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the necessary photonic quantities pose serious difficulties in the characterization of catalytic
performance and reactor designs and configurations, compromising an effective comparison
between different experiments.

To overcome these limitations, we have designed and constructed a new illumination system
based in the concept of the integrating sphere (IS). The system provides uniform and isotropic
illumination on the sample, either in batch or continuous flow modes, being these characteristics
independent of the sample geometry. It allows direct, non-contact and real time determination
of the photonic quantities as well as versatile control on the irradiance values and its spectral
characteristics. It can be also scaled up to admit samples of different sizes without affecting its
operational behaviour.

The performance of the IS system has been determined in comparison with a second illumination
system, mounted on an optical bench, that provides quasi-parallel beam (QPB) nearly uniform
illumination in tightly controlled conditions. System performance is studied using three sample
geometries: a standard quartz cuvette, a thin straight tube and a microreactor by means of
potassium ferrioxalate actinometry. Results indicate that the illumination geometry and the
angular distribution of the incoming light greatly affect the absorption at the sample. The sample
light absorption efficiency can be obtained with statistical uncertainties of about 3% and in very
good agreement with theoretical estimations.

1. Introduction

At research stage it is necessary to evaluate the performance of photocatalytic and photoactivated systems under well-defined
conditions [1] that include a tight control on the illumination of the target sample under study. This is mandatory for characterization
purposes, aiming for standardization [2], but also necessary for more efficient scale-up for industrial application [3]. Despite the
intense activity in the field, there are presently no standard procedures serving as a working guide and the problem of sample
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illumination has been necessarily addressed by each research group. Adopted solutions are specifically designed for a given particular
problem, resulting in a plethora of illumination systems with varying characteristics [4].

Determination of the efficiency of a particular reaction or reactor design, i.e. the reaction rates obtained for a given illumination,
is of the utmost importance. It can be quantified as an overall quantum yield but its evaluation may be difficult, particularly in
heterogeneous systems [5]. Other parameters like the photonic efficiency, the ratio of absorbed and incident photon numbers, are
in principle easier to determine and of practical interest [6,7]. In principle, photon quantities, e.g. photon fluence rate, can be easily
derived from the corresponding radiometric quantities, e.g. irradiance, provided detailed knowledge of the spectral composition
of the incoming radiation is available. This information, required to compare experiments performed under different experimental
conditions [8,9], is not always easy to determine.

In practice, these data are rarely known with the required accuracy. Descriptions of illuminating systems may lack of the necessary
detailed information, referring solely to the lamp model or its basic technical characteristics, which is clearly insufficient to evaluate
the irradiance at the illuminated surface, even approximately [10]. Simple calculations involving strong assumptions like irradiance
uniformity, normal incidence or the validity of the inverse square law for extended sources, that do not generally hold, will have
unacceptable uncertainties [9,11,12,10]. Detailed irradiance calculations based in radiative transfer theory are complex and specific
to each particular illumination-reactor geometry. Even simplified models are still complex and exhibit large uncertainties [13].

Calculations cannot replace actual measurements [9], but precise irradiance measurements are not straightforward. Portable
UV radiometers with detached sensor probes [14-19] are not wavelength sensitive detectors, typically adjusted for the solar spectral
emission and having relatively large uncertainties, up to 5%-10% in good quality systems [20,21]. More importantly, their measuring
heads are relatively large, even larger than many samples or devices, and exact positioning at the point of interest is a difficult task,
particularly in tightly packed sample-light source geometries.

A single measurement cannot inform about the spatial irradiance distribution across the sample surface. Having a uniform illu-
mination is of great interest since reaction kinetics frequently depends on the irradiance values [22-28] or localized thermal effects
[3]. Although irradiance uniformity is recognized as an important characteristic affecting the experimental performance [29,3] its
experimental determination is not simple. It is rarely reported [30] and, in general, it is only qualitatively justified or simply assumed
[31,32,19].

