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Many organic compounds undergo changes under the influence of light. This might be beneficial in, for
example, water purification, but undesirable when cultural-heritage objects fade or when food ingredients
(e.g., vitamins) degrade. It is often challenging to establish a strong link between photodegradation pro-
ducts and their parent molecules due to the complexity of the sample. To allow effective study of light-
induced degradation (LID), a low-volume exposure cell was created in which solutes are efficiently illumi-
nated (especially at low concentrations) while simultaneously analysed by absorbance spectroscopy. The
new LID cell encompasses a gas-permeable liquid-core waveguide (LCW) connected to a spectrograph
allowing collection of spectral data in real-time. The aim of the current study was to evaluate the overall
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performance of the LID cell by assessing its transmission characteristics, the absolute photon flux
achieved in the LCW, and its capacity to study solute degradation in presence of oxygen. The potential of
the LID set-up for light-exposure studies was successfully demonstrated by monitoring the degradation
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1. Introduction

Light-induced degradation (LID) or photodegradation takes
place almost everywhere light reaches. After absorbing light, a
molecule is prone to react with other molecules to form new
products or degrade, losing particular structural properties.
This can be a beneficial process, for instance for production of
drinking water when photodegradation is used for the removal
of unwanted chemicals by applying ultra-violet (UV) radiation
to surface water. However, in some cases, this might lead to
the formation of unknown compounds which may be toxic or
affect the environment. In addition, chemical degradation
after light exposure is unwanted in, for example, cultural heri-
tage or the food industry where properties such as colour and
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of the dyes eosin Y and crystal violet.

structure or smell and taste should remain stable as long as
possible.

A straight-forward method for studying photodegradation is
irradiation of a solution of the sample in a vial or cell for a
fixed time, followed by analysis of solution aliquots by e.g.
liquid chromatography (LC). Using such an approach, for
example, Confortin studied the degradation of the dye crystal
violet (CV), Toohey investigated the effect of iron in presence
of UV light on the sweetener rebaudioside A, and Hora exam-
ined the degradation of pharmaceutical compounds in
wastewater." Similar approaches have been applied to e.g.,
pharmaceuticals,®  pesticides,"™'"  foodstuffs,"”>  and
polymers."*'*

These approaches mostly work well if a single, fairly pure
compound is studied and a limited number of degradation
products is formed. However, if the sample is a (complex)
mixture and potentially contains unknown components,
interpretation of the results becomes very difficult. This com-
plexity increases when multiple types of molecules degrade
and/or start to react with other sample components or formed
fragments. A major challenge in such photodegradation
studies is, therefore, to distinguish which degradation pro-
ducts arise from which (parent) molecule.

A way to decrease sample complexities that are met in LID
studies, might be to carry out a separation of the sample com-
ponents prior to light exposure. This preferably would be done
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in an on-line fashion where a separation technique like LC is
coupled to a low-volume irradiation cell in which isolated com-
ponents can be exposed to light. Ideally, such a cell would also
allow real-time spectroscopic monitoring of the content. After
exposure, the cell content could be transferred on-line to
another LC system for separation and analysis of the degra-
dation products. On-line post-column photoreactors have been
reported for reaction detection of target compounds,'®
however, these reactors are less suited for on-line LID studies.
The continuous flow reactors have relatively large volumes, the
actual illumination of the sample is hard to control, and they
do not allow in situ monitoring of photochemical reactions.

Liquid core waveguides (LCWs) are tubes of small internal
diameter that are based on the principle of total internal
reflection (TIR) and are typically made of low refractive index
(RI) materials, which behave as an optical fibre once filled
with a liquid of higher RI. They might offer a solution to the
abovementioned challenges faced in on-line coupling of
photoreactors. The possibility of coupling LCWs with LC has
already been proven to be possible in earlier work where the
LCW was used as a post-column (chemically-active) detection
cell.’*" Therefore, we anticipate that on-line coupling of an
LCW as an LID cell to LC in a pre- or post-column fashion will
be feasible. LCWs facilitate axial illumination of its entire
content and the possibility to detect the transmitted light,
making the optical path length of an LCW quite significant
(up to 1 m), which is an advantage when concentrations of
exposed components are low. Furthermore, since the light
source is focused inside the capillary, the light dose can be
easily controlled. Because of these properties, Teflon AF capil-
laries or coatings have been used for sensitive UV-Vis
absorbance,**** fluorescence,>*> mid-IR,*® and Raman spec-
troscopic detection.>” "

