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bstract

An annular flow photochemical reactor illuminated by UV and green (524 nm) light emitting diodes (LEDs) was characterised by a chemical
ctinometer. Very high efficiency of absorption of photons, most likely promoted by the specific orientation of LED elements in the reactor, was
alculated based on the measured actinometry results. Generation of singlet oxygen mediated by nanoporous silicon under illumination by Ar+
aser, UV and green LEDs was demonstrated by indirect measurement of suppression of porous Si photoluminescence, and by direct measurements
f singlet oxygen luminescence. The efficiency of reactor in singlet oxygen mediated reactions was tested using reaction of decomposition of
iphenylbenzofuran. Estimated quantum yield of chemical reaction is about 34%.

2007 Elsevier B.V. All rights reserved.

roces

c
T
o
H
t
d
a
s
r
b
t
a
s

eywords: Nanoporous silicon; Singlet oxygen; Photochemistry; Continuous p

. Introduction

Activation of chemical bonds by light is one of the less-
xploited strands of green chemical technologies. It offers
elective transformations of functional groups in complex
olecules and has proven applications in photo destruction of

ollutants. Only a small number of photochemical or photo-
atalytic processes have been commercialised on a large scale.
his is mainly due to (i) inefficiency of light delivery, i.e., light
cattering by solvents and particulates, (ii) poor scaleability due
o high energy consumption, difficulties with light absorption,
ydrodynamics and mass transfer limitations on a large scale,
nd finally (iii) high cost of delivery of molar quantities of
hotons [1]. These problems are common to major areas of pho-

omediated processes, namely destruction of airborne pollutants,
athogens, removal of organic or metal salts water contaminants,
nd synthetic photochemical processes.
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A number of innovative approaches to photochemical pro-
esses, which address these main problems, have been proposed.
hese approaches include: heterogenising photocatalysts, use
f new types of light sources and transition to microreactors.
eterogenising photocatalysts avoids the problems of light scat-

ering on nanosized catalyst particles, enables more efficient
elivery of light per specific surface area (m2 m−3) of a reactor
nd, more significantly, avoids expensive downstream catalyst
eparation, which may account for the majority of the process
unning costs. A number of heterogenisation approaches have
een suggested. These included deposition of photocatalysts on
ubular reactor walls [2], membranes [3] or other supports such
s monoliths [4], structural packing [5], or directly onto light
ources such as side scattering optical fibres [6,7] or packaged
ight emitting diodes [8].

The use of narrow monolith channels [9] or microreactors
10–14] improves mass transfer, especially in the liquid phase
pplications, and considerably increases the specific illuminated

rea. Separation of total flow into narrow channels also simplifies
cale-up, which in this case is achieved by numbering up of
arallel tubes. This was recently demonstrated using a simplified
odel of a continuous photoreactor [15].

mailto:A.Lapkin@bath.ac.uk
dx.doi.org/10.1016/j.cej.2007.04.013
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An area of increasing interest in photochemical processes is
he use of light emitting diodes (LEDs) as light sources instead of
onventional mercury, deuterium or xenon lamps [8,10,16,17].
ith the rapidly decreasing cost of LEDs due to developments in

ovel materials and mass marketing opportunities of solid state
ighting, application of high-power light emitting diodes and
asers in chemical engineering becomes economically viable.
wo potentially very significant applications of LEDs in process
hemistry stem from their relatively narrow range of emission
avelengths. This should allow selective activation of specific
onds [18] and new control applications, i.e. real time pro-
ess optimisation aided by fast in situ chemical optical sensing,
nd self-regulating processes. Although there are already sev-
ral reports and patents in the public domain on the application
f LEDs in photochemistry/photocatalysis, there is no detailed
ata on their power conversion efficiency. It is addressed in the
resent paper.

