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Abstract

Evaluating the efficiency of newly designed photoreactors is crucial for
systematic development and optimization of photochemical processes. A
suitable tool is actinometry, prominently represented by the most widely
studied and applied ferrioxalate system. However, such measurements show
reproducible problems in the data consistency. This study scrutinizes these
issues and approaches an experimental elucidation. An application limit for
the ferrioxalate actinometer under intense irradiation was identified and ex-
perimentally validated. A drop of the quantum yield at high incident pho-
ton fluxes, generating high local concentrations of carboxyl radicals, leads
to systematically wrong measurements. For reliable measurements with the
ferrioxalate actinometry, a continuous operation mode or extensive mixing
should be ensured.

1 Introduction

The symbiosis of microreaction technology and continuous reaction control has
proven to be a promising concept to increase the efficiency of photoreactors.[1–5]

Continuous flow reactors also allow for modular parallelization when transferred
to a larger production scale, also called numbering up.[6] For a systematic devel-
opment of efficient photoreactors, a measure is needed to evaluate and compare
the general performance. An essential parameter for that is the amount of photons
available within the reaction volume during irradiation time.

The photon flux inside a photoreactor can be determined by chemical actinom-
etry, especially for milli- or micro-scale devices.[7] This measurement technique
utilizes a chemical reaction with well-known parameter-dependency that is con-
ducted right within the reactor under investigation. The measurement takes place
under the same conditions as the originally desired photoreaction. Consequently,
the residence time and optical effects (transmission, reflection and scattering) are
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intrinsically included. Based on the caused conversion and the incident light spec-
trum, the available photon fluxes can be calculated spectrally resolved. The re-
ceived quantities are obtained in molecular and photonic units, so no transfer from
energetic data (as if measured by physical devices) is necessary.

An overview of the most widely studied and thus recommended actinometers
can be found in an article of the IUPAC Commission on Photochemistry by Kuhn et
al.[8] One of the most prominent actinometers is the ferrioxalate system introduced
by Hatchard and Parker. It provides sensitivity in the wavelength range between
200 and 450 nm as well as simple handling.[9] Necessary prerequisites for reliable
measurements are the independence of the wavelength of the incident light, temper-
ature, concentration, possible impurities and atmospheric oxygen on the quantum
yield. Application limits were defined by batch experiments with low-intensity
light sources to meet these conditions.[9]

State-of-the-art devices, however, do not necessarily match these conditions.
Within the last decades, a significant improvement of several process parame-
ters has led to a comprehensive intensification of the irradiation conditions in-
side these new photoreactors. Decisive influences for this are e.g. more effi-
cient and powerful light sources, more sophisticated reactor geometries and dy-
namic process control.[10–19] Along with this technical progress, actinometry is
still used following the recommendations of Hatchard and Parker, even if some
results showed severe inconsistencies. Clear signs of this proneness for measure-
ment errors are the numerous adaptions and additional hints published in articles,
books and reports.[20–26] The consequent association with a certain inaccuracy of
measurements is a crucial drawback for the entire actinometric method.

This work aims for identification, characterization and avoidance of systematic
error sources encountered in practical application of the ferrioxalate actinometer.
Crucial factors causing inaccuracies are scanned experimentally and brought in
line with recent spectroscopic findings, leading to recommendations for a reliable
measurement workflow.

2 Results and Discussion

2.1 General Aspects of Ferrioxalate Actinometry

The Hatchard-Parker actinometer is based on the irreversible light-induced redox
reaction of ferrioxalate. The central iron atom is converted from FeIII to FeII ac-
cording to the empirically found brutto equation:

2 [FeIII(C2O4)3]
3− hν 2 [FeII(C2O4)2]

2−+2CO2 +C2O4
2− (R 2.1)

After irradiation, FeII is quantitatively complexed by adding a 1,10-phenanthroline
solution to form the deeply red ferroin. The conversion can be determined by pho-
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tospectrometry and a comprehensive calculation finally yields the incident photon
flux.[20]

Motivated by the inconsistencies outlined above, time-resolved FT infrared
spectroscopic investigations were conducted to identify the reaction mechanism
in detail.[27–29] In the first photochemical step, a highly excited carbon dioxide
molecule is split off from one of the oxalate ligands. A carboxylate radical an-
ion CO2

•– remains at the iron center as an oxygen-coordinated ligand (reaction R
2.2).[29]

[FeIII(C2O4)3]
3− hν

2.0 ·1012 s−1
[FeII(C2O4)2(−OC•O)]3−· · ·CO2 (R 2.2)

The carboxyl radical is then cleaved off from the metal complex (reaction R
2.3). In the presence of neutral CO2, the carboxyl radical is in equilibrium with the
oxalyl radical (C2O4)•– (equation R 2.4).

