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The potential utility of electrospun polystyrene (PS) nanofibers embedded with 2,6-dibromo-8-pyrenyl-1,3,5,7-tetra-
methyl BODIPY for the photocatalytic degradation of Orange G in wastewaters is investigated. A comparison of the sin-
glet oxygen quantum yield of the BODIPY dye in solution and when embedded in the PS nanofibers demonstrates that
its photosensitizer properties are maintained in the nanofiber mats. The photocatalytic degradation properties of the PS
nanofibers for Orange G were determined using a 530 nm light emitting diode. The rate of photodegradation increases
with the Orange G concentration and follows pseudo-first order kinetics at pH 6.7. Reusability studies demonstrate that
there is an enhancement in the rate of degradation when the fibers are reused.
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MoAuunuposaHubix BODIPY
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Pacemompena sozmooicnHocmo ucnonvzosanus Hanosonokon nonucmupona (PS), cooepoicawjux ecmpoennwiii 2,6-0ubpom-
8-nupenun-1,3,5, 7-mempamemun-BODIPY, ons pomokamanumuueckou oeepadayuu Opandiceeoco G 6 CMOUHbIX
6o0ax. CpasHeHue K8AHMOB020 8bIX00A CUHSIEeMHO020 Kuciopooa kpacumensi BODIPY ¢ pacmeope u npu écmpausanuu
6 Hanogonoxona PS nokaszvieaem, umo e2o omocencubunuzupyrouue c60UCmed 6 cocmage HAHOB0JIOKOH COXPAHS-
1omesi. Pomokamanrumudeckoe gausHue Mooupuyuposannvix Hanosonoxon PS na oeepaoayuio Opansicesoeo G usyua-
JIOCb ¢ NOMOWbIO ceemousyyaioujeco ouooa ¢ Onunou eonuvl 530 um. Cropocms ghomodezcpadayuu yeeruuueaemcst
¢ pocmom koHyenmpayuu Opandicesoco G u coomeemcemeyem KuHemuke ncegdo-nepeoco nopsioka npu pH 6,7. Ipu
HOBMOPHOM UCNONIL308ANHUL BOIOKOH HADIIO0AEMCsl Y8eIUdeHUe CKOPOCMU 0e2padayuil.

Kiruessie ciioBa: BODIPY kpacuteinb, HAHOBOJIOKHA, CHHIVICTHBIA KUCIOPOJ, (hOTOICTpaIAIIHS.
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Introduction

The contamination of freshwater by azo dyes in tex-
tile industry effluents remains a significant environmental
problem and this leads to a need for wastewater remedia-
tion.!! Various physicochemical and biological techniques
such as filtration, coagulation, precipitation, adsorption,
ion exchange and oxidation have been used for the removal
of Orange G in this context. Physicochemical dye removal
methods are only effective when small volumes of effluent
are involved, and are therefore not generally cost effective.l”!
Advanced oxidation mechanisms have proven their efficacy
in degrading recalcitrant organic dye pollutants in waste-
water.’! The photocatalytic oxidation of pollutants has sig-
nificant advantages over other approaches since it generally
does not lead to the release of harmful by-products. This
approach has been employed in this work for the photodeg-
radation of Orange G, an azo dye found mostly in wastewa-
ters from textile industry effluents. During photocatalysis,
reactive oxygen species (ROS) such as 'O, (‘Ag) are utilized
in mineralizing pollutants to less hazardous compounds,
and photosensitizer dyes generate 'O, upon irradiation with
light of appropriate wavelength.™!

Figure 1. The molecular structure of 2,6-dibromo-8-pyrenyl-
1,3,5,7-tetramethylBODIPY 1.

In recent years, there has been considerable inter-
est in the use of phthalocyanines, which absorb strongly at
the red and blue ends of the visible region, as photocata-
lysts for the degradation of Orange G in wastewaters.>?
The absence of significant absorbance in the green portion
of the visible region means that not all of the incident light
can be absorbed when white light sources are used, so intro-
ducing a second chromophore could further enhance the util-
ity of photosensitizer dye embedded polymer nanofibers for
the photodegradation of organic pollutants. In this work, we
report the use of 2,6-dibromo-8-pyrenyl-1,3,5,7-tetramethyl-
BODIPY (1) (Figure 1) immobilized on nanofibers as 'O,
generating heterogeneous photocatalysts for the mineraliza-
tion of Orange G. Immobilization of the dye on a solid sup-
port provides the advantages of catalysts recovery and recy-
cling unlike in the corresponding homogenous systems.[!
Nanofibers have specific surface area, highly porous, mak-
ing it possible to immobilize different functional groups on
their surfaces.[*® Polystyrene was chosen for the nanofiber
studies because of its resistance to heat, durability and ability
to form a stronger n-w interaction with the dye.