Recently, a very efficient generation of singlet oxygen (1O2)
ue to energy transfer from excitons photoexcited in a wide vis-
ble range and confined in silicon nanocrystals forming porous
i (PSi) layers was reported [19–21]. This system has a highly
eveloped surface accessible to oxygen molecules, size-tuneable
nergy of electronic excitations (excitons) and a very long radia-
ive lifetime. These factors are favourable for achieving a high
fficiency of the energy transfer from photoexcited excitons to
xygen molecules. The quantum efficiency of Si nanocrystals as
ensitizer of singlet oxygen at room temperature is ca. 0.9 [19],
hich is higher than that of Rose Bengal (0.86) [1], the best
nown singlet oxygen sensitizer until now. This discovery may
ead to a rapid development of efficient processes utilising singlet
xygen, for which a very large number of reactions have already
een studied [22]. One of the first reported reactions of sin-
let oxygen generated by photoexcited nanocrystalline silicon
s degradation of 1,3-diphenylisobenzofuran (DPBF) [21,23].
he latter is known to be highly reactive with singlet oxygen
xclusively via chemical quenching [24]. Earlier reports on the

egradation of DPBF by singlet oxygen generated by photoex-
ited PSi used very expensive silicon materials prepared by
lectrochemical etching of (1 0 0) oriented Si wafers. Current
tudy reports the development of a practical semi-continuous

m
p
i

Fig. 1. Schematic diagram of photochemical flo
ing Journal 136 (2008) 331–336

aboratory scale reactor with green and UV light emitting diodes
s light sources, and using nanocrystalline silicon obtained by
cheap and readily scaleable wet chemical etching method

rom metallurgical grade Si powder. This paper uses the model
eaction of degradation of 1,3-diphenylisobenzofuran and liquid
errioxalate actinometer to characterise the efficiency of reactor
llumination and proof-of-concept calculations on the feasibility
f photochemical reactions in the system with 524 nm LEDs and
orous silicon.

. Experimental

Green and UV LEDs were purchased from Farnell (USA).
reen LEDs were assembled into four strips of 24 diodes each.
ach strip could be controlled separately. The UV LEDs were
ssembled into a strip of 50 surface mounted chips. The green
ED strips were mounted onto a dark plastic case, providing a
5 cm long illumination zone, surrounding a thermostated glass
nnular flow reactor with a 1.5 mm thickness of annular space
nd 9.5 ml total reaction volume. In the case of UV LEDs, a
ingle strip was placed inside the quartz reactor. LEDs were pow-
red using a 60 V power supply via Supertex CL2 LED drivers.
he experimental set-up is shown schematically in Fig. 1, which
lso gives details of the design of the glass and quartz flow reac-
ors. Gases (N2, O2) flow rates were controlled by Bronkhorst

ass flow controllers. A gear pump was used for the liquid flow.
iquid and gas were mixed in a t-piece at the inlet into the reac-

or and directed upwards, establishing slug annular flow. The
emperature of the glass reactor was maintained by circulating
hermostated water through the inner reactor tube, whereas in
he case of the quartz reactor, the outer jacket was used for heat
ransfer. A solution of reactants and porous silicon particles in
he liquid reservoir was continuously stirred during the reaction.
he gas vent line from the reservoir (gas-liquid separator) was
quipped with a heat exchanger, kept at about 5 ◦C to reduce
olvent loss.
Porous Si (PSi) powder was prepared by stain etching of
etallurgical grade polycrystalline Si powder, having a mean

article size about 4 �m. The aluminum-doped Si powder was
mmersed in an aqueous hydrofluoric acid solution, then HNO3

w reactor utilising LEDs for illumination.
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extinction coefficient of solution obtained from calibration
(dm3 mol−1 cm−1), and Θλ is the quantum yield of actinometer
at given excitation wavelength, l is the cuvette path length (cm)
A.A. Lapkin et al. / Chemical Eng

