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Introduction

The significantly increased interest in research and develop-
ment of photochemistry has been driven by the fact that
visible light is harnessed to initiate reactions and catalysis;
novel photocatalysts/photosensitizers are rapidly being de-
veloped. This has promoted process innovations of synthe-
sizing chemicals and pharmaceutical intermediates from
unimolecular or radical chain reactions1–7 to dual catalytic,
bi- andmulti-molecular transformations.8–15Photosensitizer/
photocatalyst plays a critical role in this synthesis, somuch so,
that the advancement of heterogeneous photocatalysis
(HPCat) has been described as one of the greatest challenges
andopportunitieswithinphotochemistry.16Onequestion that
remains to be answered is how durable a photosensitizer/
photocatalyst can be, which is the focus of this article. In this

work, anHPCat photosensitizer, polymer-supported rose Ben-
gal (Ps-RB) beads, is tested for its durability in a model photo-
oxidation reaction between α-terpinene and singlet oxygen
(1O2). A novel batch oscillatory baffled photo reactor (OBPR) is
used because of its excellent capabilities of suspending solids
and enabling uniform light distribution.

Reaction Scheme and Experimental Setup

Reaction Scheme
The photo-oxidation reaction is thewell-knownDiels–Alder-
type reaction as shown in►Fig. 1with Ps-RB porous beads as
the heterogeneous photosensitizer. Photo absorption (þhν)
by the Ps-RB chromophore under light irradiation is the first
step of the reaction, which promotes an electron to a higher
order singlet electronic excited state (1[Ps-RB]�). The next
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Abstract With the rapid development of novel photosensitizers/photocatalysts, photochemical
transformation has become possible and practical. In this context, we report for the
first time our work on testing and quantifying the durability and robustness of a
heterogeneous photosensitizer, polymer-supported rose Bengal (Ps-RB) beads, in a
model photo-oxidation reaction between α-terpinene and singlet oxygen (1O2). A
novel photo reactor is used due to its capabilities of providing uniform suspensions of
solid beads and uniform light distribution. We have proposed a methodology for
quantifying the durability of the beads including the factors of loss of beads and the
reduced product concentration. The results show that the durability of the Ps-RB
beads has decreased by about 67% after five consecutive runs, and the half-life of the
beads can be reached in less than 200minutes. In addition, we have also identified the
optimal bead mass in the novel photo reactor. Our work not only enriches the designs
of new and better photosensitizers but also provides a comprehensive methodology
for testing and validating photosensitizers.
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step is to convert 1[Ps-RB]� to a triplet excited state (3[Ps-RB]�)
via intersystem crossing (ISC), through which energy transfer
from 3[Ps-RB]� to ground state triplet molecular oxygen (3O2)
occurs and produces 1O2, at the same time 3[Ps-RB]� returns to
its initial ground state (Ps-RB) via triplet–triplet annihilation
(TTA). 1O2 readily reacts with α-terpinene in solution to yield
ascaridole, in parallel 1O2 spontaneously decomposes to 3O2

via nonradiative decay through vibronic energy transfer with
solventmolecules (►Fig. 1). 1O2 exists as a gas but is dissolved
in the reactionmixtureor solvent,17 chloroform (CHCl3) in this
work, as it provides the longest 1O2 lifetime of all common,
nondeuterated laboratory solvents.18

Heterogeneous photosensitizers are generally composed of
organic dyes bearing a (hetero)aromatic core, e.g., rose Bengal
(RB). Because RB suffers from extensive photobleaching/
degradation under prolonged irradiation, the leaching is usu-
ally difficult to be removed from reaction effluents19,20;
modifications in synthesis have led to various robust solid
photosensitizers. In this work, Ps-RB porous beads are the
photosensitizers and have high absorption coefficients in the
visible spectral region with its optimal light wavelength of
530nm.21 The beads are stable after photosensitization.

Materials
All reagents and solvents were used as received without
further purification unless otherwise stated. All organic
solvents were sourced from Fisher Scientific at SLR grade;
α-terpinene was purchased from the Division of Tokyo
Chemical Industry (> 90% purity); RB disodium salt from
Alfa Aesar; and chloromethyl polystyrene resins (Ps-CH2Cl,
0.92mmol/g w.r.t. CH2Cl loading, 100–200mesh) fromRapp-
Polymere Gmbh.