[FeII(C2O4)2(−OC•O)]3−· · ·CO2
2.5 ·109 s−1

[FeII(C2O4)2]
2−+OCO•−· · ·CO2 (R 2.3)

OCO•−· · ·CO2 (C2O4)
•− (R 2.4)

Since on short time scales all three species of reaction R 2.4 are present in
close vicinity to the surrounding ferrioxalate complex, the carboxyl radical can
also attack one more ferrioxalate complex. Cleaving off another ligand, an oxalate
molecule and a carbon dioxide molecule can be formed (reaction R 2.5).

[FeIII(C2O4)3]
3−+(CO2)

•− 2.9 ·105 s−1

[FeII(C2O4)2]
2−+(C2O4)

2−+CO2(R 2.5)

Caused by this electron transfer to another metal complex, the quantum yield
can increase up to 1.35. This value was already postulated in 1955 and could be
measured experimentally in 1979 for wavelengths below 254 nm.[30,31]

2.2 Systematic Inaccuracies

To overcome pitfalls leading to systematic errors during the measurements, a re-
vised general working procedure was recently published.[32] The procedure is split
in three main parts. The preliminary considerations consist of a verification of
the physical and chemical properties, data acquisition of the reactor setup, adjust-
ments of the absorption fraction within the experimental limits and the actinometer
preparation. In addition to the actual measurements, the practical block includes
an unirradiated zero sample before and after the experiment to ensure that all con-
version is only caused by irradiation in the photoreactor. As there is usually a small
amount of product found prior to the experiment, this value is used as a baseline
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Figure 1: Example for the conversion Xact (a) and the calculated photon fluxes
qabs (b) from the raw data without correction and with the data shifted by the y-
intersection to make the regression line cross the zero point.

if it matches the value of the blind sample after the experiment. Additionally, a
reference measurement in a simple, standardized irradiation setup is taken.

Mathematical evaluation is carried out considering both the actinometer system
properties and the irradiation conditions to obtain the irradiated photon flux based
on absorbance by the actinometer qabs. Provided that the procedure is carried out
correctly, qabs calculated equals the incident photon flux qp. But despite strictly
following these instructions and hints, some actinometer measurements systemat-
ically fail for specific photoreactor setups. No matter if e.g. mercury vapor lamps
or LEDs at various wavelengths are used, no correct result can be obtained.

The relevant issue becomes visible when plotting the measured ferrioxalate
conversion Xact over the irradiation time t. This is illustrated in Figure 1a, where
the experimental data obtained in a capillary reactor irradiated with a 405 nm LED
is presented. In this reactor, the capillary is horizontally arranged to ensure a ge-
ometrical match of the emission characteristics of the LED and the capillary. The
setup is shown in detail in the experimental section 4.1. The data for actinometer
conversion has already been corrected for the unirradiated zero measurement.

Even though the correlation is linear, its extrapolation does not cross the dia-
gram origin (dashed line). To make the effects of a disregard clearly comprehensi-
ble, a series of measurements with a particularly large y-axis intercept of over 5 %
was chosen for this example. In contradiction to the taken zero sample without any
irradiation (shown at the origin), the conversion at an irradiation time of 0 s would
not be 0 %. Justified by the reproducibility of the single measured values and the
straight regression line, an insufficient amount of data points can be excluded.

Furthermore, this observation is not reactor-specific and can also be observed
for different reactor concepts, albeit with other absolute values for the y-axis in-
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tercept. Also in literature, there are hints for this phenomenon in other published
raw data. However, due to the lack of exact data, it cannot be verified whether a
mathematical correction was implemented in the subsequent evaluation.[20,31,33,34]

The raw data can be corrected through shifting the absolute measurement by
the value of the y-axis intersection of the regression line. As a result, the linear
regression crosses the origin. On the one hand, this correction leads to a content-
ing result for the calculated photon flux as it is independent of the irradiation time
(Figure 1b). If the uncorrected data were nevertheless evaluated, there is no definite
result for qabs as it depends on the irradiation time. On the other hand, this math-
ematical correction significantly alters the absolute value of the calculated photon
flux. Considering the given example, the deviation is almost 30 % at an irradiation
time of 28 s.