as added gradually until the ratio of used chemicals was ca.
0:4:1 of H2O:HF:HNO3. Depending on the desired size dis-
ribution of Si nanocrystals assemblies, the etching process was
erminated when the initially metallic colour of the powder had
hanged to brown-yellow, and an efficient redorange photolumi-
escence was seen under illumination by ultraviolet (UV) light.
his photoluminescence is due to radiative recombination of
hotoexcited electron–hole pairs (excitons) geometrically con-
ned in Si particles. This ensures that the size of formed Si
anocrystals, assembling porous grains, is in the nanometre
ange [22]. To obtain a highly reactive hydrogen-terminated PSi
urface all the HNO3 needs to be consumed from the etch-
ng solution, which is achieved by having an excess of HF.
he obtained PSi powder was hydrophobic and was collected
nd dried in ambient air or in vacuum at around 40–70 ◦C.
his yielded a mean pore size distribution, as estimated by

he Barrett–Joyner–Halenda (BJH) method, of approximately
–5 nm.

Actinometry was measured following the Hatchard–Parker
rocedure [25]. The ferrioxalate actinometer is sensitive
etween 577 and 253 nm and the quantum yield of Fe2+ at green
ight irradiation (measured peak intensity at 524 nm), estimated
rom the original Hatchard and Parker data by interpolation, is
a. ΘFe2+ = 0.58. The intensity of two (48 LEDs) and four (96
EDs) green LED strips was measured under flow conditions

liquid circulation around the reactor).
Generation of singlet oxygen in the continuous photochem-

cal reactor was detected directly by photoluminescence (PL)
rom singlet oxygen and indirectly by quenching of the PSi lumi-
escence. PSi (0.2 wt.%) with a mean particle size of ca. 4 �m
nd specific surface area of ca. 200 m2 g−1 solution in CCl4
as used. An Ar+ laser (488 nm, intensity about 1 W cm−2),

our green LED strips (524 nm, intensity about 10 mW cm−2)
lluminating a glass reactor, one UV-LED strip inside a quartz
eactor and a 3-chip UV LED element illuminating the quartz
eactor were used to excite PSi particles. PL spectra in the visi-
le range were measured using a spectrometer equipped with a
ated charge-coupled device. All spectra were normalised and
orrected to the sensitivity of the detection system.

Photo-degradation of DPBF, obtained from Fisher Scien-
ific, was measured by monitoring the intensity of absorbance
t 430 nm. Samples were filtered prior to absorption measure-
ents to avoid the influence of PSi particles. One millimolar

olution of DPBF in CH2Cl2 was pumped with 40 ml min−1 flow
ate. Oxygen flow rate was 30 and 50 ml (STP) min−1. Reactor
emperature was kept at 20 ◦C in all reactions.

. Results and discussion

.1. Efficiency of reactor illumination using LEDs

The power output of a single LED was measured by a standard
ower meter, and is ca. 2.0–2.5 mW. This value is in agreement

ith the manufacturer’s power specification of 0.9–2.68 mW,
epending on the feed current. In the actual set up, 96 LEDs 12
rivers were used to ensure current stability, with total maximum
ower consumption 8.34 W. Hence, the efficiency of power to
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ight conversion is about 2.3–2.9%. Without drivers, which were
ncluded to ensure stability of feed current, the power conversion
ncreases to 3.5%. These values are still low to compete with
onventional light sources, which routinely deliver about 40%
ower-to-light conversion efficiency.

The efficiency of electrical input power to absorbed photons
onversion was estimated on the basis of actinometry measure-
ents. Maximum intensity of the green LEDs was measured

o be around 524 nm, see inset in Fig. 2. This corresponds to
he quantum efficiency of ferrioxalate actinometer of 0.58 [25].
he absorbance of actinometer with the specific concentration
sed in this study is, however, quite low ca. 5.4 × 10−4 based on
he data from [25]. Therefore, the actinometer will allow a rea-
onably accurate measurement of absorbed photons, but a less
ccurate measurement of the intensity of the LED light source.
easurements were performed in the system with four indepen-

ently controlled strips of 24 LEDs located at 90◦ around a glass
eactor, see Fig. 1.