LCWs are typically made of Teflon AF, which is an amor-
phous and translucent polymer of tetrafluoroethylene (TFE)
and  2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole ~ (PDD)
with an RI of 1.29-1.31. This makes it suitable as an LCW
when using core solvents such as water (RI~1.33), methanol
(RI~1.333) and acetonitrile (RI~1.34), which all are frequently
used in LC eluents. There are currently two types of LCWs that
are fabricated using Teflon AF. Type I is a tube entirely made
of such a polymer, whereas type 1II is a silica capillary coated
externally with Teflon AF.*? For a type II LCW, TIR occurs both
at the core/silica and the silica/polymer interface, making it
less suited as LID cell because a significant fraction of the
light will travel through the capillary wall rather than through
the liquid core where the sample will be located. For type I
LCWs, TIR occurs at the core/polymer interface, providing
optimal light-exposure of the total content in the LCW. An
additional benefit of the use of type I LCWs made of Teflon AF
is their permeability to gases, allowing diffusion of e.g. oxygen
into the cell required for photooxidation processes.***

This study investigates the potential of a Teflon AF2400
LCW as an LID cell coupled to a spectrograph allowing
efficient illumination together with collection of real-time
transmission and absorption spectra of the cell content. The
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light transmission characteristics of LCWs of different length
were studied as a function of wavelength. The effects of filling
procedures and stability throughout the measurements were
evaluated, and the diffusion of oxygen gas through the cell
walls was verified using methylene blue as indicator. The
absolute photon flux in the cell was determined by actinome-
try. The basic performance of the new LID cell was evaluated
by monitoring the degradation of eosin Y (EY) and crystal
violet (CV) in the LCW and subsequent analysis of the content
of the LID by LC. To the best of our knowledge, the use of an
LCW cell for studying photodegradation has not been reported
before.

2. Materials and methods
2.1 Chemicals

For the preparation of LC eluents, Ultrapure Milli-Q water
(MQ), methanol (MeOH) (Biosolve, UPLC/MS grade), formic
acid (FA) (Sigma-Aldrich), sodium hydroxide (NaOH) (Sigma-
Aldrich) and triethylamine (TEA) (Sigma-Aldrich) were used.
Actinometry experiments were performed using 1,2-bis(2,4-
dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-cyclopen-
tene (DAE) obtained from TCI Chemicals (Tokyo, Japan) dis-
solved in hexane (Sigma-Aldrich). In order to assess gas
diffusion, methylene blue hydrate (Sigma-Aldrich, >97%
purity), NaOH and glucose (Sigma) were used. Degradation
experiments were executed using solutions of eosin Y (Sigma-
Aldrich, >99% purity) and crystal violet (Sigma-Aldrich, >90%
purity) dissolved in MQ.

2.2 LID cell set-up and detection system

A schematic overview of the LID set-up is shown in Fig. 1.
Ilumination was performed with a Xenon lamp purchased
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Fig. 1 Schematic overview of the design of the LID cell. From left to
right: (a) connection with solvent pump, (b) sample delivery by syringe,
(c) gas inlet, (d) gas outlet, (e) waste channel.
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from Hamamatsu. When only a specific part of the spectrum
of the Xenon lamp was required, bandpass filters were placed
inside the lamp housing. The light from the lamp was guided
through an optical fibre (core diameter, 1500 pm) into the LID
cell via a coupling piece (Fig. A.1, ESIT). An identical coupling
piece was used at the end of the LID cell to measure the trans-
mitted light. The coupling pieces were made of PEEK and
designed with three threaded inlets: one in the axial face for
fitting the LID cell, and two side inlets at a 45° angle. The
back of the pieces were sealed with a quartz window to allow
introduction or collection of light. The two side inlets at the
first coupling piece can be used for introduction of the sample
and (if necessary) another solvent or reagent e.g., a catalyst or
inhibitor; details of sample introduction are provided in
section 2.3. The side inlets of the coupling piece at the end of
the LCW were used for waste or for sample collection.