To systematically investigate the inaccuracy of the ferrioxalate actinometry for
its reason, the self-made capillary reactor was extended to allow the installation of
several capillary rows as example systems. Those 3D-printed reactor scaffolds only
differ in the relative capillary arrangement according to Figure 2 and are irradiated
with the same LED at 405 nm. Measurements were conducted either while pump-
ing the actinometer through the capillaries and subsequent recycling of the reaction
solution (continuous operation) or while the flow was stopped (discontinuous op-
eration). For all of these setups, a regression of the actinometer conversion yielded
y-axis intercepts unequal 0 when measurements were conducted for discontinuous
operation.

Figure 2: Schematic overview of the cross-sectional arrangement within the ap-
plied capillary reactors.

Consequently, the deviation between continuous and discontinuous operation
were elaborated. The results after the correction of the y-axis intercept are shown
in Figure 3. For interpretation, the varying qabs of the reactors are only considered
individually without mutual comparison.

Although only differing by the operation mode, the measurements deviate sig-
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Figure 3: Measured photon fluxes for discontinuous and continuous ferrioxalate
actinometry in different capillary reactors.

nificantly. The largest mismatch of 44 % is reached in the WC-reactor, the other
differences lie between 16 and 34 %. In view of these high values, it is noticeable
that this inconsistency has not been observed or studied yet. The qabs of the dis-
continuous measurements show higher and more fluctuating deviations. A major
reason for this is that the corrected y-axis intercepts of the regression lines are much
higher than for continuous measurements (1a). In consequence, the mismatch was
therefore attributed to the discontinuous ferrioxalate measurements.

2.3 Results and Discussion

To identify the reasons for the observed inconsistencies, parameters that potentially
influence the outcome of the actinometric measurements were investigated. Table
1 summarizes the relevant parameters and the followed test approach.

Table 1: List of the five most probable parameters that can cause the found discrep-
ancy in the experimental data and the used approach to test the suspected cause.

Potential Parameter Experimental Test

1. inaccurate physical parameters verification of literature
2. thermal influence of the light source step-wise irradiation
3. different flow conditions in the capillaries different pumping speeds
4. light effects between capillary layers different layer fillings
5. changes of quantum yield variation of influence parameter

First, inaccurate physical parameters used in the mathematical evaluation can
cause deviations. This concerns the wavelength-dependent absorption coefficients
of the ferrioxalate system or the accuracy and range of the actinometer calibration.
The measured absorption coefficient as well as the calibration were in agreement
with literature (see SI, section S1).[8,9,35] Furthermore, a potential influence of the
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Figure 4: Experiments to check for the dependence on thermal influence of the
light source (a) and back-mixing (b).

pH value at the applied experimental conditions could be ruled out according to
a former investigation.[32] Consequently, this parameter is unlikely to cause the
observed inconsistencies.

Temperature changes during the measurement can lead to an undesired forma-
tion of FeII through a thermal reaction path in addition to the photochemical reac-
tion. Heating can occur, for example, due to insufficient heat dissipation through
the LED heat sink.[36] If temperatures of over 60 °C are reached locally, the temper-
ature range tested by Hatchard and Parker for reliable results would be exceeded.
Thus, to rule out any influence of temperature on the photonic conversion, two test
series were run with the same total irradiation time. In the first one, the LED was
operated continuously. In the second one, every irradiation interval of only 1 s was
followed by a pause of 1 min to give the system enough time to dissipate thermal
energy. The results gained in a two layer capillary reactor for three different total
irradiation times are shown in Figure 4a. Both series of measurements show com-
pletely identical results for both capillary layers. Thus, it can be excluded that a
thermal influence causes additional conversion, resulting in a mistakenly calculated
higher qabs.