The absorbance of actinometer following illumination by 48
nd 96 LEDs is shown in Fig. 2a. The number of absorbed pho-
ons per second can be calculated from Eqs. (1) and (2). Eq. (1)
ives the number of absorbed photons per unit time measured by
V–vis analysis of the fixed actinometer solutions [26], whereas
q. (2) accounts for the volume of solution being illuminated at
ny moment in time in the continuous re-circulation experiment
27]:

a,measured = 1

Θλt

6.023 × 1020V2V3 log(I0/I)

V1lε
(1)

here V1 is the volume of irradiated actinometer solution (ml)
aken as total volume of the circulating liquid, assumed to be
pproximately equal to the tank volume VT, V2 the volume
f actinometer aliquot, V3 the final volume of sample after
ilution, log(I0/I) the measured optical density, ε the molar
ig. 2. Absorbance of ferrioxalate actinometer with two and four green LED
trips; (b) emission spectrum of green LEDs.
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nd t is the irradiation time (s):

a =
(

VR + VT

VR

)
na,measured (2)

here VR is the volume of reactor, i.e., the illuminated annular
pace in the glass reactor in this specific case, and VT is the
olume of liquid tank or reservoir. This equation is valid in the
pproximation of negligible volume of connecting tubes, which
s satisfied in this work.

Thus, for 48 and 96 LED elements the number of absorbed
hotons was calculated as 4.1 × 10−7 and 8.3 × 10−7 E s−1,
espectively, or 94 and 190 mW in power units. The value of
bsorbed photons corresponds well with the total light power
rovided by the LEDs, which is estimated to be between 190
nd 240 mW for 96 elements on the basis of power output of
single element. Therefore, it appears that the circular design

f the light source allows highly efficient utilisation of light,
espite low absorbance of solution at 524 nm and short direct
athlength of about 1.5 mm. This is likely to be due to the spe-
ific arrangement of LED elements, which promoted reflection
nd concentration of light within the central reactor area. The
verall efficiency of input electrical power to absorbed photons
ith 96 green LED elements is about 2.3%. Furthermore, the
reen light source is well suited to the absorbance of PSi micro-
owder. The absorption coefficient of PSi layers measured at
25 nm is ∼500 cm−1 [28] and, therefore, the entire core of
orosified Si grains is excited uniformly.

Although the power conversion efficiency of about 2.3% is
ather low, there are several significant advantages of light emit-
ing diodes in photochemical applications. The narrow emission
pectra ensure that all generated light is in the region of interest
nd there are no losses due to filters. The small size of LEDs sur-
ace allows concentrating light sources in a very small space, as
ell as mixing several wavelengths into a spectrally modulated

ight source. LEDs could be assembled into different shapes of
lluminating surfaces. Finally, the long lifetime and low hazard
n comparison with, e.g. mercury lamps make LEDs consider-
bly easier to use in the laboratory or industrial environment. As
t is shown below, the reactor with 96 green LED elements was
ufficient to generate and utilise singlet oxygen using PSi as a
ensitizer.

.2. Detection of 1O2 in the flow photochemical reactor

As it was shown earlier [20], generation of singlet oxygen
s efficiently mediated by photoexcited Si nanocrystals assem-
ling PSi. To demonstrate the efficient energy transfer from Si
anocrystals to O2, we compared PL spectra of H-terminated
Si powder in nitrogen and oxygen saturated CCl4, i.e. in de-
xygenated and oxygenated media (Fig. 3). CCl4 was used due
o the relatively long lifetime of the singlet oxygen in this sol-
ent [29], which simplifies its detection using spectroscopic
echniques. In the presence of dissolved oxygen, a strong and

nergy-dependent reduction of the silicon PL intensity due to
nergy transfer from Si nanocrystals to oxygen molecules is
bserved. In order to eliminate the effects of the spectral shape
aused by the size distribution of the Si nanocrystals, we derive

s
N
N
d

4

enated CCl4 (dashed line). Inset: spectral dependence of the PL suppression
evel for oxygen-saturated CCl4. T = 300 K, Eex = 2.54 eV. Energy of the 3�–1�

ransition of O2 is indicated by a dotted line.