The LID cell consisted of a type I LCW made of Teflon
AF2400 (ID, 800 pm; OD, 1000 pm), obtained from Cambridge
Reactor Design (Cottenham, United Kingdom), which was
placed inside an outer tubing made of high-density polyethyl-
ene (HDPE), creating a tube-in-tube design. T-pieces made of
PEEK were glued into the outer tubing to permit addition of
gases, such as nitrogen or oxygen (see Fig. 1). Both ends of the
LID cell were glued into standard chromatographic finger-tight
fittings with Valco thread facilitating the connection of the
LID cell to the coupling pieces. To study the effect of gas per-
meability of the type I LCW, type II LCWs were also used
which are not gas permeable. These were made of fused-silica,
coated externally with +15 um Teflon AF2400 (ID, 100 pm; OD,
363 pum), obtained from CM Scientific Ltd (Silsden, United
Kingdom). The type II LCW was fitted with two chromato-
graphic finger-tight fittings using micro sleeves to prevent
leaking.

Transmitted light was collected by use of an optical fibre at
the other end of the cell that was connected to an SR-163 spec-
trograph equipped with a DV420A CCD camera, both from
Andor Technologies (Belfast, UK). The distance of the optical
fibre from the cell could be varied to either increase or
decrease the intensity of the measured signal. Generally, a 1%
transmission filter was placed in between the end of the LID
cell and the optical fibre to reduce the signal and to avoid over-
loading the detector response. The spectrograph was equipped
with a grating of 600 lines per mm blazed at 300 nm, a light
entrance slit with adjustable width, and a back illuminated
CCD chip of 256 x 1024 pixels with a pixel size of 26 um? for
detection of the dispersed transmitted light. The spectral
range covered by the CCD camera in non-scanning mode was
about 263 nm and was calibrated using a Hg calibration lamp.
The CCD chip was cooled at —60 °C. Unless stated differently,
detection settings used for transmission measurements were:
slit width, 10 pm; exposure time, 0.1 s; vertical shift speed,
8.25 ps; horizontal read-out, 33 kHz at 16-bit. Acquired spectra
were collected using the Full Vertical Binning mode and were
background corrected in the case of absorption measure-
ments. Data acquisition was performed using Solis software
from Andor Technologies.

This journal is © The Royal Society of Chemistry 2021
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2.3 Injection/filling

The LID cells were filled and flushed with solvent by means of
a K-500 solvent pump (Knauer, Berlin, Germany) at a flow rate
of 200 pL min™". The pump was connected to one of the side
inlets of the first coupling piece, unless specified otherwise.
Samples of EY and CV were directly introduced using a
syringe, which was connected to the second inlet, while the
solvent pump was turned off. The cell was cleaned in between
samples by flushing with 300 pL of MeOH followed by 300 pL
of MQ using the solvent pump.

2.4 LC system

In order to prepare the LC eluent, a buffer was made by
adding FA and NaOH to 1 L of MQ at a final concentration of
0.1 M and 0.02 M respectively, to obtain a pH of 3. The eluent
was prepared by mixing buffer and MeOH in ratios of 95/5 [v/v]
respectively for mobile phase A, and 5/95 [v/v] for B. TEA was
added as an ion pairing agent to both A and B at a final con-
centration of 5 mM. All analyses were carried out on an Agilent
1100 series LC system equipped with a quaternary solvent
delivery system, a column oven, an autosampler and a photo-
diode array detector (PDA). A ZORBAX Eclipse RRHD C18
column (2.1 x 150 mm; particle size, 1.8 um) and a security
guard column (2.1 x 5 mm) containing the same C18 packing
were both obtained from Agilent. Gradient elution was per-
formed going linearly from 5% to 95% B in 10 min. After
5 min at 95% B, the mobile phase changed back to 5%
B. Including 15 min of equilibration time, the total analysis
time was 30 min. The flow rate was set at 150 pL min~" and
the column oven at 40 °C. Spectral data were recorded from
250 to 800 nm with a resolution of 1.0 nm, a sampling rate of
144 Hz, and analysis monitoring was set at detection the wave-
lengths 254, 400, 515, 550, and 595 nm. The equipment was
controlled by ChemStation Chromatography Data Software
from Agilent.

3. Results & discussion

The performance of the LCW is first characterized with respect
to parameters affecting its transmittance. We then evaluate the
photon flux and gas permeability of the Teflon AF2400 LCW.
Finally, we demonstrate the applicability of the LCW in a
proof-of-concept experiment studying the light-induced degra-
dation of EY and CV.