Different flow conditions cause differences in the concentration fields in the re-
actor, resulting in a local change of the absorption factor. For continuous operation,
the flow rate alters the residence time of specific fluid elements. Figure 4b indicates
that from a flow rate of 8 mL min−1, the measured values remain constant. Thus,
different local flow conditions are demonstrably not the reason for the deviation
between continuous and discontinuous results. Since an insufficient volume of the
recirculating actinometer solution can also lead to errors, changing this parameter
was also investigated. An increase in the total circulated volume from 20 mL to
40 mL also had no effect at all, excluding insufficient mixing in the receiver vessel
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Figure 5: Actinometry at different conditions in the first (a) and second (b) cap-
illary layer. (number = capillary layer, Mo = methyl orange, cA = actinometer
(continuous), dA= actinometer (discontinuous), W = water , air = empty)

(separately shown in the SI, section S2).
Changes in the radiation field in the reactor can also play a role. These can be

caused by optical effects such as reflection or scattering at multiple material borders
between air, the irradiated capillary and the inner liquid. The reaction progress can
also lead to varying absorption conditions in the capillaries. The impact of light
effects depends mainly on the number of material borders crossed by irradiated
photons. If several capillaries are arranged close to each other, the number of
these passages increases many times over, making it much more difficult to follow
the path of a single photon. Consequently, the study aimed to determine whether
actinometer measurements are affected by differently filled capillaries of directly
adjacent layers. For this purpose, continuous and discontinuous measurements
were performed in a reactor extending the close packed (CP) layout by adding a
third layer in the closest packed arrangement.

Single layers were actinometrically investigated by conducting continuous and
discontinuous measurements. To simulate different radiation fields, the surround-
ing capillaries were subsequently filled with water, air, ferrioxalate solution or a
methyl orange solution. Water and air were investigated for the impact of different
refractive indices. The ferrioxalate solution simulates the typical setup for acti-
nometric measurements and a methyl orange solution was chosen to absorb the
incident light. For the chosen concentrations light is completely absorbed, simu-
lating a degree of absorption of f ≈ 1. Similar to the layer that was probed for the
incident photon flux, the impact of the ferrioxalate solutions in the other layers was
investigated for continuous and discontinuous operation.

Figure 5 shows qabs for the first (a) and second (b) capillary layers with con-
tinuous and discontinuous measurements. The transmission to the third layer was

8



too low to obtain meaningful data. In the first layer, all discontinuous values for
the absorbed photon flux ranged from 9.06 ·10−7 to 1.01 ·10−6 mol s−1, provided
that actinometer solution or methyl orange was in the two layers behind the probed
layer (experiments “2Mo3Mo” to “2dA3dA”, see the Figure caption for the nomen-
clature). Within the limits of measurement accuracy, no influence of the operation
mode or a decreasing absorbance in other layers can be observed. If the two capil-
lary layers behind are filled with water or air, the different reflection conditions and
refractive indices alter the qabs. With water, qabs slightly increased by about 20 %.
The reverse happens for empty capillaries, where a 17 % lower qabs is detected.
The continuous measurements confirm the qualitative findings of the discontinu-
ous measurement series. Independent of the other capillary layer filling, a constant
qabs of about 1.82 ·10−6 mol s−1 is determined. In combination with water, the value
increases by 18 %, air-filled capillaries lead to a decrease by 8 %. However, the dif-
ference between the two operation modes is considerably high. In some cases, qabs
differs by more than 200 % for individual measurements under the same irradiation
conditions.

In comparison, for the second layer qabs ranges from 1.73 ·10−7 to 2.32 ·10−7 mol s−1.
Thus, the absolute deviation within the measurement series is only about half as
large as in the first layer. In relative terms, with a deviation of 30 % for qabs,
the inconsistency is still high. In the case of a completely absorbing first layer,
the results are independent of the filling with actinometer or methyl orange. The
absorbed photon fluxes under a layer of water are considerably higher. It can be
deduced that fully absorbing layers do not affect each other and also the decreasing
degree of absorption in the investigated parameter space has no effect.

It can be concluded, that the observed inconsistencies can be reproduced but
not influenced by specific operation conditions. Hence, the reason for the de-
viation might be ascribed to an alteration of the chemical reaction mechanism.
Nevertheless, the application in an LED-irradiated microreactor must play a role,
even if no such finding is mentioned nor explained in the literature of the past
decades.[8,9,20,21,37] This leaves a changing quantum yield as the last potential pa-
rameter, which can result from a changing reaction mechanism and also relates to
the light source or with other words to the incident photon flux. As an appropriate
experimental procedure for testing an alteration of the quantum yield is not trivial,
spectroscopic studies are conflated with the investigations so far in the next section.