he PL suppression level as the ratio of the PL intensity measured
ith and without O2.
The energy-dependent coupling strength of excitons confined

n Si nanocrystals and O2 is seen in the PL suppression level
inset of Fig. 3). The PL suppression level at the energy of the
inglet–triplet transition (3�–1�) of O2 at 1.63 eV is around 4.5.
he strong PL quenching in the presence of oxygen is due to a
onradiative energy transfer from the exciton to O2, resulting in
he activation of a singlet oxygen state. This implies that more
han 80% of the photoexcited excitons transfer their energies to

2.
Based on the measured efficiency of conversion of excitons

nto singlet oxygen it is possible to estimate the generation rate
f singlet O2 in the pores of PSi. For this calculation, we have
easured absorption coefficient at 488 nm of a solution contain-

ng 0.2 wt.% PSi in a 1 cm thick cuvette, which was found to be
.5 cm−1. Using this value, the rate of generation of singlet oxy-
en in the oxygen saturated solution at ambient pressure and at
xcitation intensity of Ar+ laser (488 nm) of 1 W cm−2 is about
.6 × 10−4 mol (singlet oxygen) dm−3 s−1 (this value assumes
0% efficiency of conversion of exciton to singlet oxygen and
% efficiency of conversion of photons into excitons). In the
ase of the green LED light source, we can use the actual value
f absorbed photons, measured by actinometry (ca. 190 mW).
herefore, the rate of generation of singlet oxygen within the
nnular space of the photochemical reactor in this case is about
.5 × 10−6 mol dm−3 s−1. This value can later be used to esti-
ate the quantum yield of a chemical reaction.
Suppression of PSi photoluminescence is an indirect method

f proving the generation of singlet oxygen. The excited 1�

tate of oxygen rapidly relaxes mainly nonradiatively into the
� state. Therefore, the only possible direct evidence of singlet
xygen generation is the detection of near infrared (NIR) lumi-
escence band caused by 1�–3� transition. We measured NIR

pectra using a single monochromator equipped with a liquid
2 cooled InGaAs near infrared diode array. Fig. 4 shows the
IR luminescence band of singlet oxygen mediated by PSi pow-
er excited by different light sources, having different excitation
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Fig. 5. Photodegradation of 1,3-diphenylisobenzofuran (DPBF) at ambient
temperature under green light LED illumination. Experimental conditions are
indicated in the figure. Gas flow rate is 30 ml min−1, unless otherwise specified.
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ig. 4. Emission lines of singlet oxygen, generated by photoexcited porous
ilicon—Ar+ laser: Eex = 2.54 eV and green LEDs. The 1�–3� transition of
olecular oxygen in gaseous phase is indicated by vertical line.

nergies and intensities. These measurements were performed
n the quartz and glass reactors, shown schematically in Fig. 1.
ased on the literature data on the lifetime of singlet oxygen

n CCl4 (2.6 × 10−2 s [30]) and the rate of generation estimated
bove, the steady state concentration of singlet oxygen was about
× 10−2 mol dm−3 when Ar+ laser has been used. These results

llustrate that photoexcited PSi is a very efficient generator of
inglet oxygen, regardless of the used excitation energies (in
ig. 4 only results for Ar+ laser and green LEDs are demon-
trated but identical results were obtained for UV LEDs) and
heir powers.

Singlet oxygen luminescence was also detected in 1,2-
ichloroethane, with the position of 1�–3� transition slightly
hifted relative to that in CCl4 and air, see Fig. 4. Because of con-
iderably faster nonradiative energy relaxation of singlet oxygen
n the presence of C–H bonds having high vibronic energy, the
ifetime of singlet oxygen is about three orders of magnitude
horter, 6.3 × 10−5 s [30], compared with CCl4. This results also
n the very low steady state concentration of singlet oxygen,
bout 4–5 × 10−5 mol dm−3. Despite this low concentration the
eneration of singlet oxygen can still be detected via the direct
ptical measurement.