3.1 LCW transmittance

The light transmittance of the LCW inside the LID cell is a
critical property: it determines both the photodegradation rate
as well as the detection limit when used in combination with
spectroscopy. Preferably, light losses should be minimized to
achieve a consistent illumination of the entire solution.
Transmittance of the LCW can be dependent on, or influenced
by several parameters, such as length of the LCW, concen-
tration and molar absorption coefficient of the sample com-
ponents, scattering losses inside the LCW, pressure applied on
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the LCW, and temperature. Furthermore, it has recently been
reported that when transmittance is sufficient, small internal
LCW diameters (<1 mm) allow higher and a more homo-
geneous irradiance resulting in shorter reaction times of
photochemical reactions.* For this study we used LCWs with
an ID of 800 um and the effects of the above-mentioned para-
meters were studied.

3.1.1 Length of LCW. The use of an LCW as LID cell allows
exposure of the entire sample and the increased optical path
length results in a higher overall absorbance, enhancing
photodegradation efficiency.>' However, the length of the LCW
should be chosen carefully, as light transmittance is expected
to decrease exponentially with the optical path length when an
absorbing compound is present. Overall absorbance should
not be too high, as light should still reach the detector to
obtain spectral information and molecules at the end of the
LCW should still be exposed sufficiently.

The influence of the cell length was tested by fabricating
four LID cells using type I LCWs of 12 cm (cell volume
~60 pL), 20 cm (~100 pL), 40 cm (~200 pL) and 60 cm
(~300 pL) long.

These were filled with water and the intensity of the trans-
mitted light was measured for each cell at different wave-
lengths using specific bandpass filters. The intensities fol-
lowed from power measurements in triplicate (each time after
realignment, RSD <9%), where the sensor of the power meter
was positioned at the excitation fibre outlet or at the exit of the
LCW filled with MQ. The light transmittance was calculated by
comparing the intensity at the end of the LCW (I) with the
intensity at the exit of the excitation fibre (I,). Fig. 2 shows the
average (n = 3) transmittance of the four LCWs at different
wavelengths, normalized to the highest transmittance value
measured for the 12 cm LCW at 630 nm. Fig. 2a shows that the
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transmittance decreases significantly with increasing length.
Light losses are most probably due to reflection losses caused
by pores and imperfections in the Teflon capillary surface, as
also indicated by Altkorn et al.*’ The number of reflections
increases with the length of the capillary, causing more light
to be lost. Apparently, this effect is strongest in the first part of
the LCW; the difference between LCWs of 40 and 60 cm was
found to be negligible in our experiment.

The light absorbance by a compound inside the cell is a
point of consideration. Increased analytical sensitivity due to a
long optical path length might be beneficial, however, from
the viewpoint of analyte degradation, the formation of a strong
light-intensity gradient inside the LID cell is not favoured.
Therefore, for LID studies of samples showing significant light
absorbance at the applied wavelength, medium-length
LCWs are preferred over very long ones. Another reason to
limit the length of the LCWs, is to increase compatibility with
LC. LCW volumes larger than LC peak volumes would cause
loss of LC resolution when using the cell in a post-column
setup.

3.1.2 Wavelength of light. The LID cell should ideally
provide adequate light transmittance over a broad wavelength
range. Its wavelength dependency was tested by measuring the
light transmittance of an LCW filled with MQ using bandpass
filters of 450, 500, 532, 580 and 633 nm (nominal values)
(Fig. 2b). The LCW can be used over this entire range, but the
transmittance increases with increasing wavelength. The poro-
sity and imperfections of the polymer surface might cause
light losses by scattering, which will be stronger for photons of
shorter wavelength. The observed wavelength dependencies of
the light transmittance, although not very large, should be
considered when using polychromatic light sources for
photodegradation.
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(a) The relative transmittance for light of 450 nm as function of LCW length calculated by comparing the transmitted (/) with the input power