To complicate matters, obtaining appreciable reaction rates usually require high irradiance levels that, in most cases, are obtained
at the expense of uniformity. For instance, uniformity can be improved increasing the distance between the sample and the light
source. However, this reduces the irradiance at the sample, forcing prohibitive long irradiation times. Approaching the light source
to the reaction vessel increases the irradiation levels, but compromises uniformity. The problem can be alleviated using multiple
light sources, like LED strips and arrays [24,33-36]. It has been shown that illumination uniformity depends critically on the size
of the sample, the distribution of light sources in the array and on the array-sample distance [24,37,38] and it is very poor if light
sources are too close to the sample surface. Samples and light sources can be also covered by aluminium foils or enclosed in cavities
having mirror like interior walls [39-42]. These solutions effectively provide higher irradiances but uniformity, in particular in the
presence of mirror-like multiple reflections, is very difficult to guarantee and, above all, to measure.

Ultimately, reactions take place inside a container, for example, a cuvette, a parallel plate chamber or a complex shaped channel
in a microreactor. Light reaching the surface of the container must propagate through the container’s material before reaching the
internal, active volume. Refraction and reflection phenomena strongly depend on the angle of incidence of the incoming light and on
the refractive indexes, that are very large in the UV region, e.g. n = 1.56 for quartz [43]. This fact substantially complicates its mod-
elling and these effects are usually neglected [44]. Although normal light incidence is generally assumed, it is rarely accomplished
in real experiments and such approximation may lead to large uncertainties. Finally, a very efficient reaction necessarily implies
an efficient light absorption, making light attenuation inside the sample an important factor to be considered [19]. Actual photon
rates or photon dose inside the reaction volume are best determined by actinometric methods that can be successfully applied to
small-scale microreactors and microfluidic devices [45,9,11]. Difficulties in relating actinometric and radiometric quantities are then
inherited from the assumptions taken in the modelling of the illumination system or in the actual measurements of the irradiance
levels [46].

Besides a uniform, well determined irradiance at the sample, during the characterization stage it is also desirable to have control
on the irradiance values and on the spectral or temporal characteristics of the illumination. In case of fixed power lamps, irradiance
values can be simply modified shielding part of the lamp source [47], or intervening neutral filters between the light source and the
sample, a method somewhat limited by filter availability [46,48,30]. Systems using LED sources offer a more flexible solution, since
irradiance can be controlled by tuning the LED driving current. Spectral control of the illuminating source is also important because
of the wavelength dependent response of photoactive and photocatalytic reactions and particularly interesting for efficient light
management in applications to work with natural sunlight [12,49]. Using light sources with different technology and characteristics,
like Xe lamps, LEDs or Hg lamps [39,50-55] require different experimental arrangements, making comparison and interpretation of
the results very difficult. In this sense, broadband light sources combined with spectral filters [56] or LED arrays with different peak
emission wavelengths [57,58] are a better solution. Finally, the effect of temporal variations of the irradiance values is of importance
in experiments performed under natural sunlight [59] or in the presence of deactivation [18]. Real time control on the illumination
could be also of interest in connection to low residence time devices for rapid optimization of reaction parameters [60].

In this work, we propose a different approach to obtain uniform, isotropic, controlled and real-time measurable irradiance on the
studied sample. Our solution is based on the technology of integrating spheres, applied to the specific problem of photocatalytic and
photoactivated studies. Integrating spheres, or Ulbrich spheres, are designed to provide uniform and homogeneous irradiance in their
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interior volume and their theory is well established [61-63]. Their versatility can be exploited in many light-related applications like
phosphorescence, photoluminescence or photodegradation experiments [64-69].

2. Methods

An integrating sphere (IS) illumination system has been designed and constructed to provide uniform, isotropic and real time
measured irradiance in the studied sample. The system has been studied in comparison with a quasi-parallel beam (QPB) illumination
system, where light reaches the sample in a nearly parallel beam and irradiance parameters can be tightly controlled. In both cases,
actual photon irradiances have been determined by standard potassium ferrioxalate actinometry and compared with direct spectral
irradiance measurements. In order to disentangle illumination and sample effects, three different sample geometries have been
studied: batch measurements under total absorption conditions in a standard quartz cuvette and two continuous flow systems: a tube
geometry and a microreactor.

2.1. Samples

For batch measurements we have used a High Performance Quartz Glass cuvette (CV) (Hellma 117F, UV/VIS 200-2500 nm) with
the standard 10 mm X 10 mm internal cross section and 1.25 mm wall thickness. It is a sealable model with a screw cap, since
measurements in the integrating sphere are performed with the cuvette in horizontal position.

The tube (TB) sample is a silicone cylindrical tube with internal and external diameters of 1.0 mm and 2.9 mm, respectively. It is
a common geometry in photactivated experiments, where tubes are typically coiled around the light source [70,9,11,52,71].