Ps-RB beads
Ps-RB beads were synthesized and characterized by our
colleagues in the chemistry department according to known
literature methods, illustrated in ►Fig. 2.22,23 The loading of
RB on the polymer support was assessed by hydrolysis and
ultraviolet-visible light absorbance (UV-Vis) spectroscopy,

according to the procedure. A sample of the crushed Ps-RB
material (20mg) was added to a vial equipped with a
magnetic stirrer bar. Tetrabutylammonium hydroxide solu-
tion approximately 1mol/L in MeOH (3mL) and 1,4-dioxane
(10mL) were added to the vial. The vial was sealed and
stirred magnetically for 24 hours at room temperature. The
reaction mixture was then filtered through a sintered glass
funnel, and the resins were washed with MeOH until no
visible color appeared in the filtering solvent.

The filtrate was transferred into a volumetric flask and
diluted to 100mL with MeOH. The final solvent ratio of the
solution was 87:10:3 (MeOH/1,4-dioxane/TBAOH solution).
The solution was too concentrated for UV-Vis analysis, so a
1mL portion of this solution was transferred to a 50mL
volumetric flask and diluted with the same MeOH/1,4-diox-
ane/TBAOH (87:10:3) solution. From the UV-Vis absorption
spectrum of the solution, the amount of free RB was deter-
mined, using the molar attenuation coefficient (ε¼78,028
�1,291 Lmol�1 cm�1 at 556 nm) from the literature for RB in
the same solvent mixture. The measured maximum absor-
bance of the solution was recorded as 0.117 a.u., indicating
that 7.5�10�3 mmol of RB had been liberated from the
polymer sample. This equates to aminimum loading of RB on
the Ps-RB material of 0.38�0.006mmol g�1.

Characterization of the Beads
Our colleagues in the chemistry department analyzed the
polymer resins using UV-Vis and Fourier-transform infrared
spectroscopy (FTIR). Solution-state UV-Vis spectra were
recorded on a Shimadzu UV-2550 systemwith 10mm quartz
cuvettes. Solid-state UV-Vis spectra were registered on a
PerkinElmer Lambda 25 system using a Labsphere RSA-PE-
20 reflectance spectroscopy integration sphere. FTIR spectra
were read on a PerkinElmer Spectrum 100 FTIR Spectrometer.

Reactor Setup
According to the Beer–Lambert–Bouguer Law, it is essential
to have a reactor with a high specific surface area (m2m�3) to
achieve efficient and complete irradiation to reaction media.

Fig. 1 Reaction scheme of 1O2 photosensitization by Ps-RB and subsequent photooxidation of α-terpinene to produce ascaridole. NRP,
non-radiative decay; 1O2, singlet oxygen; Ps-RB, polymer-supported rose Bengal.
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Due to the high specific surface areas of both the continuous
oscillatory baffled reactor and the batch oscillatory baffled
reactor, planting light-emitting diodes (LEDs) evenly on the
surfaces of orifice baffles enables its length scale to be
comparable to the photon penetration depth. The OBPR
consists of a glass column of 50mm in diameter and
480mm in height as shown in ►Fig. 3. The volume of the
reactor is 600mL, with a working volume of 500mL. Orifice
baffles have an outer diameter of 46mm, a hole diameter of
26mm, and a baffle spacing of 60mm. A set comprises three
orifice baffles, each baffle has six evenly spaced green LEDs
(Cree 5-mm Round LEDs) planted on the lower surface (can

also be both sides), as shown in ►Fig. 3, to provide light. The
wavelength and light intensity of the green LEDs are 530nm
and 0.756 watts, respectively. An air sparger is located at the
base of the OBPR for introducing air at a controlled rate.

Analytic Method
Samples were taken regularly from the OBPR and analyzed
using proton nuclear magnetic resonance (1H NMR) to
determine the composition/concentration of the mixture.
The procedure of treating sampleswas performed as follows:

• Each 2mL sample containing CHCl3þα-terpineneþ
ascaridolewas injected into a dark vial to stop the reaction
(reaction stops when light is off).

• The sample was placed into a round bottom flask and the
solvent (CHCl3) was removed under reduced pressure on a
rotary evaporator (40°C, 365 mbar for approximately
5minutes).

• The oily residue was dissolved in 0.5mL of deuterated
chloroform (CDCl3) and a 1H NMRwas obtained (300MHz
Bruker AVIII spectrometer).

• Peaks in the region between 6.70 and 5.40 ppmwere used
to determine the conversion of α-terpinene and the
appearance of ascaridole.

►Fig. 4 is a typical 1H NMR spectra in chloroform-d,
showing the alkenyl proton resonances of α-terpinene as a
multiplet at 5.61ppm, and ascaridole as a doublet of doublets
centered at 6.45ppm, which are consistent with previous
reports.24 The resonance signals count for two alkenyl pro-
tons of the respective molecules, and as the reaction stoichi-
ometry is in a 1:1 ratio, the integrals of these signals are
directly proportional to the relative concentrations of the
two species.