(Io); (b) the relative transmittance for light of different wavelengths using LCW lengths of 12, 20, 40 and 60 cm.
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3.1.3 Variation due to filling procedure. The performance
of Teflon AF2400 cells, e.g. for absorbance spectroscopy, might
be sensitive to changes in liquid pressure caused by solvent
injection or filling of the cell.>® Therefore, the light throughput
of the LID cell was measured after filling a type I LCW in tripli-
cate using an HPLC pump at flow rates of 50, 100, 150, 200
and 250 pL min~'. The average transmitted light intensities
with corresponding spread (standard error) are shown in
Fig. B.1 (left) in the ESI.f The average measured intensities at
the applied flow rates did not differ significantly. The standard
error, however, decreased going from 50 up to 200 pL min™*,
but increased again at 250 pL min~". It is hypothesized that
flow rate and pressure may affect to what extent the liquid
penetrates air-filled pores in the Teflon material and this
would affect the TIR properties of the LCW.?” We also observed
that filling the LCW manually by syringe results in variability
of the transmittance, which is most likely caused by irregulari-
ties in the applied pressure. When the same experiment was
performed using a type II LCW, the effect of different flow
rates on transmittance and spread was negligible (Fig. B.1,
right). Therefore, we conclude that the porous Teflon AF wall
is more susceptible to pressure fluctuations and that it is
important to choose a well-reproducible filling or injection
method using a stable pump which transfers the sample from
the autosampler to the LID cell.

3.1.4 Signal stability. During a typical photodegradation
experiment, the LID cell is irradiated for a prolonged period of
time, while simultaneously spectral data are collected. To test
the cell stability, repetitive light throughput measurements of
1 min each over a period of 90 min were performed in tripli-
cate with a type I and a type II LCW, both filled with MQ. Fig. 3
shows the measured intensities over time for the LCWs. The
graph for the type I LCW shows a quick rise of the intensity
after filling of the cell and a more or less constant signal after
5 min. For the type II, however, it takes (much) longer for the
signal to stabilize and the variation between measurements is
larger. A reason for this difference may be found in the exter-
nal silica coating of the type II modified Teflon. Teflon
AF2400, like other polymers, is susceptible to temperature
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changes, as Dlubek et al.’” described. Increased temperature
results in an increased hole-free volume, which lowers the RI
of the LCW and may affect transmittance. We hypothesize that
due to the silica coating in the type II LCW, heat may not be
exchanged efficiently and a slow increase in transmittance is
observed. For the type I LCW, the thin wall and/or the per-
meability may contribute to better heat dissipation, providing
stable signals after 5 min and allowing spectral data to be
measured in a repeatable manner.

3.2 Light absorption in LCW

3.2.1 Absorbance as a function of analyte concentration.
The LCW can be used as an absorbance cell allowing sensitive,
in situ monitoring of photodegradation. The performance of
the LCW for absorption detection was determined by measur-
ing the absorbance of an aqueous dilution series of CV. The
absorbance at 585 nm of the solutions was plotted against the
CV concentration (Fig. 4). The 12 cm LCW shows a clearly
increasing absorbance over a relevant concentration range.
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Fig. 4 Measured absorbance as function of the concentration of CV
measured in a 12 cm long LCW.
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Fig. 3 The intensity of the transmitted light measured in triplicate at 462 nm every minute for 90 min for a type | LCW and a type Il LCW filled with

MQ.
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Fig. 5 Actinometry of the LCW. (a) Measured change in absorbance in real-time during the isomerization reaction of DAE-c to DAE-o at 578 nm
inside a 20 cm long LID cell. (b) Linear part of the decrease in absorbance is plotted; slope was used to determine the photon flux (ESI{).

Although not perfectly linear, the observed relation will enable
us to correlate absorbance changes to changes in molecular
composition of the sample due to photodegradation. Notably,
the design of the LCW LID cell is very suitable for measuring
low concentrations, for instance after sample pre-separation
with LC, where the concentration of minor components can be
rather low.

3.2.2 Photon flux in LCW determined by actinometry. In
order to assess photodegradation processes, the photon flux
(photons/sec) inside the LID cell should be known. This was
determined using a chemical actinometer: a compound that
undergoes a light-induced reaction for which the quantum
yield (Q) is known. The actinometer of choice was DAE, a diary-
lethene derivate known for its photoisomerization reaction.
The colour change of DAE between violet and colourless is a
result of a ring-closing and -opening reaction, which takes
place upon irradiation with either UV or Vis light and is revers-
ible up to 3000 times (Fig. C.11).***° This compound is
especially suitable as an actinometer in closed systems, such
as the LID cell, as the change in the absorption spectrum can
be measured in real-time, so that sampling of the solution is
not required. Furthermore, in contrast to e.g., ferrioxalate
actinometers, DEA remains in solution throughout the reac-
tion, making it compatible in combination with microchan-
nels, such as the LCW.