The microreactor (MR) sample was built in a 40 mm X 40 mm X 5 mm polydimethylsiloxane (PDMS) slab using 3D printing
technologies [18]. It consists of a 345.4 mm long, serpentine-shaped channel with circular, 1.38 mm in diameter, cross section and
an internal volume of 0.517 cm?.

Black UV absorbing tape was used to cover feeding tubes and connection tips as well as selected portions of the samples to have
precise control on the irradiated surface. Light refraction in the sample surface and within the sample is unavoidable. In particular,
lensing effects when parallel beams, as in the QPB system, or isotropic light, like in the IS system, reach the sample have been
taken into account for a proper interpretation of the results. Samples and details of light propagation in their interfaces are further
described in the Supporting Information.

2.2. Light management

To reduce systematic errors when comparing them, both QPB and IS illumination systems mounted the same M365LP1 UV LED
sources (Thorlabs Inc.). Their emission peaks at 365 nm with a Full Width at Half Maximum (FWHM), of 9 nm. Their spectral
response, output stability and irradiance modelling have been checked in the laboratory (see Supporting Information). QPB and IS
systems also mount the same light detector, a miniature spectrometer (Stellar Net BLUE-wave) connected to a UV-VIS-NIR cosine
corrector (Stellar Net CR2, 200-1700 nm, 180° FOV) with a UV-VIS fibre-optic cable (190-1100 nm, 600 um core diameter). Spectral
irradiance data are collected in the 270-1100 nm range at A4 = 0.5 nm intervals. The whole system was factory calibrated (NIST
traceable source) for absolute irradiance measurements. Irradiance E (Wm™2) and photon flux density (photon irradiance) Ep
(m~2s~!) are computed directly from the spectral irradiance data as described in the Supporting Information.

2.3. Actinometer

Determination of the actual photon flux reaching the sample active volume has been done using actinometry. We have used potas-
sium ferrioxalate, K; [Fe(C,04)3]-3H,0, a well-studied actinometer [72-74] that fits the requirements of both batch and continuous
flow experiments [9,11]. Preparation of the 6 mM (C,) ferrioxalate solution was performed according to the IUPAC recommenda-
tions [75]. This concentration guarantees a constant quantum yield, ® = 1.26 + 0.03 at A =365 nm [72,76], for a cuvette with a 1
cm path length [77]. The same solution was used for all experiments and conversion fractions have been also kept sufficiently low
(< 12%) so that light absorption in the reaction products of potassium ferrioxalate can be neglected [78]. Further details are given
in the Supporting Information.

2.4. Quasi-Parallel Beam (QPB) illumination system

The QPB illumination system, described in detail in the Supporting Information, was mounted on a small optical table with the
M365LP1 LED and the samples (CV, TB and MR) aligned and separated a distance z =25.0 cm (Fig. 1a). At this distance, the LED
can be considered a point-like light source and radiometric calculations are straightforward. Maximum angle of incidence on the
samples is small, ensuring quasi-normal light incidence. In the particularly important case of the CV sample, the maximum angle
of incidence is 6,,,, = 4.2° and light transmittance through its walls can be easily calculated as T' = 0.947. The entire system was
enclosed in a protective lightproof box made of black, UV absorbing material to reduce internal reflections. LED and samples were
further separated by an internal wall, made with the same material, with a small window for illumination (Fig. 1c). Exposure times
were externally controlled by an electro-mechanical shutter directly screwed to the LED output. To evaluate the average irradiance
on the samples, corrections due to the small separation between the detector and the sample centre (Figs. 1b and 1d) and due to the
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Fig. 1. QPB illumination system, without the protective light absorbing box (a). Samples CB (b) and TB (d) are shown in their sample holders, together with the light
detector head. The MR sample (c) has been pictured through the window of the internal wall of the system.

irradiance uniformity over the sample have been taken into account and are, regardless the sample, less than 0.5% (see Supporting
Information).

2.5. The Integrating Sphere (IS) illumination system

In essence, an integrating sphere (IS) is a spherical cavity with its interior surface covered by a diffusing, highly reflecting ma-
terial. Light entering the sphere, or produced inside it, suffers multiple diffuse reflections in the cavity walls, losing all directional
information and providing a uniform isotropic luminous energy density within the cavity’s volume and, in consequence, a uniform
and isotropic irradiance. Integrating spheres cannot be perfect, closed spheres because openings, called ports, are required to intro-
duce light into the sphere or to locate measurement equipment like a photodetector. Ports are not covered by the internal reflective
material and produce a reduction in the effective reflecting area. However, their effect is relatively small as long as the area covered
by ports remains small compared to the total area of the sphere.