In the last few decades, there has been considerable
interest in BODIPY dyes due to their favorable photophysi-
cal properties, such as high fluorescence and singlet oxy-
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gen quantum yields, negligible sensitivities to temperature
and solvents, with large extinction coefficients in the visible
region.”’ BODIPY dyes are dipyrrin structural analogues
of porphyrins with extended m-conjugation systems that
possess good chemical and photostability, due to the rigid
structure that is formed upon coordination by BF,.'""! Their
facile synthesis, and the ability to functionalize eight posi-
tions of the BODIPY core, enable the wavelengths of their
emission and absorption bands to be fine-tuned,!'! and this
has led to research on applications in diverse fields includ-
ing electrocatalysis, as fluorescence sensors, photosensitiz-
ers in photodynamic therapy (PDT), and in photocatalysis.
121 BODIPY dyes can be functionalized with halogens such
as bromine or iodine to significantly enhance the rate of in-
tersystem crossing through spin orbit coupling.l'”! In the tri-
plet excited state, energy from the photoexcited electrons
of the dye are transferred to triplet ground state molecular
oxygen to generate triplet excited singlet oxygen species
that photodegrades the pollutants.5”7 BODIPY dyes have
previously been used to modify electrospun fibers, and these
modifications did not change the physicochemical prop-
erties of the dye.l' Although the use of BODIPY dyes as
photocatalysts in organic transformations has been reported
previously,!' to the best of our knowledge, there have been
no previous studies of the potential utility of BODIPY dyes
modified nanofibers for the photocatalytic degradation of or-
ganic dye pollutants.

Experimental

Materials

Anthracene-9,10-bismethylmalonate (ADMA), Orange G
and polystyrene (PS, Mw = 192,000 g-mol') were purchased from
Sigma-Aldrich. Acetic acid (glacial), tetrahydrofuran (THF) and di-
methylformamide (DMF) were purchased from Saarchem, while
Rose Bengal was purchased from Fluka. Water collected from
milli-Q water (Millipore corp., Bedford, MA, USA) was used for
the preparation of all aqueous solutions. All solvents were dried
prior to use using molecular sieves. BODIPY 1 was synthesized us-
ing the method described previously described (Figure 1).1)

Equipment

A scanning electron microscope (SEM, JOEL JSM 840 scan-
ning electron microscope) operating at an accelerating voltage
of 20 kV was used to determine the morphology of the electropsun
nanofibers. The average nanofiber diameters together with standard
deviations were determined from 70 measurements using the Cell
D software package from Olympus. An Inca PentaFET Precision
coupled to a Vega Tescam operating at a 20 kV accelerating voltage
was used to collect the energy dispersive X-ray spectroscopy (EDX)
data. UV-Visible absorption spectra were measured at room tem-
perature on a Shimadzu UV-2550 spectrophotometer using a 1 cm
path length cuvette for solution studies and a Perkin Elmer Lambda
950 UV-Vis spectrophotometer for solid state measurements. 'H
NMR spectra were recorded in THF on a Bruker AMX 600 spec-
trometer operating at 600 MHz. Mass spectrometry (MS) measure-
ments were performed on a Bruker Autoflex 111 smartbeam TOF/
TOF mass spectrometer. The instrument was operated in positive
ion mode over a 400—3000 m/z range. The voltage of the ion source
was set at 19.0 and 16.7 kV for ion sources 1 and 2 respectively,
while the lens was set at 8.50 kV. The MS data were recorded using
a-cyano-4-hydroxycinnamic acid as the MALDI matrix, by using
a 337 nm nitrogen laser. Fluorescence spectra were measured on

461



BODIPY Dye Embedded Electrospun Polystyrene Nanofibers

a Variant Eclipse spectrofluorimeter. Singlet oxygen studies for
both the BODIPY solution and BODIPY 1 embedded PS nanofib-
ers were conducted by using an Ekspla NT 342B-20-AW-Nd:YAG
laser. Measurement of fluorescence lifetimes was performed
by using a time correlated single photon counting (TCSPC) instru-
ment (FluoTime 200, Picoquant). The excitation source was a diode
laser (LDH-PC-485 with 10 MHz repetition rates, 88 ps pulse).