A 20 cm LCW was filled with a solution of DAE in hexane
and was irradiated with the Xenon lamp. Since this is a poly-
chromatic light source, an equilibrium between the open and
closed form will be reached after a certain period of time.
Therefore, a UV shortpass filter (<350 nm) was used to turn
DAE into the violet closed form (DAE-c), and a bandpass filter
of (nominal value) 580 nm was used to allow DAE to turn into
the colourless open form (DAE-o0). This wavelength was chosen
because it is close to the absorption maximum of DAE-c. The
actual maximum transmitted wavelength of the bandpass filter
was determined to be 578 nm and was taken into account.
Calculations and technical aspects regarding the measured
photon flux are further elaborated in the ESL.{

3202 | Analyst, 2021, 146, 3197-3207

Fig. 5 shows the decrease in absorbance in real-time for the
reaction from DAE-c to DAE-o at 578 nm. The linear part of the
decrease in absorption was plotted and used to calculate the
average rate of the conversion. From this, the photon flux at
578 nm was calculated. This was compared to the flux calcu-
lated from power measurements, obtained by placing the
power meter behind the end of the LID cell filled with water.
Using actinometry, a photon flux of 10.3 x 10'* photons per s
was calculated, compared to 9.49 x 10'> photons per s
obtained from power measurements. The similarity between
the obtained results with both methods indicate that the
power measurements are a good estimate of the photon flux
passing the LCW. However, the power meter measures the
number of photons reaching the end of the LID cell, whereas
the actinometer measures the effective intensity inside the
LCW. Therefore, we presume that the DAE actinometer gives a
better representation of the real photon flux inside the LID
cell.

3.3 Gas diffusion through LCW wall

Oxygen gas plays an important role in many photodegradation
reactions. The Teflon AF LCW comprises a gas permeable wall,
which offers the possibility to influence the photodegradation
process by adding or removing oxygen gas to or from the
exposed solution. Oxygen diffusion was tested by using methyl-
ene blue (MB) as an indicator for oxygen. The LID cell was
filled with an aqueous solution of MB, glucose and sodium
hydroxide. In the presence of oxygen, MB is oxidized and the
solution will turn blue, resulting in absorption of visible light
by MB. When oxygen is removed or consumed, MB will be
reduced by the sodium hydroxide and the solution turns col-
ourless, resulting in a reduced visible absorbance. The deco-
lourization reaction of MB by oxygen was recorded in real-time
by measuring the transmitted light intensity of the LCW at the
absorption maximum of MB (668 nm).

Fig. 6 shows the LCW light transmittance in real-time
(yellow curve) while the outer tubing of the LID cell, which
initially contained air, was flushed with nitrogen gas. During

This journal is © The Royal Society of Chemistry 2021
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outer tubing (50-200 s), MB is reduced and turns colourless.

the flushing, part of the LID cell was filmed using a camera
and fragments of this footage are shown at the corresponding
time points. After about 50 s, the nitrogen flow was turned on,
and from 65 s onwards the transmitted light intensity
increased, indicating decolourization, thus reduction of MB
caused by oxygen depletion in the LCW. After about 200 s the
nitrogen flow was turned off, and subsequently a reduction of
the transmittance was observed, implying oxidation of MB due
to presence of oxygen in the LCW. The latter means that spon-
taneous diffusion of oxygen occurs from air back into the solu-
tion. Since the solution inside the LCW is not stirred, we
assume an oxygen gradient will exist from the wall to the
middle of the LCW. As expected, the video recording of the
colour changes showed no sign of inhomogeneity along the
length dimension of the LCW. This experiment showed that
the Teflon AF wall is gas permeable even at ambient pressure,
which is in line with previous findings.*" The experiment also
demonstrated that oxygen levels in the LCW can be controlled
using the tube-in-tube design, and that the reaction process
can be followed in real-time by absorbance spectroscopy. This
is a clear advantage of the type I LCW over the type II, as it
allows the study of photodegradation under oxygen-saturated
conditions and evaluation of the effect of oxygen on degra-
dation, providing more detailed mechanistic insight.