The relationship between the light power inserted inside an integrating sphere P, and the irradiance E;g in the inner surface of
the integrating sphere is [79]

E =200 e}
IS= 24

where A is the sphere’s internal surface and M is the sphere’s multiplier factor, given by

M=—2>"
1-p(1-10)
with p the reflectance of the sphere’s interior surface and f the fraction of A covered by ports.

Port fraction f can be reduced by increasing the sphere’s internal area A, but according to equation (1) this reduces the irradiance
inside the sphere. As an acceptable compromise, the area covered by ports should not exceed 5% of the sphere’s area, i.e. f <0.05.
For a given port fraction f the multiplier factor M is a strictly increasing function of the sphere’s internal reflectance p. Larger
irradiances are obtained if high, close to one, reflectance materials are used as sphere coatings. Depending on the wavelength range,
high reflectance diffusing materials with p > 0.95 are available.

The spherical geometry together with a lambertian diffusing coating creates a uniform radiation field everywhere inside the
sphere [80,81]. A sample placed in its centre is expected to receive a uniform irradiance E,. On the other hand, a light detector
D properly located in the sphere’s inner surface will provide a direct measurement of the irradiance value at the IS inner surface,
i.e. Ep = Ejg. It can be shown (Supporting Information) that irradiance at the sample can be obtained from the irradiance at the
detector as

2

E s = pED (3)
Since irradiance is uniform inside the sphere, E,,, = E; with very good approximation. According to equation (3), for a perfectly
reflecting diffusing coating (p = 1) we simply have E,,, = E; = Ej. In real situations p is very close but slightly less than 1.

Ultimately, this small difference is unimportant since the measured irradiance is calibrated with the actinometric measurements.

2.5.1. Design and construction

The integrating sphere, with an internal diameter of 150 mm, has been constructed in micro carbon reinforced nylon (Markforged
Onyx) using a 3D printer (Fig. 2). It consists of two separated hemispheres. The lower hemisphere (LH) has two light input ports,
a light detector port and two thin, stainless steel, horizontal parallel wires that serve as simple sample holder. The LH is fixed to
a heavy stainless steel plaque, providing a sturdy, stable base during measurements. Two upper hemispheres (UH1 and UH2) have
been constructed. One of them (UH2) has two extra light input ports, placed at right angles respect to the light input ports of LH, to
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Fig. 2. (a) IS hemispheres showing the lower, fixed hemisphere (LH) and the two upper hemispheres, one without holes (UH1) and another prepared to hold two
extra light sources (UH2). (b) Closed IS with hemispheres LH and UH2. Labels indicate light ports (A), spectrophotometer port (D) and input holes for feeding tubes
(E). (c-e) Samples are positioned at the centre of the IS.

accept extra light sources if necessary. The other upper hemisphere (UH1) is devoid of ports or holes. All actinometric measurements
were performed with UH1. Small circular baffles redirect the input light to the internal surface of the IS, avoiding direct, non diffuse
illumination of the sample or the light detector. The internal surface of each hemisphere, including thread adapters, baffles, detector-
mounting ring and sample holder wires, was spray painted with barium sulphate BaSO,. Up to 15 layers were deposited to ensure a
very good diffusing, reflecting coating. Further construction details can be found in the Supporting Information.

2.5.2. Basic operational characteristics

The IS system offers a tight control on the spectral characteristics of the illumination, limited only by the type and number of the
light sources that can be connected to the input ports. As an example, Fig. 3 shows the spectral irradiance measured in the IS with
different light sources, including combinations of LEDs with different wavelengths or a single Xe lamp source connected to the IS
with a filter holder having different spectral filters.

In addition, high multiplier factors allow high irradiances at relatively small light powers. Irradiances up to 180 Wm™2, several
times the total UV solar irradiance at the Earth’s surface, have been measured in this IS system using a single M365LP1 LED source.
This shows that the IS system is much more efficient than the QPB system. Since there are four light source ports available in the
sphere, much higher values can be obtained. However 180 Wm™2 is the maximum irradiance we can presently measure with our
equipment.

