 5f and g, the amount of the
respective degradation products increased over time.

3.3. Interpreting the chromatographic profiles that were obtained from the
model mixtures

Although the excitation-emission spectra suggested changes in
chemical composition of the studied mixtures, it was difficult to identify
the number of mixture components and potential degradation products.
Although this can be done using high-performance chromatography
with the UV/Vis and mass spectrometry detection, it can be a very
challenging analytical task because commercially available dyes could
contain different numbers of impurities [38,39].

Fig. 6a and b display the chromatograms for the SR 19 or SR 23
mixtures at different time points of the experiment. All of them were
registered by measuring the absorption of the eluate at 500 nm. In the
upper panel of Fig. 6, the chromatograms with black lines illustrate the
control samples, while the chromatographic profiles with blue and red
lines describe the content in the samples 17 and 64 days after the be-
ginning of the experiment. The chromatographic profiles confirmed the
decrease in the concentrations (two-fold) of the studied dyes 64 days
after the beginning of the experiment. In addition to the major com-
ponent, which eluted from the SR 19 mixture at around 14.2 min or
around 12.6 min for the SR 23 mixture, respectively, there are several
peaks more in chromatograms. Most likely, these can be associated with
some impurities that were present in the reagent or other degradation
products. These are two possible sources because the chromatogram of
the solvent (n-heptane) did not contain any additional peaks. The
presence of potential impurities in mixtures led us to focus on identi-
fying the chemical differences in the mixture samples with respect to
the chemical content of the control sample 17 and 64 days after the
beginning of the experiment.

The level of impurities, which was estimated using the chromato-
graphic profile of a control SR sample at 500 nm, was below 2.50%.
Table 3 presents information about the eleven chromatographic peaks
that were recorded in the analysed mixtures along with the m/z value of
the precursor ion that had originated from the compound that was
detected in a given peak at the beginning of the experiment and after 17
and 64 days.

Most of the peaks were separated well, which enabled the chemical
differences in the mixtures to be analysed with respect to the control
sample. When the three chromatograms are compared, it can concluded
that the dye, which is the most significant component, underwent the
most noticeable changes (see Fig. 6a, peak no. 11).

From the quantitative data in Table 3, it can concluded that the
amount of dye decreased considerably by a factor of 1.78 during the
course of the experiment. While the concentrations of some compounds
decreased over time, the levels of others increased and some com-
pounds were present only in the middle phase of the experiment or
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were eventually undetectable. These quite diverse patterns of system
behaviour indicate the dynamics of the photo fading process. To some
extent, it can be argued that the decrease in the dye concentration that
was observed over time might be associated with its degradation. In
fact, the concentration of the other components must simultaneously

increase and/or new components should be detected. The decrease in
the concentration of SR 19 was accompanied by an increase in the
amounts of compounds nos. 3, 5, 7 and 9 in the mixtures after 17 days.
It is important to note that these four compounds were not detected in
the control sample and therefore their presence can be interpreted as
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Fig. 5. The excitation-emission spectra of the model mixtures that contained either SR 19 (a–c) or SR 23 (d–f) that were recorded at the beginning of the experiment,
after 17 days and 64 days, respectively.
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the result of the degradation of the dye and/or other mixture com-
pounds that are amenable to photodegradation. The most substantial
increase in concentration was recorded for compound no. 6. After
17 days, its concentration was 5.77 times higher compared to the
control sample and was 26.89 times higher after 64 days. The con-
centrations of compounds nos. 5, 6, 7 and 9 increased during the 17-day
experiment and increased even more after 64 days. On the other hand,
compounds nos. 1, 8 and 10 were eventually not recorded over time.
The most rapid change in the concentration level was observed for
compound no. 10. It is likely that the chemical stability of these com-
pounds was affected to a large extent by the UV-A irradiation as this
was also observed for SR 19. Another probable explanation anticipates
the further involvement of these compounds in other chemical reac-
tions. For instance, compound no. 3 was detected only in the interim
phase of the experiment, which suggests that it might be an inter-
mediate product. However, in order to successfully confirm this hy-
pothesis, some additional experiments and modifications (or further
development) of the analytical method are required. From the analysis
of the collected chromatographic profiles and after examining the re-
spective quantitative data, only a partial explanation of changes in SR
19 was possible. Namely, the decrease in the peak area of the major
sample component was not accompanied by an adequate increase in the
peak areas of the other compounds. Of course, this conclusion holds