.3. Photodegradation of diphenylisobenzofuran (DPBF)

Degradation of DPBF was studied under green LEDs illu-
ination with 96 elements. The degradation was traced by
easuring light absorbance at 430 nm after different illumi-

ation times. Fig. 5 shows results of initial blank tests with
aturated solution containing nitrogen and oxygen only, as well
s oxygen and nitrogen in the presence of nanocrystalline sili-
on. Concentration of DPBF does not change in the absence of
Si with either nitrogen or oxygen present in the system. In the
resence of PSi, but no oxygen, a small decrease in concentration
f DPBF was observed. This could be associated with incom-

lete substitution of oxygen after bubbling of nitrogen through
olution, the presence of adsorbed oxygen in PSi, or with the
dsorption of DPBF molecules onto the porous material having
reasonably high specific surface area.

r
t
g
i

eaction temperature 20 ◦C. Liquid flow rate 40 ml min−1.

The rate of DPBF concentration decrease was calculated
sing an equation similar to Eq. (2) with the measured rate
f reaction, based on the samples taken from the liquid
eservoir and substituting the measured number of photons.
n the presence of silicon powder, but with no light the
ate of decrease in DBPF, concentration was estimated to
e 2.3 × 10−7 mol dm−3 s−1. In the presence of oxygen and
anocrystalline silicon under green LEDs illumination the
ecrease in DBPF concentration is effectively linear and
trongly depends on the oxygen flow rate. At a lower oxygen
ow rate, the maximum rate of DPBF degradation is about
.6 × 10−7 mol dm−3 s−1, whereas at a higher flow rate, the
orresponding reaction rate is about 1.2 × 10−6 mol dm−3 s−1.

Conventionally, quantum yield of photochemical reactions
s calculated in relation to the intensity of the incident light,

easured by actinometry. However, in the case of singlet oxy-
en generation there are three additional steps which should be
aken into consideration: (i) conversion of photons into exci-
ons, (ii) conversion of excitons into singlet oxygen molecules,
nd (iii) efficiency of reaction of singlet oxygen with an
rganic substrate. Therefore, in this case quantum yield of
hemical reaction can only be calculated as a ratio of the
bserved rate of reaction to the rate of singlet oxygen genera-
ion:

R = r(DPBF)

r(1O2)
= 1.2 × 10−6 mol dm−3 s−1

3.5 × 10−6 mol dm−3 s−1
= 34% (3)

his value of quantum yield is calculated without making any
ssumptions on the intensity of incident light or geometry of
he reactor, and thus reflects the true quantum efficiency of the
eaction. The obtained value is quite high, which suggests that
he proposed method of generation of singlet oxygen should

ive reasonable production yields in the reactions of synthetic
nterest.
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. Conclusions

Efficiency of electrical power to light of light emitting diodes
nd efficiency of light to absorbed photons of the developed LED
ased reactor were measured. The number of absorbed pho-
ons, measured by ferrioxalate actinometer, corresponded well
ith the power output of the light source, demonstrating high

fficiency of the cylindrical laboratory photochemical reactor.
his is likely due to the specific geometrical arrangement of

he reactor, minimising absorbance of light by non-reflecting
urfaces and having low scattering. Generation of singlet oxy-
en in the reactor system under irradiation by Ar+ laser, green
EDs and UV LEDs was detected both by indirect measure-
ent of suppression of photoluminescense of porous silicon, as
ell as directly by measuring luminescence due to relaxation of

xcited oxygen. These measurements were possible not only in
Cl4, but also in CH2Cl2 solvent which has considerably shorter

ifetime of singlet oxygen. It is necessary to extend this work
o more environmentally benign non-chlorinated solvents. The

easured chemical reaction quantum yield, based on the decom-
osition of diphenylisobenzofuran, was about 34%. Therefore,
his technology should find practical synthetic applications.
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