Electrospinning

The PS pellets were dissolved in 8:2 dimethylformamide
(DMF) and tetrahydrofuran (THF) to form 30 mL of a 20 wt %
solution by stirring for 24 h at room temperature. Functionalization
of the nanofibers was achieved by adding 10 or 15 mg of bromi-
nated BODIPY 1 to the PS solutions and then stirring overnight.
During electrospinning, functionalized and unfunctionalized solu-
tions were prepared in a 20 mL syringe fitted with a hypodermic
needle (inner diameter of 0.1 mm) at 0.1 mL-h™" and a tip to collec-
tor distance (TCD) of 13 cm. The solutions were electrospun at 20
kV onto a grounded collector covered with foil where the solidified
fibers were collected at ambient temperature and 48 % humidity.

Photodegradation

Photodegradation measurements were carried out by using
a Thorlabs mounted M530L3 LED as the light source. The LED
was mounted into the housing for a Modulight Medical Laser sys-
tem that was equipped with a magnetic stirrer and a sample holder
with a spot diameter of 5.5 cm. The LED provided an irradiance
of 350 mW-cm in this context for an overall duration of 30 min
with spectral readings taken at 5 min intervals to monitor progress.
Prior to the photodegradation experiments the fiber mats were
immersed in a solution of Orange G solution for 30 min to reach
an absorption-desorption equilibrium for Orange G and dissolved
oxygen on the surface of the catalyst.

Photophysical and photochemical properties

Fluorescence quantum (®,) yield was determined by compar-
ing the integrated intensity of the BODIPY dye and that of a known
standard using the comparative method.l'”? Rhodamine 6G was em-
ployed as a standard in this study with (@, = 0.94 in ethanol).l" The
singlet oxygen quantum yield (®,) value of BODIPY 1 was studied
through a comparative method by monitoring the photo-oxidation
of 1,3-diphenylisobenzofuran (DPBF) at different time intervals
with Rose Bengal used as the standard (®, = 0.76 in ethanol).["”]
Studies to determine the @, value of the BODIPY dye embedded PS
nanofibers were carried out using the direct chemical method due
to a lack of suitable standards. The studies were performed in aque-
ous solution using ADMA as a chemical quencher; the modified
fibers were suspended in the aqueous solution of ADMA. The quan-
tum yield (@, .. ) was first calculated using Eq. (1):*!

Qo = (Co —C) 'V, /IAbs.t’ (M
where C; and C, are ADMA concentrations before and after irradia-
tions, V, is the solution volume; t represents irradiation time per
cycle and 1, is defined by Eq. (2):

I, = (@AD)/N,, @

where 0.=1—10"® and A(}) is the absorbance value of the sensitiz-
er at the irradiation wavelength, A is the irradiated area (2.5 cm?), 7
is light intensity (3.32-10" photons-cm™s™") and N, is Avogadro’s
constant. Singlet oxygen calculations were carried out by using Eq.
3):

VD, = (/D) + (1/D,)-(K/K) (1/[ADMA]), 3)

where K denotes the rate constant for the reaction of ADMA with
'0,, and K represents the decay constant of singlet oxygen. The @,
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value is obtained from the intercept of the plot of 1/®,  against
1/[ADMA]. In Eq. (2) the absorbance value used is that
of the BODIPY modified nanofibers and this was measured by plac-
ing the fibers on a glass slide. Since some of the incident light
is expected to be scattered, the @, value of BODIPY dyes in the fiber
should be viewed only as an estimate.

Results and Discussion

Optical spectroscopy of BODIPY 1
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Figure 2. UV-Visible absorption spectrum of BODIPY 1
in DMSO.

The ground state electronic absorption spec-
tra of BODIPY 1 in DMSO has an intense band at 532
nm (Figure 2), about 30 nm to the red of where the main
BODIPY spectral band normally lies due to the bromina-
tion at the 2,6-positions.!'?!] The bands at 329 and 344 nm
in the UV region are associated with the meso-pyrenyl ring.
When BODIPY 1 was embedded in electrospun PS nanofib-
ers at dye loadings of 10 and 15 mg, the solid state absorption
spectra shown in Figure 3 were obtained. There is significant
broadening due to aggregation, which is more pronounced
in the fibers prepared with 15 mg of dye.