true for the chromatograms that were registered using a specific chro-
matographic system, method of detection and chromatographic condi-
tions. The changes that were observed for compounds nos. 7 and 8 are
also interesting. These two compounds coeluted, which is illustrated by
the chromatogram in Fig. 6a. After 17 days, compound no. 8 was not
detected in a mixture (at a given detection wavelength and chromato-
graphic conditions), while the concentration of compound no. 7 in-
creased ca. 1.84 times.

An analysis of the chromatograms for the model SR 23 mixtures
suggested a dynamic change in their chemical compositions over time.
Twelve peaks, which were recorded at the beginning of the experiment
as well as after 17 and 64 days, were identified (see the three panels in
Fig. 6b and Table 4) in the chromatograms. They represent the com-
pounds that behaved differently during the course of the experiment.
The SR 23 from the control model mixture eluted at 12.61 min and
yielded the most intensive peak (peak area equal to 174.744), which is
shown in the chromatogram in the upper panel of Fig. 6b. Moreover,
there were at least eight minor peaks in the chromatogram that re-
presented impurities because their relative concentrations with respect
to the concentration of SR 23 ranged between 0.14% and 1.11%. The
amount of the major sample component (SR 23) decreased considerably
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Fig. 6. The HPLC chromatograms that reveal the changes in the chemical composition of the model mixtures that contained a) SR 19 and b) SR 23 that were observed
at the beginning of the experiment (the upper panel), after 17 days (the middle panel) and after 64 days (the lower panel). The chromatograms were recorded using a
UV/Vis detector to measure the absorbance of the eluate at 500 nm.

Table 3
Eleven chromatographic peaks that were identified in model mixtures con-
taining SR 19 (along with approximate elution time, the m/z value of the
precursor ion originating from compound detected in a given peak, and the
corresponding peak areas). Model mixtures were incubated in elevated tem-
perature and exposed to the UV-A irradiation and chromatographed after 0, 17,
and 64 days since the beginning of the experiment. Peak no. 11 corresponds to
major component – SR 19.

Peak no. Elution time [min] Precursor ion (m/z) Day 0 Day 17 Day 64

1 7.09 291.15 0.065 0 0
2 8.81 378.16 0.103 0.680 0.535
3 9.64 394.16 0 0.110 0
4 10.41 321.13 0 0 0.224
5 11.08 378.16 0 0.286 0.420
6 11.51 352.14 0.462 2.667 12.421
7 12.48 394.16 0 0.463 0.853
8 12.60 326.16 0.479 0 0
9 13.29 296.17 0 0.079 0.429

10 13.61 380.18 0.678 0.037 0
11 14.12 380.18 80.113 57.785 44.915

Table 4
Twelve chromatographic peaks that were identified in model mixtures con-
taining SR 23 (along with approximate elution time, the m/z value of the
precursor ion originating from compound detected in a given peak, and the
corresponding peak areas). Model mixtures were incubated in elevated tem-
perature (30 °C) and exposed to the UV-A irradiation and chromatographed
after 0, 17, and 64 days since the beginning of the experiment. Peak no. 7
corresponds to major component – SR 23.

Peak no. Elution time
[min]

Precursor ion
(m/z)

Day 0 Day 17 Day 64

1 7.08 291.15 0 0.069 0.110
2 8.29 353.14 0.465 0.440 0.126
3 9.47 408.13 0 0 0.341
4 11.48 383.27 0 0.127 0.066
5 11.74 347.31 0 0.247 0.437
6 12.24 351.20 0 0.050 0.228
7 12.61 353.13 174.744 105.547 75.901
8 13.00 383.31 1.937 0 0
9 13.66 560.25 0.593 0.536 0.486