Results and Discussion

Based on previous works in a microchannel reactor,25–27

390mL CHCl3 was mixed with 8.47mL of α-terpinene in
the OBPR in the presence of Ps-RB beads. Oscillation fre-
quency and amplitude were switched on once all chemicals
were charged into the OBPR, the reactionwas initiatedwhen
LEDs were turned on, and the duration of the reaction was
120minutes.

Fig. 2 Reaction scheme for the synthesis of Ps-RB (courtesy of Christopher Thomson).

Fig. 3 The schematic of OBPR reactor and orifice baffles with LEDs.
OBPR, oscillatory baffled photo reactor.
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Fig. 4 Stacked 1H NMR spectra for monitoring the conversion of the two alkenyl protons of α-terpinene to ascaridole at an interval of 20minutes
in the OBPR. Photo-oxidation conditions: mass of Ps-RB¼ 800mg, irradiation wavelength¼ 530 nm, oscillation frequency¼ 2.5 Hz,
oscillation amplitude¼ 24mm, air flow rate¼ 172.5mL min�1. OBPR, oscillatory baffled photo reactor.

Table 1 Experimental conditions (irradiation wavelength¼530nm, oscillation frequency¼2.5Hz, oscillation amplitude¼ 24mm)

Run number 1 2 3 4 5

Mass of dry beads recovered (mg) 800 690 610 440 370

% Reduction in mass between each run 13.75 11.60 27.87 15.90

Mass of beads used for PSD analysis (mg) 20 20 20 20 20

Mass of beads used for subsequent run (mg) 800 670 590 420 350

Volume of CHCl3 (mL) 390.00 326.63 287.63 204.75 170.63

Volume of α-terpinene (mL) 8.47 7.09 6.25 4.45 3.71

Total liquid volume (mL) 398.47 333.72 293.87 209.20 174.33

Aeration rate (mL min�1) 172.5 144 127 91 75

VVM 0.43 0.43 0.43 0.43 0.43

Ratio of α-terpinene/CHCl3 0.022 0.022 0.022 0.022 0.022

Ratio of bead mass/α-terpinene (mg mL�1) 94.45 94.50 94.40 94.38 94.34

Ratio of bead mass/liquid volume (mg mL�1) 2.008 2.008 2.008 2.008 2.008

D10 (μm) 106 116 118 205 187

D50 (μm) 148 164 174 1050 1290

D90 (μm) 202 229 1660 2350 2450

Abbreviations: PSD, particle size distribution; VVM, volume of air per volume of liquid per minute.
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The durability of Ps-RB beads was tested by carrying out
the same experiment five times over 5 separate days. Before
the first test, the particle size distribution (PSD) and micro-
scopic images of the Ps-RB beads were analyzed in aMalvern
sizer and amicroscope, respectively. After the end of the first
test, the beads were recovered using 10µm Whatman filter
paper, washed using chloroform, and dried overnight. The
weight, the PSD, and microscopic images of the used beads
were obtained before these were reused in the second run at
a reduced liquid volume/composition/air flow rate based on
the conditions in Run 1. In doing so, the ratios of α-terpinene

over CHCl3, bead mass over α-terpinene, bead mass over the
total liquid volume, and VVM (volume of air per volume of
liquid per minute) were kept unchanged. This format was
repeated in the subsequent runs and the experimental
conditions are summarized in ►Table 1.

We see from ►Table 1 that the mass of the beads de-
creased after each run, due to likely wearing/tearing and
fractionation when beads collide with the walls, baffles, and
themselves in the OBPR under fluid oscillation.►Fig. 5 com-
piles themicroscopic images and the PSD of the beads before
each run; the beadswere discrete and of spherical in shape in

Fig. 5 Microscopic images and PSD of beads for each run. Experimental conditions: irradiation wavelength¼ 530 nm, oscillation frequency
¼ 2.5 Hz, oscillation amplitude¼ 24mm. PSD, particle size distribution.
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Run 1 with well-defined PSD, broke up gradually, and
agglomerated in the subsequent runs; these are shown as
the broader and bimodal PSDs in ►Fig. 5, as well as the
skewed large particle sizes in D90 in►Table 1. The size shifted
to the right (becomes bigger) due to the swelling of the
beads; the bimodal PSDs are directly related to fractionations
of beads and agglomerations of broken pieces with beads.

