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A B S T R A C T

UV-C treatment is an effective method to inactivate microorganisms and therefore gets increasingly more
attention in food industry, especially for liquid products. To test and monitor different UV-C reactor designs, a
photochemical actinometer is required that gives reliable UV-C dose values and is non-toxic allowing frequent
control of the production chain. Here, a variable concentrated aqueous uridine solution is tested as a photo-
chemical actinometer. Uridine reacts at 262 nm by photohydration to a single photoproduct not absorbing any
light. A concentration dependent quantum yield (Ф) was quantified in the range of 0.2–3.0 mM uridine. Results
show that uridine is as accurate as the commonly accepted iodide/iodate actinometry, but not as precise. Espe-
cially at higher concentrations a higher number of measurements becomes necessary. Further, a temperature
correction is presented for 10 �C > ϑ > 30 �C. Taking these results into account, uridine can certainly be
considered as a non-toxic dosimeter for UV-C systems.
1. Introduction

UV-C treatment is of interest in food industry mainly to replace or
complement classical pasteurization. Instead of high temperatures, the
microorganisms are devitalized by changes in their DNA that cannot be
repaired. UV-C energy (approx. 254 nm) leads to the formation of thymine
cyclobutene dimers and thus to sterile germs (Beukers and Berends, 1960;
Setlow and Setlow, 1962; Swenson and Setlow, 1963). The distinct CO2
footprint by thermal treatmentmethods is a strong argument for using low
energy consuming UV-C technique in today's food industry (Tran and
Farid, 2004; Pennell et al., 2008; Wang et al., 2010; Bandla et al., 2012;
Baysal et al., 2013; Flores-Cervantes et al., 2013; Gay�an et al., 2013;
Groenewald et al., 2013; Cilliers et al., 2014; Ansari et al., 2019). But not
just the germicidal effect by UV-C is sensed by the food industry. Current
research also focuses on the improvement of certain foods via UV treat-
ment such as vitamin D3 formation in milk out of its constituents (EFSA,
2016). To avoid partly excessive and/or insufficient treatment of liquid
food with UV energy a homogeneous energy distribution is required.
Flow-through reactors either need to mix the medium homogeneously
using, e.g., turbulent flows, or they need to use laminar flows that are thin
enough to allow sufficient penetration of UV-C energy. Especially for
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turbid or opaque liquids, the latter treatment is challenging. In order to
measure the energy input and therefore dose (J/L) that liquid food would
experience during treatment in different reactors, an accurate dose mea-
surement is necessary. This is usually done by applying a photometric
actinometer. In general, a chemical actinometer utilizes a specific
photochemical reaction to determine incident energy dose into a defined
volume, which requires exactly known quantum yields (Ф). Quantum
yield (Ф) is the number of affected molecules divided by the number of
absorbed photons at a specific wavelength (Kuhn et al., 2004; Rabani
et al., 2021). The application of chemical actinometric solutions allows
the determination of the exact energy release into complex geometries
(Kuhn et al., 1989) such as liquids flowing through UV reactors. There are
several chemical actinometers published working in the UV-C range
(Kuhn et al., 2004; Rabani et al., 2021). However, most actinometers
include toxic chemicals or are complicated to use which may work in
laboratories but remains challenging for food-producing companies. An
easy-to-use and food grade actinometer is required to regularly monitor