10 13.98 429.16 0.250 0.050 0.027
11 14.43 380.18 1.552 1.218 1.085
12 14.76 381.17 0.500 0.159 0.058
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over time by a factor of 2.3. Compared to the decrease of SR 19 64 days
after the beginning of the experiment, it can be pointed out that SR 23
was more susceptible to photo fading, and therefore, was less stable
when it was exposed to the UV-A irradiation. This observation was also
confirmed by an analysis of fluorescence and Vis spectra. Like the SR 19
mixtures, the pattern of chemical changes in the SR 23 mixtures was
also similar. Namely, some compounds were always present at each
step of the experiment, the concentration some of them decreased and
some became more pronounced or were detected later. For example,
compound no. 2 had rather negligible concentration differences in the
mixtures at the beginning of the experiment and after 17 days. How-
ever, its concentration decreased sharply by almost 3.7 times after
64 days. Similar behaviour was observed for compound no. 9. Together
with the main mixture component, the concentrations of compounds
nos. 10–12 steadily decreased over the 64 days. Compound no. 8 was
not detected in the chromatographed mixture after 17 days, which
makes it a potential marker of colour fading due to fuel laundering. On
the other hand, the detection of compound no. 3 was possible only
when a mixture was irradiated at least 17 days. Compounds nos. 1, 5
and 6 were absent in the initial mixture, but their concentrations in-
creased over time.

Additional figures, submitted along with the article, are mass
spectra of the possible degradation products of SR 19 and SR 23, and
they correspond to possible structures listed in Appendix 1 and
Appendix 2.

4. Conclusions

In this study, we demonstrated that the two red disazo dyes, SR 19
and SR 23, which are frequently used as excise duty components to
label fuel products, can be chemically unstable depending on the sto-
rage conditions. The results of two designed experiments proved that
UV-A irradiation affected their chemical stability the most. Because of
the two disazo bonds that are present in the chemical structures, both
dyes are amenable to photoisomerisation. Therefore, they exist as dif-
ferent conformation isomers. However, the extensive irradiation of a
mixture with a given dye led to a permanent loss of colour over time,
which was associated with the destruction of its chromophores and
resulted in a specific sample colour. This hypothesis was confirmed by
the differences in the chemical composition of samples that were de-
tected using the spectroscopic and chromatographic techniques. The

chromatograms and the respective mass spectra indicated that the
chemical composition of the mixtures changed dynamically over time.
The chemical structures of several possible degradation products are
proposed and are provided in the Appendix. We anticipate that the final
effect was the result of photoinduced degradation of dyes that were
studied in the experiments as well as the possibility that they can self-
sensibilise due to the intrinsic properties of molecules. The quantitative
results indicate that SR 23 is less chemically stable than SR 19 because
the colour of the model SR 23 mixture faded much faster (ca. eight-
fold). To summarise, monitoring the amount of excise duty components
in fuel products using the recommended spectroscopic technique is
insufficient to confirm illegal attempts at fuel laundering.
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Appendix A

Appendix 1
Potential structures of identified compounds in the studied mixtures based on the HPLC analysis combined with the interpretation of the corresponding MS and MS/
MS spectra. Peak no. 11 is the major component – SR 19. The corresponding mass spectra are provided in the ‘Supplementary material’ section.

Peak no. Elution time [min] Precursor ion (m/z) Potential structures

1 7.09 291.15

2 8.81 378.16

3 9.64 394.16

(continued on next page)
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Appendix 1 (continued)

Peak no. Elution time [min] Precursor ion (m/z) Potential structures

4 10.41 321.13

5 11.08 378.16

6 11.51 352.14

7 12.48 394.16

8 12.60 326.16

9 13.29 296.17

10 13.61 380.18

11 14.12 380.18

Appendix 2
Potential structures of identified compounds in the studied mixtures based on the HPLC analysis combined with the interpretation of the corresponding MS and MS/
MS spectra. Peak no. 7 corresponds to major component – SR 23. The corresponding mass spectra are provided in the ‘Supplementary material’ section

Peak no. Elution time [min] Precursor ion (m/z) Potential structures

1 7.08 291.15

2 8.29 353.14 (continued on next page)
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Appendix 2 (continued)

Peak no. Elution time [min] Precursor ion (m/z) Potential structures

3 9.47 408.13

4 11.48 383.27

5 11.74 347.31 –
6 12.24 351.20

7 12.61 353.13

8 13.00 383.31 –
9 13.66 560.25 –

10 13.98 429.16 –
11 14.43 380.18

12 14.76 381.17

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.fuproc.2020.106465.
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