2.5.3. Irradiance uniformity inside the sphere

The characteristics of the irradiance inside the IS have been tested with several basic tests (see Supporting Information). Mea-
surements at random locations inside the integrating sphere show that irradiance uniformity, determined as the standard deviation
[38,36], is better than 1.8%. This can be compared with a reported uniformity of 6.4%, also calculated as the standard deviation
across the sample, for an optimized uniformity/total irradiance using a rectangular array of 192 LEDs [38]. Irradiance is also nearly
independent on the exact location of the sample. Moving a CV sample along the sample holder produces small variations (standard
deviation) in the measured irradiance of 0.50% (empty cuvette) to 1.1% (cuvette filled with actinometer). This means that the IS
behaviour is highly insensitive to the sample position and accurate positioning of the sample is unnecessary.

3. Results and discussion

In order to facilitate the analysis it is desirable to have a comparable range of actinometer conversion fraction in the experiments.
For this purpose, and due to the intrinsic differences between QPB and IS illumination systems and between samples, energy/photon
dose was controlled, according to the Bunsen-Roscoe law of reciprocity, varying either the irradiance or the exposure time. A
summary of the operational parameters for each illumination system and sample is shown in Table 1.

Figs. 4, 5 and 6 show that the actinometer conversion fraction X is linearly related to the fluence H = Et, and photon fluence
H, = E,t, for the CV, TB and MR samples under both QPB and IS illumination. The fitting parameters corresponding to X =aH, +b

5
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Fig. 3. Spectral irradiance inside the IS equipped with different light sources. (a) Individual spectra of three narrow band LEDs centred at 365, 375 and 385 nm. (b)
Four different (simultaneous) combinations of the same three LEDs varying their relative intensities. (c) Spectral irradiance with a Xenon lamp directly inserted in the
IS using a liquid light guide and in combination with a high pass filter (visible light only) or a narrow band pass filter (centred at 400 nm).

Table 1
Experimental conditions for CV, TB and MR samples during experiments in QPB and IS illumination
geometries.
QPB IS
Parameter cv TB MR Ccv TB MR
t(s) 10-340 8.5 62 50 1.5 62
Q (mL/h) - 10 30 - 60 30
E (Wm™) 5.1-5.3 2.6-6.2 0.21-0.57 0.53-9.0 2.1-16.7 0.16-0.89
E,(x10¥m2s7') 9598 49115 03811 0.99-16.7  3.9-31.1  0.30-1.7
X (%) 0.3-88  1.7-3.7 0.6-1.8 0.7-10.8 0.8-6.6 1.7-11.0
V (ecm®) 4.50 0.024 0.517 4.50 0.024 0.517
S (em?) 3.375 0.300 4.767 13.50 0.9425 14.974
S/V (m™) 75.0 1250 922 300 3927 2896

are listed in the two upper sections of Table 2. Similarly, Table 3 shows the fitting results in case of X = aH + b. Coefficients
of determination R? are always greater than 0.99, confirming the linear behaviour. Furthermore, within statistical uncertainties,
the constant term b is always compatible with 0. This is what we expect, since X is already corrected with the blank sample
and corresponds to the conversion fraction due to irradiation only. In consequence, actinometer conversion fraction X is simply
proportional to the photon fluence H, or fluence H.

The proportionality constant, the slope a in the linear fits, varies with sample. This is a consequence of their different geometries,
sizes and materials, a point that will be discussed later in more detail. For a given sample, there are also differences in a between QPB
and IS illumination geometries, since it is not the same to illuminate a sample from just one side with a nearly parallel light beam
than irradiating the sample from every direction with an isotropic light source. In the CV sample for instance, only one side, with
area Sppp, is illuminated in QPB conditions. Inside the IS four sides, with area .S} g =4S, pp are illuminated. If, for a given fluence,
conversion in QPB and IS should depend solely on the illuminated surface we would expect a ratio a;g/agpp = Sr5/Sopp = 4-
However, as shown in Table 2, the actual value is a;g/agpp =4.88 + 0.09. The same result is obtained using the fluence (Table 3).
If we define the ratio
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Fig. 4. Actinometer conversion fraction X as a function of photon fluence H, and fluence H for the CV sample in QPB (hollow black squares) and IS (solid red
squares) systems. Linear fits shown as solid lines.
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Fig. 5. Actinometer conversion fraction X as a function of photon fluence H » and fluence H for the TB sample in QPB (hollow black circles) and IS (solid red circles)
systems. Linear fits shown as solid lines.
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the value #¢y = 1.22 + 0.02 is obtained for the CV sample, which is greater than 1 beyond statistical uncertainties. The same
situation is found in case of the TB and MR samples. Because of the circular cross section of the actinometer volume, the geometric
ratio of the irradiated surfaces is S; /Sy pp = 7. However, in both cases the ratio a;g/agpp is greater, as shown in Table 2, being
nrp =1.20+0.03 (TB) and #,,; = 1.22 + 0.04 (MR). Identical results are obtained using the fitting results with fluence H (Table 3)
because for such a narrow band light source H and H,, are nearly proportional.