The results of the durability tests are given in ►Fig. 6,
demonstrating the gradual and continuous reduction of ascar-
idolewith the increased usage of the Ps-RB.Wehave validated
in our previous work28 that singlet oxygen is in excess in the
given experimental conditions, where the second-order reac-
tion of 1O2þα-terpinene ascaridole is then reduced to a
pseudo-first-order reaction of α-terpinene ascaridole.
By plotting In(CαT0/CαT) versus time for each run, approximate
straight lines can be seen in ►Fig. 7, confirming the pseudo-
first-order kinetics, where CαT and CαT0 are the concentrations
of α-terpinene at time t and time t¼0 (mol L�1), respectively.

The rate constants are the slopes and are summarized
in ►Table 2.

To assess the durability of the beads, we must consider
two aspects: (1) the loss of beads after each run, which leads
to the reduction of active specific surface area (m2 m�3); (2)
the reduced product (ascaridole) concentration as shown
in ►Fig. 6, which is related to the reduced rate constant. The
durability of beads (photosensitizer) can thus be defined as
Equation (1).

When there is no loss of beads, the specific surface area
would be the same for Run 1 and Run 2 for instance, sowould
be the rate constant, and the durability would then be 100%.
The durability for each run is included in ►Table 2; we see
that the durability of the beads has reduced by 2/3 after five
consecutive runs.

Taking the analogy to the half-life of the catalyst, the half-
life of the beads’ durability can then be defined as the amount
of timeneeded for themaximumconcentrationofα-terpinene
(0.13mol/L) to decreasebyhalf, which for a pseudo-first-order
reaction is expressed as t1/2¼ ln2/krun1¼198minutes.

The effect of the mass of Ps-RB beads on the consumption
of α-terpinene and the generation of ascaridole was also
investigated using three mass loadings of 400, 800, and
1,600mg, respectively, as shown in ►Fig. 6 at fixed oscilla-
tion conditions, light wavelength, and intensity. We see that
the ascaridole concentration was very low at a loading of
400mg of the beads, indicating insufficient surface areas for
photo absorption. On the other hand, there were too many
beads in the OBPR at 1,600mg and the overlaps of beads
blocked the light penetration, leading to reduced activities
for photo absorption. It seems that the loading of 800mg of
beads was the optimal amount for the OBPR, leading to
enhanced exchanging energy available via the Type II reac-
tion mechanism.29 When photons of the correct wavelength
(<600 nm) irradiate the photosensitizer material (Ps-RB),
the supported RB chromophore is electronically excited and
converts to a triplet state via ISC, which enables it to undergo
an energy transfer, a TTA process with oxygen to produce
singlet oxygen.30,31 The lifetime of singlet oxygen depends
on temperature and solvent environment as vibronic energy
transfer with solvent is a competitive, nonproductive process

Fig. 6 Durability test of Ps-RB beads after repeated use for conversion
of α-terpinene to ascaridole (irradiation wavelength¼ 530 nm, oscil-
lation frequency¼ 2.5 Hz, oscillation amplitude¼ 24mm).

Fig. 7 The pseudo-first-order kinetics fit.

Table 2 First order rate constants for each run

Run
number

k (min�1) Dry bead
mass (mg)

Durability (%)

1 0.0035 800 100

2 0.0023 690 56.68

3 0.0018 610 39.21

4 0.0020 440 31.43

5 0.0025 370 33.04
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which returns 1O2 to its ground state, 3O2.
32 Due to the

energy barrier (94 kJ/mol), 3O2 molecules cannot directly
be excited to 1O2 due to it being a forbidden electronic
transition by spin selection rules and therefore requires a
triplet photosensitizer to enable the TTA energy transfer
mechanism.33 As a result, the optimal amount of photosen-
sitizer presents a higher concentration of triplet excited
states that can produce 1O2.34 In this work, 800mg was
identified as the optimal mass of beads in the OBPR under
the experimental conditions investigated.

Conclusion

In this article, we have presented, for the first time, the
results of the durability tests of Ps-RB beads in the reaction
between α-terpinene and singlet oxygen. By recovering and
reusing the beads in appropriate ratios in subsequent runs,
we discovered that the mass of the beads decreased, the
beads broke down and agglomerated as the usage of the
beads increased. Based on the pseudo-first-order kinetics,
the rate constants were evaluated for each run.We have then
proposed a methodology for assessing the durability of the
beads taking into consideration both the loss of bead mass
and the reduced rate constant. Our data indicate that the
durability was reduced by two-thirds after five consecutive
runs, the half-life of the durability was estimated and can be
reached at less than 200minutes. Finally, we have also
identified the optimal mass of the beads in the OBPR.

Note
Cα-T: concentration of α-Terpinene at time¼ t (mol L�1).
Cα-T0: concentration of α-Terpinene at time¼0 (mol L�1).
f: oscillation frequency (Hz).
xo: oscillatory center-to-peak amplitude (m).
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