2.4 Insights from Recent Spectroscopic Studies

Several research groups agree with the original results of Hatchard and Parker that
under conventional conditions for actinometry, the quantum yield Φ depends on
the wavelength but is otherwise constant.[37,38] In consecutive experiments, Gold-
stein and Rabani investigated the general dependence of the quantum yield at a
ferrioxalate concentration lower than 0.006 M as recommended by Hatchard and
Parker. However, up to a concentration of 10−4 M, no influence on the quantum
yield could be determined.[39] Only at an even lower concentration, the fraction
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of oxalate-bound FeIII was reduced in favor of FeIII-hexaaqua-, FeIII-sulfato- and
FeIII-hydroxo complexes, which have different photochemical properties and reac-
tion products than the ferrioxalate complex.[40] The excess oxalate is dissolved as
free C2O4

2 – .
But in contrast, many research groups report strongly deviating quantum yields

at low concentrations of ferrioxalate already at the beginning of the irradiation
process.[31,41–45] These inconsistencies finally motivated Weller et al. to further
in-depth investigations.[40] Operating the ferrioxalate actinometer with flash pho-
tolysis and an identical number and wavelengths of the irradiated photons, the con-
version dropped to about 14 % compared to continuous irradiation. Implicationally,
the deviation can be attributed to the temporal concentration of the reactive species.
Flashlight splits off carboxyl radicals from the ferrioxalate complex within 20 ns
according to reaction equations R 2.2 and R 2.3. Before the carboxyl radicals react
further, micromolar concentrations of CO2

•– are formed within very short time
scales with rates in the order of mol s−1. Under continuous irradiation, only rates
in the order of nmol s−1 are achieved, meaning that this process is several orders of
magnitude slower. This difference in concentration causes different probabilities
for the consecutive processes that follow the release of CO2

•– . The sensitivity of
the continuous measurement and thus also the accuracy is obviously much higher.

With respect to FeII, the described quantum yield of about 1.2 can only be
reached if there is a fraction of 70 % unphotolyzed metal complexes in the imme-
diate vicinity for an unhindered secondary reaction R 2.5.[40] Weller et al. found
that in a 1 cm cuvette, this condition is no longer valid below a concentration of
5 ·10−3 M. Between 5 ·10−4 and 5 ·10−5 M, the rate is slowed down to finally com-
pletely stop at a concentration of less than 5 ·10−6 M. This finding was confirmed
with the help of femtosecond infrared spectroscopy. After the excitation of the fer-
rioxalate molecule and the cleavage of CO2 (reaction R 2.2), the carboxyl radical
is cleaved off (reaction R 2.3).[29]

According to reaction equation R 2.4, the carboxyl radical and the CO2 molecule
are in local equilibrium with the oxalyl radical (C2O4)•– . The latter, however,
could not be shown to be reactive towards an unexcited ferrioxalate complex, so
that (CO2)•– is exclusively responsible for the overall quantum yield.[27,28] At
this stage, the consecutive reactions of attack on an unreacted ferrioxalate com-
plex (reaction R 2.5) or recombination to an oxalate anion (reaction R 2.6) are in
competition.[40]

(CO2)
•−+(CO2)

•− 1.2 ·109 s−1

(C2O4)
2− (R 2.6)

Reaction R 2.5 increases the quantum yield, whereas oxalate anions formed in
reaction R 2.6 have no influence on the quantum yield. A coulomb limit causes
the small time constant for reaction R 2.5, so that this reaction takes place 1000-
fold slower than under pure diffusion limitation.[29] The recombination according
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to reaction equation R 2.5 is over 4000 times faster and thus is preferred in the case
of a rapid increase of the carboxyl radical concentration. As a result, the apparent
quantum yield decreases because of a lack of unexcited ferrioxalate complexes in
the immediate vicinity.

Even under the original reaction conditions of Hatchard and Parker, the paral-
lel reaction R 2.6 might be responsible for the upper limit of the experimentally
observed maximum quantum yield of 1.26 for an irradiation wavelength above
254 nm. An indication is that no effort, even providing adding additional FeIII, can
further increase this value.[40] In subsequent studies, this theory was supported by
molecular dynamics simulations and according spectroscopic findings.[46,47]

Another effect that contributes to a lower quantum yield at intense radiation
is a higher rate of the recombination of CO2

•– and CO2, shifting the equilibrium
according to reaction equation R 2.4.