Interestingly, the ratios # for the three samples are equal within statistical uncertainties. Since the three samples are so different
in size, shape and material, it is reasonable to assume that the value of # is, very approximately, sample independent and that it
depends principally on the illumination system. With this assumption, and taking into account that the three experimental values are
statistically indistinguishable, we can safely take their average # = 1.21 +£0.05 as a reference value. This factor is simply a calibration
factor that relates the irradiance measured by the detector at the IS walls with the actual irradiance obtained from the actinometry. It
includes the effective reflectance of the IS walls and the lensing effects due to the isotropic illumination (see Supporting Information)
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Fig. 6. Actinometer conversion fraction X as a function of photon fluence H, and fluence H for the MR sample in QPB (hollow black triangles) and IS (solid red
triangles) systems. Linear fits shown as solid lines.

Table 2
Results of the linear fit X = aH, + b with X the actinometer conversion fraction and H, the
photon fluence for the QPB and IS experiments. Uncertainties quoted as standard errors.

Parameter cv TB MR

QPB Illumination

agpp (umol~! m?) 0.00161 + 0.00003 0.0223 £ 0.0004  0.0165 + 0.0004
bopp 0.04 +0.07 0.00 +£0.05 0.00 £0.03
R? 0.9957 0.9975 0.9961

IS Illumination

arg (umol™' m?) 0.0078 +0.0001 0.084 +0.001 0.063 +0.002
brs 0.01 +£0.06 0.00+0.04 0.0+0.2

RrR? 0.9984 0.9991 0.9945
Ratios

ars/agpp 4.88 £0.09 3.76 £0.08 3.8+0.1
Sis/Sops 4.0 E3 E3
n=(a;s/agpp)/(Srs/Soprs) 1.22+0.02 1.20+0.03 1.22+0.04
Table 3

Results of the linear fit X = aH + b with X the actinometer conversion fraction and H the
fluence for the QPB and IS experiments. Uncertainties quoted as standard errors.

Parameter cv TB MR

QPB Illumination

agpp " 'm?) 0.00496 + 0.00008 0.069 +0.001 0.051 +0.001
bopp 0.04 +£0.07 0.00 +0.05 0.00+0.03
R? 0.9957 0.9977 0.9960

IS Mlumination

a;g (J7'm?) 0.0242 + 0.0002 0.259 +0.003 0.194 +0.006
brs 0.01 £0.06 0.00 +0.04 0.0+0.2

R? 0.9984 0.9991 0.9944
Ratios

ars/agpp 4.87+£0.09 3.7+0.1 3.8+0.1
Srs/Sops 4.0 n 4
n=(a;s/agpp)/(Srs/Sopp) 1.22+0.02 1.19+0.03 1.22+0.05
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Table 4
Linear fit results of X = e(nX ) + b with nypp =1and 1,3 =1.21.
Sample € b R?
Cuvette QPB  097+0.02 0.04+0.07 09957
IS 1.00 +0.01 0.01 +0.06 0.9984
Tube QPB  0.83+0.02  0.00+0.05 0.9975

IS 0.84 +0.01 0.00+£0.05  0.9991

Microreactor QPB 0.85+0.02 0.00+0.03 0.9961
IS 0.87+0.03 0.0+0.2 0.9947

Ilumination and sample effects can be further investigated comparing the measured actinometer conversion fraction X with the
theoretical estimations X/,. In total absorption conditions, X, is usually computed as [9]