energy dose values in UV-C food treatment reactors. Therefore, this study
focuses on aqueous uridine solution as a chemical actinometer. Uridine is
non-toxic as it is one of the unmodified nucleosides usually found in RNA.
Uridine contains the chromophore uracil that has an absorptionmaximum
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at approx. 262 nm which, when in aqueous solution, depletes upon UV-C
(254 nm) irradiation. This degradation follows (pseudo-) first order ki-
netics (Wang 1962; von Sonntag and Schuchmann, 1992; Cataldo 2017).
The photohydration was identified at the 5–6 double bond at the carbonyl
group of the photoproduct (Moore, 1958) that does not absorb any light,
neither at 262 nm nor any other wavelength in the UV/Vis range
(Figure S1; Moore and Thomson, 1955). This bleaching is even sixteen
times more pronounced for the nucleoside uridine when compared to the
pure pyrimidine base uracil (Sinsheimer and Hastings, 1949). At neutral
pH and 20 �C the photoproduct 6-hydroxy-5,6-dihydrouridine, also called
uridine hydrate, is stable for about 150 h (Fisher and Johns, 1976). This,
the general availability, low costs (e.g., 200 €/100 g at Carl Roth GmbH,
2022), simple handling (no acids and bases are required), and the
non-toxicity of uridine makes it a perfect candidate for a chemical acti-
nometer in food industry using UV-reactor systems. However, the reli-
ability and accuracy of a chemical actinometer are highly dependent on
the applied quantum yields. To date, quantum yields are only published
for very low uridine concentrations (approx. 10�4 Mol/L). At an incident
wavelength of 254 nm quantum yields for the photohydration of uridine
range between 0.017 and 0.022 Mol/einst (Sinsheimer, 1954; Swenson
and Setlow, 1963; G€orner, 1991; von Sonntag and Schuchmann, 1992;
Gurzadyan and G€orner, 1996; Linden and Darby, 1997; Zhang et al., 1997;
Jin et al., 2006). While it is generally accepted that the quantum yield of
uridine is relatively independent of the incident wavelength, as long as it
is in the range of 238–280 nm (Swenson and Setlow, 1963; Rahn and
Sellin 1979), the only important factor for uridine degradation relies on
the probability whether a photon is or is not absorbed for photohydration
(Setlow and Setlow, 1961; Jin et al., 2006). This probability decreases
with decreasing incident intensities, i.e. <1 mW/cm2 (Linden and Darby,
1997). Additionally, smaller uridine concentrations are said to give more
accurate dose values due to Taylor series expansion of the Lambert-Beer
law used for calculation of dose values (Jin et al., 2006). However, low
concentrated uridine solutions have low absorbances and allow deep
UV-C penetration depths into the solution. When penetration depth of the
actinometric solution overcomes the width of the treatment space, energy
would get lost instead of being measured by the actinometric solution. In
order to also measure thin laminar flows a higher uridine concentration
becomes necessarywhen penetration depth is larger thanwidth of the thin
film. An actinometric solution with higher uridine concentration would
also allow examining large UV doses without falling below the photo-
metric detection limit. However, quantum yields of higher uridine con-
centration (>10�4 Mol/L) were to date not investigated to the best of our
knowledge. Thus, quantum yields dependent on higher uridine concen-
trations (10�4 Mol/L< cUridin < 10�2 Mol/L) were investigated in this
study as well as compared with standard methods such as iodide/iodate
actinometry in different UV-C reactor designs including also a laminar
thin film reactor with fluid guiding elements (FGE) generating thin films
of 0.06 cm (G€ok et al., 2021; Hirt et al. 2022a,b).