Other than for carboxyl radicals, oxalyl radicals do not reduce ferrioxalate
complexes as demonstrated by FT-IR, at least on very short time scales.[29] In this
way, additional CO2

•– reacts off without the formation of FeII, also lowering Φ.
The found behavior on short time scales at high excitation ratios agrees quali-

tatively with the experimentally observed deviations of continuous and discontin-
uous measurements. It is concluded that the occurring inaccuracy of ferrioxalate
actinometry may arise from a drop of the quantum yield at high incident photon
fluxes.

2.5 Transfer and Impact on Experimental Application

The key factor for a changing quantum yield is the ferrioxalate concentration.
Weller et al. found a concentration of 5 ·10−3 M in a 1 cm cuvette as lower limit for
a constant quantum yield.[40] With this knowledge, it is possible to design experi-
ments that simulate reaction conditions that are prone to a changing quantum yield
during the reaction progress.

A convenient setup for demonstration was found in two conventional cuvettes
with path lengths of 1 cm and 0.5 cm, irradiated by a single 365 nm LED. For both
cuvettes, ferrioxalate was step-wisely irradiated in intervals of 0.5 s with permanent
mixing and compared to continuous irradiation without mixing. These conditions
represent the extreme cases of decent irradiation and adequate mixing versus in-
tense irradiation with insufficient mixing. The determined conversions and photon
fluxes are shown in Figure 6.

The conversion in the 1 cm cuvette is independent of the mixing. Linear re-
gression yields a line of origin with hardly noticeable deviations up to conversions
above 30 % (Figure 6a, solid line). The conversions of the thoroughly mixed 0.5 cm
cuvette also follow a straight line of origin, but show slightly larger deviations to
both sides (dashed line). The conversion rate, as indicated by the slope, should be
twice as high due to half the amount of substance, but this is not the case.

The data set of the not mixed 0.5 cm cuvette is strikingly different, initially
showing an increase comparable to that of the thoroughly mixed cuvette, up to
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Figure 6: Actinometer conversion normalized on the same volume (a) and absorbed
photon fluxes (b) upon irradiation of the 0.5 cm and 1 cm cuvette with and without
permanent mixing.

about 37 % conversion after 16 s. During the further reaction progress, however,
the conversion rate drops sharply. Despite this, the measured values can be approx-
imated with a straight line in this range as well (dotted line). A y-axis intercept of
approx. 32 % occurs, showing a phenomenon analogous to Figure 1a.

Converting the conversions to photon fluxes as shown in Figure 6b, the aver-
age qabs for the 1 cm cuvette yields 1.4 ·10−6 mol s−1 (solid line). The measured
values for the non-mixed cuvette fluctuate noticeably around the mean value. In
the mixed 0.5 cm cuvette, a qabs of about 1.0 ·10−6 mol s−1 is measured (dashed
line). For shorter irradiation times, even lower qabs are detected. The qabs deter-
mined from the individual measurements of the not mixed 0.5 cm cuvette cannot
be meaningfully averaged with a horizontal line. While the values are at the level
of the mixed experiment at the beginning, from about 12 s irradiation time a con-
tinuous decrease can be noticed.

Interpreting these findings with the insights described in the previous section,
the concentration of ferrioxalate in the 1 cm cuvette is still sufficiently high. But
without mixing, a loss of precision is already noticeable by the increased devia-
tion. Otherwise, Φ is no longer constant in the 0.5 cm cuvette. Due to high local
concentrations of (CO2)•– , a recombination occurs and the conversion of ferriox-
alate remains limited to finally yield a wrong qabs. Even more remarkable, a linear
approximation of the measured values from 16 s to 22 s together with a shift of the
y-axis intercept leads to a much too low qabs of 0.13 ·10−6 mol s−1 (dotted line).
These results on the one hand proof that high photon fluxes cause the observed
inconsistencies for low ferrioxalate concentrations by increasing the probability of
carboxyl radical recombination. On the other hand, these results show that en-
hanced mass transport helps to overcome this limitation.
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Consequently, the differences between the continuous and discontinuous mea-
surements in the different capillary photoreactors discussed above are a result of
the high local photon flux incident on the reactor. During discontinuous operation,
a reduction of the local concentration of the carboxyl radicals can only occur by
recombination, finally leading to a reduced quantum yield of the ferrioxalate re-
duction. For continuous operation, mass transport processes help to keep the local
concentrations of carboxyl radicals low. This maintains a high quantum yield.