S o
Xon = VC_OEptTf’ )

where § is the area of the irradiated surface and V is the actinometer volume. Both quantities are defined by the geometry of the
sample and enter the equation as the surface to volume ratio .S/V that is typically known with uncertainties of the order of 1%.
Similar accuracy can be assumed for the actinometer quantum yield @ and concentration C,,. The product of the photon irradiance
at the sample surface E, and the irradiation time ¢ is the photon fluence H,,. The sample transmittance T takes into account that
not all photons reaching the surface reach the active, interior volume. Finally, the factor f measures the absorption efficiency in
the active volume. Its value is f =1 in total absorption conditions, like in the CV sample, but in general f < 1, like in the TB and
MR samples. In those cases, estimating f using the Beer-Lambert law and an effective path-length /,,, is possible, but prone to
uncertainties if calculations of /, s do not properly take into account refraction and reflection phenomena inside the sample. Notice
that some effects, like lens effects in the TB sample, even for QPB illumination, are not clearly included in any of these factors.

It may be useful to define an ideal or perfect sample (ps) devoid of all sample effects that are difficult to evaluate. In connection
with equation (5) it should be a sample that, regardless its geometry, has perfect transmittance (7" = 1) and total absorption (f = 1).
For this hypothetical sample, every photon reaching its surface is absorbed and the actinometer conversion fraction X,; would be
simply

X Ve ot (6)
Clearly, the perfect sample does not represent a real sample, but if photon irradiance is well defined X, can be accurately
determined. In order to obtain the conversion fraction for a real sample, and comparing with equation (5), we should multiply X,
by the product T f. Instead, we introduce a factor ¢ that incorporates the effect of transmittance, lack of total absorption, lensing or
any other sample related phenomena affecting the light absorption efficiency. Furthermore, we also introduce the factor 7, defined
in equation (4), and associated to the illumination system or illumination geometry. With these factors, the actinometer conversion
fraction is given by

X =neX,, (7)

Here ¢ is an overall measure of the sample effectiveness in collecting light. For complex sample designs, theoretical estimations
of € clearly present the same problems as the theoretical estimations of 7" or f. In the present experiment, calculations are simple
only in the case of the CV sample under QPB illumination. In this case, because of the nearly normal incidence in both external
and internal surfaces, the light collecting area .S’ can be considered to be equal to the geometric area Sypp. Total absorption is
guaranteed in the CV sample so that f = 1. Finally, since light incidence is nearly normal in both the external and internal surfaces,
the sample transmittance is 7' = 0.947 (Supporting Information). Therefore, in case of the CV sample, we expect equation (5) to be
valid with € = ec = 0.947. In addition, in normal incidence and in absence of refraction, we can also assume 7,pp = 1 and take
simply 5;¢ =1.21 +0.05.

According to equation (7), if we plot the actinometer conversion fraction X versus the factor nX,;, with X, given by equation
(6) and n =1ngpg =1 or n =15 =121 +0.05 depending on the illumination system, we expect a linear relationship with slope
equal to €. These plots, for the CV, TB and MR samples are shown in Fig. 7 and the corresponding linear fits in Table 4. In all cases,
the constant term b vanishes within uncertainties and R? > 0.99, meaning that X and X »s are effectively proportional, with e the
proportionality factor.

For each sample, the factor 5 effectively brings data to a common line and the values of ¢ are almost equal within statistical
errors, regardless of the illumination system. In case of the CV sample and QPB conditions, eppg = 0.97 £ 0.02 is in good agreement
with the expected theoretical value € = T' = 0.947 if only the sample transmittance in normal incidence is taken into account. The
slightly higher e, = 1.00 + 0.01 is statistically equivalent to ¢, pp within errors. For the TB and MR samples, despite their different
and more complex structure, an even better agreement is obtained and ¢,pp = €/ in both cases. Therefore, it can be concluded
that the influence of the illumination geometry and the sample properties can be factorized, within present uncertainties, as #e.
The factor n encompasses the effects of the geometric distribution of the incoming light. The factor ¢ contains the sample related
effects with respect to its optical behaviour. We must be aware that this factorization, seemingly valid within the present accuracy
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Fig. 7. Actinometer conversion fraction X as a function of #.X,, with #ypp =1 and 5,5 = 1.21. Linear fits of IS data are shown in red.

(~ 2%) can not be strictly true since there is an intrinsic connection between illumination geometry and refraction phenomena in the
sample surface. However, this connection ultimately depends on the refractive index which, for the same wavelengths, is similar in
all samples.