3.4 Monitoring the LID of EY and CV

Two proof-of-concept experiments were performed by monitor-
ing the photodegradation of the dyes EY (Fig. D.1}) and CV
(Fig. D.27). The photodegradation processes of these dyes are
well known, allowing thorough evaluation of the results
obtained with the LCW setup and LC analyses. A 12 cm LCW

This journal is © The Royal Society of Chemistry 2021

was filled with a 5 x 1077 M solution of EY (¢ at 518 nm,
95000 cm™" M™"), and subsequently exposed to light from the
Xenon lamp for 3 hrs while recording absorption spectra in
real time every 10 min. An aliquot of the starting (unexposed)
EY solution was also analysed by LC with PDA detection. After
3 hrs the exposed EY solution was collected off-line by flushing
the LID cell with 60 uL of MeOH. The collected sample was
immediately analysed by LC-PDA in order to measure potential
degradation products. The same procedure was followed for a
2.5 x 107® M solution of CV (¢ at 590 nm, 87 000 cm™" M),
but then using a 5 hr light exposure time.

3.4.1 Eosin Y. According to Alvarez-Martin et al., the degra-
dation of EY in the presence of oxygen follows an oxidative
process resulting in breakdown of the chromophore and con-
sequently full discolouration.*> Under anoxic conditions, deb-
romination of EY takes place while its chromophore remains
intact. Fig. 7a shows the in situ absorption spectra recorded
during the 3-hrs irradiation of EY. A clear and steady decrease
of the absorbance in time over the whole visible EY spectrum
was observed, indicating a loss of the chromophoric moiety by
light degradation of the EY present in the LCW. During 3 hrs
light exposure, the absorbance intensity of EY at 515 nm
reduced with 97%. The LC chromatograms recorded at 515 nm
obtained before and after light exposure of the EY solution are
shown in Fig. 7b with EY eluting at 18.4 min. The peak area
obtained for EY in the light-exposed solution is only 4% from
the EY peak area of the solution before irradiation, which cor-
relates nicely with the reduction in absorbance observed in the
LCW measurements. For EY, debromination will take place in
the first phase of degradation. Since the UV/Vis absorption
spectra of partly debrominated EY are similar to that of EY,*

Analyst, 2021, 146, 3197-3207 | 3203
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water) present in the LID-cell during light irradiation for 3 hrs; (b) LC chro-

matograms of the EY solution before (at t = 0 hr) and after exposure (at t = 3 hr) in the LID cell. The insert shows the PDA spectra obtained during LC
analysis at t = 0 hrand t = 3 hr for the peak at a retention time of 18.48 min.

no shift in absorption is observed in the LCW. The final degra-
dation products only absorb in the UV region, as a result a
decrease in response of the signal of EY is observed in the
LCW, whereas EY degraded for 3 hrs mainly shows UV-absorb-
ing components in the chromatogram (Fig. D.31). The change
in absorbance during irradiation as provided by the LCW
setup can directly be correlated to the degree of
photodegradation.

3.4.2 Crystal violet. LID of CV revealed a more complicated
degradation pathway than observed for EY, exhibiting both col-
ourless as well as visible-light absorbing degradation products.
The real-time absorption spectra obtained during light
exposure of CV in the LCW over a 5 hr period (Fig. 8) show a
32% decrease in the absorbance of the sample, accompanied
by a slight blueshift of the absorption maximum. This implies
that the chemical composition of the sample is changing due
to photodegradation. The absorbance measured in the LCW is
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0.75- 5 br

0.50 1

Absorbance (a.u.)

0.25 1

0.00
450

550 600 650

Wavelength (nm)

500 700

Fig. 8 Real-time absorption spectra of a solution of CV (2.5 x 107¢ M)
in water present in the LID cell during light irradiation for 5 hrs.
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the sum of the absorbance of all Vis-absorbing compounds
(CV + degradation products). The absorption coefficients of
the degradation products may differ from CV and are generally
unknown. A decrease of 32% in absorbance suggests that
apart from demethylation products (of which the chromophore
is largely unaffected) a significant percentage of CV may have
degraded colourless products, such as dimethyl-
aminobenzophenone (Michler’s ketone) and dimethyl-
aminophenol, also reported by Confortin and Kuramoto
(Fig. D.47)."" LC-PDA analysis of the 5 hr degraded CV
sample showed several peaks (11, 12 and 14) that exhibit
absorption in the UV region. Of course, based on the absorp-
tion spectra only, the compounds could not be identified and
additional MS analysis should be performed.