2. Material and methods

2.1. Experimental setup

Uridine solutions with variable concentrations were prepared by
mixing different masses of uridine (Carl Roth GmbH, Karlsruhe, Ger-
many) into demineralized water. The aimed concentrations were 50,
100, 200, 350, 500 and 750 mg/L, i.e. 0.2, 0.4, 0.8, 1.4, 2.0 and 3.0 mM.
In-house built UV-C reactors (Max Rubner-Institut, Karlsruhe, Germany)
were used for quantification and validation of the uridine actinometry.
All UV-C reactors contain low-pressure mercury lamps with an emission
peak at approx. 254 nm. Flow rates for all experiments were adjusted by
using a peristaltic pump (Pumpdrive S206; Heidolph Instruments GmbH
& Co. KG, Schwabach, Germany) and the uridine solution was pumped
five times completely through each reactor. The sample solutions were
tempered during the experiments at 20 � 2 �C (or any other desired
temperature) using a coil in a cryostat bath (F32; Julabo GmbH,
2

Seelbach, Germany). Samples were taken after the preparation of the
solution, immediately before UV-C treatment, and after each pass
through the reactor. Absorbances after preparation and before UV-C
treatment, respectively, remained unchanged proving the stability of
the solution to visible light. To prevent mixing with residuals that
remained in the reactor from the prior pass, 80 or 200 ml of each pass
were discarded before sampling from the coiled tube or straight tube and
thin film reactor, respectively. Each uridine concentration was tested in
triplicate and each experiment was pumped through the system in five
passes generating five data points for each initial concentration. The
spread of each data point is given by the standard deviation of n ¼ 3. For
comparison exactly the same procedure was conducted for each UV-C
reactor type using iodide/iodate actinometry originally developed by
Rahn (1997). The iodide (0.6 M) – iodate (0.1 M) solution in 0.01 M
borate buffer absorbs all radiation below a wavelength of 290 nm and
generates triiodide as a result of a photochemical reaction with UV-C
photons (Rahn et al., 2003). Triiodide exhibits an absorbance
maximum at 352 nm and its linear formation kinetic allows an easy
quantification of absorbed UV-C dose (D in J/L). This actinometric
technique is accepted as a standard actinometer (Rabani et al., 2021) and
the here reported results are achieved by following the protocols
described elsewhere (e.g., Müller et al., 2014, G€ok et al., 2021, Hirt et al.,
2022a,b).

2.2. UV-C reactors

2.2.1. Coiled tube reactor
This reactor contains a 40 W low-pressure mercury lamp with a

specified output of 15 W UV-C (TUV-36-T5; Philips GmbH, Hamburg,
Germany) that is surrounded by a 23 m long UV-transparent plastic tube
(fluorethylenpropylen: FEP) coiled over a length of 750 mm. The inner
tube diameter (di) is 3.7 mm and the inner diameter D of the coil is 38.5
mm. Due to centrifugal forces, the medium suppresses liquid from the
outer wall so that continuous Dean vortices are generated, when Rey-
nolds numbers (Re) are smaller than the critical Reynolds number (Recrit)
and above Dean number values (De) of Decrit ¼ 54 (Dean, 1928;
H€ammerlin, 1957). This system has a higher critical Reynolds number
(Recrit) than simple tube flows with Recrit of approx. 2,300. Recrit in a
coiled tube can be calculated using Eq. (1) (Gnielinski, 2010).

Recrit ¼ 2300

"
1þ8:6

�
di
D

�0:45
#

(1)

Recrit of the coiled tube reactor in this study is 9194. The Reynolds
number of an aqueous solution in the coiled tube reactor at 30 L/h is
calculated using Eq. (2) and accounts for 2868, which is significantly
below Recrit of the coiled tube reactor (9,194).

Re¼ ρ � υ � d
η

(2)

υ is the velocity (m/s), d is the diameter of the tube (0.0037 m), and ρ is
the density (approx. 1,000 kg/m3) and η the dynamic viscosity of the
aqueous solution (approx. 1.0 mPa s) at 20 �C. Dean number (De) can be
calculated from Re and the inner diameters of the tube (di) and the one of
the coil (D) (Eq. (3)).

De¼Re �
ffiffiffiffi
di
D

r
(3)

The respective Dean number for an aqueous solution at 30 L/h is De¼
889, which clearly exceeds Decrit ¼ 54. Thus, all experiments at a volume
flow of 30 L/h are certainly within the regime of Dean vortices.

2.2.2. Straight tube reactor
The straight tube reactor contains 24 straight tubes having an inner

diameter of 6 mm and an outer diameter of 6.6 mm. These tubes consist
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of UV-C transparent fluorethylenpropylen (FEP) and are connected with
non-UV-transparent U-turns. The total length is 19.3 m of which 16.1 m
can be penetrated by the UV light. This tube system is arranged in a
commercial UV box (BS04 UV box; UV Messtechnik Opsytec Dr. Gr€obel
GmbH, Ettlingen, Germany). Twenty 18 W low-pressure mercury lamps
with an specified UV-C output of 4.5 W each are positioned 300 mm
above the FEP tubes. Thus, the efficiency of the UV lamps is not influ-
enced by the temperature of the medium allowing the investigation of the
temperature dependence of the quantum yield. The straight tube reactor
can be run at laminar (Re < 2,300) and turbulent flow conditions (Re >
2,300) by adjusting the flow rate of the medium. Re is calculated in the
straight tube systems according to Eq. (2) with diameter d of the straight
tube (0.006 m). Hence, when volume flow exceeds 40 L/h, the regime
changes from laminar to turbulent flow. Also, the intensity of the UV-C
energy of the lamps can be electronically dimmed from 100 to 1 %
allowing the investigation of different UV-C intensities independent of
the flow rate. The punctual irradiance (mW/cm2) can be measured with
the radiometric sensor included in the commercial UV box (BS04 UV box;
UV Messtechnik Opsytec Dr. Gr€obel GmbH, Ettlingen, Germany).