It is remarkable that the sample dependent factor ¢ is equal, within errors, for the TB and MR samples. Naive calculations in
tubular geometries, assuming normal incidence and neglecting refraction or total reflection, provide effective path lengths inside the
active volume that are proportional to the tube diameter. Since the diameter of the microreactor channel is 1.38 times the tube inner
diameter we should expect a more efficient photon absorption in the microreactor and a ratio €,z /erp ~ 1.38, in contradiction
with the experimental value €,z /erp = 1. Actually, lensing effects on its curved surface compensate the smaller diameter of the TB
sample. On the other hand, the almost exact numerical coincidence of their respective ¢ values must be regarded as accidental. In
any case, this clearly shows that refraction, and the consequent lensing phenomena, must be properly taken into account to avoid
large biases in the theoretical estimations.

The agreement of theoretical and experimental values of the sample factor e for the CV sample suggests that it can be used as a
valid reference for any other sample. Taking values relative to the CV sample makes them insensitive to common factors, like the
concentration and quantum efficiency of the actinometer, and their associated uncertainties. In addition, it makes unnecessary to use
the less efficient QPB system for sample characterization.

In particular, for an illuminating system, like the IS system, the ratio of the actinometer conversion fraction X of a given sample
with respect to the conversion fraction X, in the CV sample does not depend on the illumination factor #, that cancels out

XSample eSample Xps,SampIe

— 8

Xcy ecv  Xpscev

For the same actinometer and for a given photon fluence H , the ratio X ,; gompre/ X ps.cv is simply the ratio of their respective

surface to volume ratios, that can be accurately determined. If we now define the sample effect relative to the CV sample, ¢, as
€Sample
¢, = Sample ©
€cv
Then
XSumpIe —e (S/V)Sample
Xcv " (S/V)ew
Table 5 shows the relative sample factors ¢, for each illumination geometry. For the CV data we have obviously €, = 1, and results
are only shown to emphasize the corresponding uncertainties. Since e, was already very close to 1 for QPB and IS systems, the
relative values ¢, for the TB and MR samples are very similar to the absolute e values in Table 4. Using the CV sample as a reference,
only the more efficient IS illumination system is required to completely characterize the efficiency associated to a particular sample.

(10)

4. Conclusions

We have designed and constructed an illuminating system based on the concept of the integrating sphere (IS) for the study of
photoactivated and photocatalytic reactions and reactor designs, in either batch or continuous flow regime. The IS system provides
uniform and isotropic illumination on the sample surface with little dependence on the sample geometry and size. It provides efficient
illumination in the 47z sr solid angle, increasing the efficiency, but can be equally used with single sided reactors or reactors with
other acceptance angles.

10
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Table 5

Sample efficiency relative to the CV ef-
ficiency, €,, obtained in the QPB and IS
illumination systems.

SV

Sample  QPB 1S

Ccv 1.00+£0.02  1.00+0.01
TB 0.83+0.02  0.82+0.01
MR 0.83+0.03  0.84+0.03

It has been calibrated with standard actinometry and validated against a quasi parallel beam (QPB) illumination system, where
calculations and measurements in total absorption conditions and nearly normal incidence can be accurately related. Actinometric
determination of absorbed photon fluxes in three different sample geometries irradiated in the IS and QPB system exhibits good
agreement and internal consistency. It has been shown that the effect of the illumination geometry and of the sample characteristics
in the overall reaction efficiency can be disentangled. This is particularly useful in reactor design where, once calibrated, only the
much more efficient IS illumination system is needed.

Light sources are themselves external to the system, offering a flexible platform to control the spectral characteristics of the
incident light over a wide spectral range and admitting a variety of light sources, maybe in combination, using several light input
ports. Furthermore, irradiance is monitored in real time and spectral basis and very high irradiance values can be easily achieved.
These characteristics do not affect the illumination geometry at the sample surface and nearly eliminate problems associated with
lamp cooling systems.

Refraction phenomena at the sample, which is particularly important in the UV due to the high refractive indexes at these
wavelengths, have a strong dependence on the angular distribution of the incoming light. Since refraction is unavoidable, detailed
comparison between experiments requires a precise knowledge of the illumination geometry. In this regard the IS system provides
not only uniform, but also isotropic illumination, devoid of preferred directions, making it ideal for characterization purposes.
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