A slight shift towards shorter wavelength of the absorption
maximum was observed for the whole sample during the

into

in situ absorption measurements in Fig. 8. Evaluating the
absorption spectra of the degradation products measured by
the LC-PDA (Fig. D.5), a similar blueshift was noticed for
each degradation product, which was also observed in degra-
dation research studies of CV by Confortin et al, and
others."*>* This is most likely a consequence of the de-
methylation process of CV resulting in a 5 nm shift of the
absorption maximum for each newly formed product.
Demethylation also results in a decreased retention time,
caused by an increased polarity of the degradation products,
which can be seen in Fig. 9. An overview of the detected ana-
Iytes and tentative assignments is given in Table D.1.f When
comparing the obtained results with those by Confortin et al.
peaks 2, 3, and 4 are most likely mono-, di-, and tri-demethyl-
ated CV, respectively. Peak 5 may be an isomer of tri-demethyl-
ated CV, and peaks 6 and 7 show similar absorption spectra as
tetra-, and penta-demethylated CV. Three more peaks (8-10)
were found of which peaks 8 and 9 show similar absorption
maxima as that of diamond green B (Fig. D.6}). However, as
Confortin also explains, these may also be assigned to N-oxide
derivatives of CV. Peaks 11, 12 and 14 show absorbance in the

This journal is © The Royal Society of Chemistry 2021
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UV, but remain unidentified as the concentration was too low
to obtain well defined absorption spectra and are therefore not
shown. Peak 13, however, showed an absorption maximum of
546 nm, which is similar to that of pararosaniline, which is
completely demethylated CV. This was later confirmed by the
analysis of a pararosaniline standard. The relative peak
areas (derived from the LC-PDA signals) of CV and its degra-
dation products, before and after irradiation, are shown in
Fig. 10.

To make final conclusions about the identity of the above-
mentioned peaks, additional MS analyses should be per-

formed. However, the most important result shown here is
that a >30% reduction of the main component CV was
obtained after 5 hrs of degradation. Weyermann and
Confortin, who performed off-line degradation of CV in solu-
tion, reported near complete degradation after 25 and 115 hrs,
respectively."** For simple degradation processes, such as for
EY, the decrease in absorbance is a straightforward measure
for the degradation rate. For compounds like CV, however, for
which the degradation products also absorb in the same wave-
length range as the parent compound, it is slightly more com-
plicated to use the absorbance for this purpose.
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Fig. 10 Relative peak areas of CV and degradation products obtained by LC-PDA before (0 hr) and after (5 hr) exposure in the LID-cell. Peak areas

are extracted at 595 or 254 nm (*) if absorbance was in the UV.
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4. Conclusions

This study has shown that it is possible to initiate photodegra-
dation of EY and CV while collecting real-time spectral data
using an LID cell based on an LCW made of Teflon AF2400.
The LCW is an efficient tool for illumination of the whole
sample and is able to guide the light towards a detector. The
results from the degradation experiments showed that real-
time absorbance spectroscopy is useful for acquiring infor-
mation on the stage of degradation. Changes in the shape of
the absorption spectrum as well as the absorbance intensity
are indicative for the extent of degradation. The results of the
photodegradation of EY and CV are in line with previous
studies, and the high photodegradation rate compared to con-
ventional ‘in-beaker’ degradations looks promising.'***>4¢
Clearly, the potential for on-line coupling of the cell to LC for
further characterization of the degradants, comes as an advan-
tage here.

There is also room for improvement. The speed of photode-
gradation could be enhanced by improving the efficiency of
light coupling into the cell, and automation of the injection
system may result in more reproducible spectral data as vari-
ation in applied pressure is reduced. The long path length of
the LCW is beneficial for (diluted) samples with low absor-
bances. The transmittance by the LCW, however, decreases
with the length of the capillary, caused by pores and imperfec-
tions in the material. As a result, the intensity of the light
inside the LCW also decreases with length. Therefore, for LID
studies, medium-length LCW are preferred over very long ones
to prevent the formation of a strong light-intensity gradient
inside the LID cell.
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