3 Conclusion

Motivated by experimental inconsistencies of ferrioxalate actinometer measure-
ments, the drop of the quantum yield under high incident photon fluxes was iden-
tified by combining own experimental results and recent spectroscopic findings.
High photon fluxes lead to extended local excitation of ferrioxalate complexes dur-
ing short periods and with this to high local radical concentrations. If mass trans-
port is too slow, the recombination reaction is preferred.

Generally concluding on ferrioxalate actinometry, insufficient mixed, stop-flow
or discontinuous actinometry measurements can show inconsistencies due to a
changing quantum yield. Such results are not eligible for further analysis and in-
terpretation. To compensate for this, continuous measurements are recommended
if possible, or at least a sufficient mixing must be ensured in intensely irradiated
photoreactors. Increasing the ferrioxalate concentration can only encounter the
problem partially since the risk of precipitation during the irradiation process in-
creases. If the experimental conditions inevitably exceed the limits of the acti-
nometer method, alternatives like radiometry should be considered.
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4 Experimental Section

4.1 Reactor Models and Irradiation Devices

The reactors consisted of a 3D-printed acrylonitrile butadiene styrene (ABS) scaf-
fold to hold fluorinated ethylene propylene (FEP) capillaries with an outer diameter
of 1/8 ” and an inner diameter of 1/16 ” (Figure 7a). While the inner volume of a
whole capillary was 3 mL, the actually irradiated volume was between 0.7 and
1.0 mL depending on the specific arrangement.

(a) (b)

Figure 7: View on the scaffold 3D-printed from ABS and the irradiated FEP cap-
illaries in the direction of the LED emission (a) and in operation while irradiated
with the LED mounted on a heat sink (b).

A 405 nm LED NVSU233A(T)-D1 from NICHIA was mounted on a metal
heat sink that can be precisely positioned in the center of the reactor basis. The
LED was operated with an electrical current of 700 mA. The setup in operation
is shown in Figure 7b. Geometrically, an LED emission angle of 115° hits the
capillary surface.

4.2 Experimental Setup

To perform the pumped experiments or fill the capillaries with the 0.16 M ferriox-
alat solution, an ISMATEC RH1 CKC rotary piston pump was used. Recycling
experiments were conducted with a total volume of 20 mL in a stirred storage ves-
sel and a flow rate of 20 mL min−1. A scheme of the overall setup is shown in
Figure 8.
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Figure 8: Schematic setup for recycle measurements including the irradiation unit
of photoreactor and LED, the storage vessel, the pump and a spot to take samples.

4.3 Parameters of the Actinometric Procedure

Following irradiation in the reactor, two actinometer samples of 1 mL were diluted
with 24 mL of 0.05 M sulfuric acid in parallel. An aliquot of 5 mL from the diluted
samples was developed by adding 15 mL of a 0.05 M sulfuric acid solution con-
taining 0.03 M sodium acetate trihydrate and 0.003 M 1,10-phenanthroline. After
1 h, the concentration of the samples was determined spectrometrically at 510 nm
in triplets.

4.4 Code Availability

The Python code for evaluating the actinometric measurements, the used .qti-
file and a description of the used reference measurement setup are available on
GitHub https://github.com/photonZfeed/FerriOxActinometry and as a stable ver-
sion on Zenodo https://doi.org/10.5281/zenodo.4849293 . Version v1.0 was used
for evaluation.
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6 Graphical Abstract

Motivated by systematic measurement inconsistencies, ferrioxalate actinometry
was experimentally investigated for the reason. A drop of the quantum yield at too
high irradiation intensities was identified and explained in line with recent spectro-
scopic findings. Finally, recommendations for reliable application of ferrioxalate
actinometry are given.
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S1 Absorption Coefficient and Actinometer Calibration

The absorption coefficient of ferrioxalate was determined multiple times in a photo
spectrometer with a solution of 0.16 mol L−1 (Figure S1). The slope of the calibra-
tion curve monitoring the measured absorbance over Fe2+ concentration was found
to be 10 980 L mol−1. Both were in straight accordance to the literature.[1–3]
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Figure S1: Measured absorption coefficient of ferrioxalate.

S2 Continuous Measurement at Different Flow Rates with
Increased Volume

Increasing the total circulated volume from 20 mL to 40 mL at different flow rates
does not show a significant deviation between the two variants.
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Figure S2: Test for an influence of increasing the total circulated volume from
20 mL (Figure 4b) to 40 mL.
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