Characterization of the electrospun nanofibers

Electrospinning has proven to be a versatile and cost
effective method for producing long continuous nanofib-
ers with diameters ranging from several micrometers down
to a few nanometers.!”? Study of the morphology and diameter
of the electrospun nanofibers was done by using SEM (Fig-
ure 4). Prior to functionalisation, studies were done to op-
timize the parameters using polymer solutions of varying
concentrations. SEM images revealed fibers with junctions
and beads at lower polymer concentration. To obtain uniform
continuous fibers with no beads and junctions, electrospin-
ning parameters such as viscosity of the polymer solution,
flow rate, voltage and the TCD were carefully optimized
(20 wt % polymer, flow rate 0.1 mL-h™!, 20 kV, 13 cm). Al-
though fiber diameters were relatively similar due to elec-
trospinning under similar conditions, there was a noticeable
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Figure 3. Solid state UV-Visible absorption spectra of BODIPY 1
embedded PS nanofibers with different dye loadings.

increase for fibers containing a 15 mg loading of BODIPY
1 (2.2 um) as opposed to 10 mg (1.9 pm). Since polysty-
rene is an aromatic polymer, there is scope for enhanced n-nt
stacking and hydrophobic interactions between the pyrene
ring of BODIPY 1 and the aromatic region of polystyrene.
EDX data were obtained to determine the chemical composi-
tion of the fibers produced and was expected to indicate suc-
cessful incorporation of BODIPY dyes into the fiber matrix.
The EDX spectra of the functionalised and unfunctionalized
fibers shown in Figure 5 confirm the presence of BODIPY
1, since Br, B and F are present in the spectrum of the func-
tionalized fiber.

Frequency
= a2 NN
o [6)] o [6)] o (6)]
L I 1 1 1 ]

05 1 15 2 25 3 35
Width (um)

Frequency
= o NN
[6)] o (6)] o o

(o)

15 7. 2.5 3 3.5
Width (um)

T. Nyokong, J. Mack, et al.

Photophysical properties

The @, value for BODIPY 1 was found to be 0.05
in DMSO, which is relatively low, as would be anticipated
since the heavy atom effect of halogen atoms at the 2,6-posi-
tions enhances intersystem crossing to the triplet state. The
®, value was determined to be 0.86 by using a comparative
method with DPBF as a 'O, scavenger, Figure 6. The absence
of significant spectral changes for the main BODIPY spectral
band in the 500—555 nm range is an indication that BODIPY
1 exhibits high photostability and is resistant to photobleach-
ing, Figure 6. Since the role of 'O, in photocatalytic deg-
radation is of great significance, there is a need to deter-
mine the @, value of the modified fibers which are to be
used for the photocatalytic studies in aqueous media. This
was accomplished in buffered solution (pH 6.7), with ADMA
used as the 'O, scavenger, Figure 7. Prior to irradiation, 20
mg of the modified fibers was submerged in an aqueous solu-
tion of ADMA and irradiated for 180 s, Figure 7. The deg-
radation of ADMA was monitored at 380 nm. The ®, value
of the BODIPY 1 embedded PS nanofibers was estimated
to be 0.25. This demonstrates that BODIPY 1 maintains its
singlet oxygen production properties in the fibers making
the modified fibers suitable for photocatalytic degradation.

Photodegradation of Orange G

The modified fibers with a 10 mg loading of BODIPY 1
were evaluated spectroscopically for photocatalytic efficien-
cy by monitoring the degradation of Orange G after irradia-
tions with a Thorlabs 530 nm mounted LED at five minutes
intervals, Figure 8, since its output closely matches the wave-
length range of the main absorption band of BODIPY 1 at
532 nm, Figure 2. Upon irradiation, there was an observed

Figure 4. SEM micrograph of the functionalized nanofiber mats (a) 10 mg and (b) 15 mg of BODIPY 1.
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Figure 5. EDX spectra of (a) unfunctionalized PS nanofibers and (b) BODIPY 1 embedded PS nanofiber mats.
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Figure 6. Photocatalytic degradation of DPBF (A =410 nm)
in ethanol by 1 (A =532 nm) at 30 s intervals.

decrease in the intensity of the absorption band of Orange
G spectra at 478 nm as shown in Figure 8. Previous studies
show that amongst others, the reactions that occur during Or-
ange G photolysis include hydroxylation of the aryl group,
desulfonation and the oxidative cleavage of an azo group.?”
No spectral changes were observed when unmodified PS
nanofibers were used for Orange G photocatalysis, and this
demonstrates that the fiber alone has no catalytic contribution
and hence only functions as a support system for the photo-
sensitizer. The rate of Orange G photodegradation versus ir-
radiation time was monitored as shown in Figure 9. Kinetic
data are listed in Table 1. When In(C,/C) was plotted against
irradiation time at the following concentrations; (i) 4.1-1073,
(ii) 6.4-107, (iii) 9.3-107%, and (iv) 11.8-107° (Figure 9), lin-
ear plots were obtained. This provides an indication that
the reaction follows approximately pseudo-first order kinet-
ics with respect to Orange G and fits the equation given by:
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the photolysis of ADMA in an aqueous solution for 150 s
with 25 mg of a BODIPY 1 embedded PS nanofiber
suspended in solution. The initial concentration of ADMA
was 5.2:107° mol-L™".

k,. =In(C,— C), 4
where C, is the initial concentration, and C, is the concen-
tration at a time t. The £ value is the observed reaction
rate constant, which is obtained from the slope of the line
in the plot of In(C/C) versus t (Figure 9). The decrease
in concentration associated with this can be related at any
given time by the photodegradation percentage (1) using
the following relationship:

n=(1-C/C)-100. ()

When the nanofibers were reused, an enhancement
in the initial rate of photodegradation was observed over the en-
tire range of concentrations studied (Figure 10A). The percent-
age of degradation after 30 min was found to increase signifi-
cantly with the initial Orange G concentration [OG] (Table 1)
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Figure 8. UV-Visible absorption changes measured at 5 min
intervals during the photocatalysis of Orange G with a 530 nm
LED using 20 mg of BODIPY 1 PS nanofibers at pH 6.7.
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Figure 9. Plots for the photodegradation of Orange G; (i) 4.1-107,
(ii) 6.4-1075, (iii) 9.3-107°, and (iv) 11.8-107 mol L using
BODIPY 1 PS nanofibers.
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and half-life (t) values range from 28 min at the highest con-
centration studied to 124 min at the lowest one for the reused
fibers. When the inverse of the initial rate was plotted against
the inverse of the initial concentration (Figure 10B), non-linear
plots were obtained, so the photodegradation of Orange G does
not follow the Langmuir-Hinshelwood kinetic model in con-
trast with some other recent studies.®>* It was therefore not pos-
sible to derive the apparent adsorption constant for Orange G
on the PS nanofiber surface. The modified fibers were removed
from solution after consecutive studies and were covered in alu-
minum foil for several days so their reusability could be assessed
and the rate of degradation was found to be enhanced (Figure 10
and Table 1). The photodegradation of Orange G is known to be
greatly influenced by the pH of the aqueous media.* Degrada-
tion studies were conducted at pH 3.0, 4.0, 6.7, 10.0 and 11.0.
A plot of percentage degradation against pH (Figure 11) shows
that the dye degrades more quickly at basic pH than at acidic
pH over the same time intervals, and that the rate of degradation
reaches a maximum at pH 6.7.

Conclusions

This study has demonstrated that BODIPY embedded
nanofiber mats are potentially useful for water purification.
BODIPY 1 was found to have an unusually high singlet oxy-
gen quantum yield in ethanol solution. The use of ADMA as
a singlet oxygen scavenger demonstrates that the photosen-
sitizer properties of the dye are retained when it is embedded
in PS nanofibers and immersed in water. The photodegrada-
tion properties of the nanofibers for Orange G were tested,
since it is a relatively common wastewater pollutant. Pseu-
do-first order kinetics are observed, but the initial rates did
not follow the Langmuir-Hinshelwood model. Somewhat
enhanced photodegradation rates (k) were obtained during
reusability studies. The pH dependence of Orange G was ex-
amined, and this shows that the percentage of degradation
decreases at acidic and basic pH and reaches a maximum
at neutral pH. Since 2,6-halogented BODIPY chromophores
absorb strongly in the 500—550 nm region where phthalocya-
nines absorb weakly, embedding both dyes into nanofibers
can be expected to result in enhanced rates of degradation if
a white light source, such as solar energy, is used.

Table 1. Photodegradation kinetics data for the BODIPY 1 embedded PS nanofibers.

[0G] Initial rate (r,) Half life (t,) Degradation % (1) k.
(107 mol-L™) (107 mol-L™"*min™") (min) (% at 30 min) (10 min™)
first use of nanofibers
4.1 1.84 154.0 13.7 4.5
6.4 391 113.6 26.5 6.1
9.3 8.79 73.0 28.9 9.5
11.8 13.1 62.4 31.9 11.1
reuse of nanofibers
3.3 1.86 123.8 14.9 5.6
6.2 7.30 59.2 32.7 11.7
9.0 14.3 43.6 38.6 159
11.8 29.8 27.5 54.8 25.2
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Figure 10. (A) The initial rate of photodegradation of Orange G versus initial concentration during the initial consecutive use of BODIPY
1 embedded PS nanofibers as catalysts in water (diamonds) and their subsequent reuse (squares). (B) The inverse of the initial rate of
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Figure 11. Effect of pH on the percentage of degradation
of Orange G with a 530 nm LED (Orange G 1.5-107* mol'-L),
catalyst nanofibers 25 mg, time of irradiation 3 h).
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