2.2.3. Laminar thin film reactor
The core of the thin film reactor (TFR) is a 20W low-pressure mercury

lamp (UVpro N20-2, orca GmbH) with a 7.5 WUV-C output. The medium
is pumped with 60 L/h as a laminar thin film of ca. 3.1 mm between the
quartz glass cylinder of the lamp and the stainless-steel sleeve over a
length of 34.6 cm. To improve the efficiency of UV-C irradiation into
opaque liquid foods (e.g. milk) fluid guiding elements (FGE) are inserted
into the annular gap (G€ok et al., 2021, Hirt et al., 2022a,b). The FGE are
made of stainless steel and were designed by the Institute of Micro Pro-
cess Engineering of the Karlsruhe Institute of Technology (KIT) and
manufactured using selective laser melting. These FGE divide the original
liquid flow into three partial flows with smaller diameters that are guided
alternately towards the UV-C source. Hansjosten et al. (2018) already
showed the efficiency of FGE used in pipe-in-pipe heat exchanger
wherein the length of the heat exchanger was able to be reduced by ten
times. When using FGE in this study the resulting gap between quartz
glass and inner wall of the FGE is 0.6 mm, which significantly increases
the UV-C efficiency in laminar flowing liquids with high absorbances
shown by G€ok et al. (2021) and Hirt et al. (2022a,b).

2.3. Photometric measurements

All samples were measured in disposable semi-micro UV cuvettes
with an optical path length of 10 mm using a Unicam UV2-100 UV/Vis
Spectrometer immediately after irradiation of the samples (<20 min).
The absorbance was measured at the maximum of the uridine peak
(approx. 262 nm). To achieve reliable results, samples were diluted
concerning their initial concentrations to keep maximum absorbances
<1.5. Each sample was measured in triplicate (n ¼ 3).

3. Results and discussion

3.1. Quantification of extinction coefficient

To calculate UV doses, the extinction coefficient of the uridine solution
is necessary. Since the photoproduct of uridine, uridine hydrate, does not
absorb any light the spectrometric detection at solely 262 nm, is sufficient
to quantify the photohydration (e.g., Rabani et al., 2021). Photometric
scans from 230 to 900 nm of a highly concentrated uridine solution (750
mg/L ¼ 3 � 10�3 Mol/L) before and after UV-C treatment prove that no
other light absorbing products were formed (Figure S1). Literature data on
extinction coefficients of uridine vary between 8,000 and 10,185 L mol�1

⋅cm�1 (von Sonntag and Schuchmann, 1992; Jin et al., 2006; Cataldo
2017). Here, 16 different uridine concentrations ranging between 0.0041
and 500 mmol/L, i.e. 1 and 125,000 mg/L, were measured to determine
the extinction coefficient. In order to keep absorbances below 1.5 each
3

concentration was diluted accordingly and measured in triplicate. The
three linear regression slopes gave an average extinction coefficient of 9,
560.7 L mol�1 ⋅ cm�1 with a standard deviation of 50.9 L mol�1 ⋅ cm�1

(Figure S2) that fits well within the data published previously (von
Sonntag and Schuchmann, 1992; Jin et al., 2006; Cataldo 2017).
3.2. Calculation of actinometric dose (J/L)

This study aimed to develop a chemical actinometer that can be
applied independent of the knowledge about the geometry of a reactor
and, thus, the total fluence or dosage per 1 L of actinometric solution
passing through the reactor ([D] ¼ J⋅L�1) is investigated here instead of
spatial and time-resolved irradiance or fluence rate ([E] ¼ J⋅cm�2⋅s�1).
To do so, the equation given by Zhang et al. (1997) was modified similar
to the equation given by Rahn (1997) for the potassium iodide acti-
nometer. However, the uridine actinometer follows a reaction of pseudo
first-order kinetics (Figure S3 and Wang, 1962; von Sonntag and
Schuchmann, 1992; Cataldo, 2017), while the potassium iodide acti-
nometer linearly depends on the formation of triiodide. Thus, the
numerator of Eq. (4) needs to be logarithmized in contrast to the potas-
sium iodide equation by Rahn (1997).

E
�
einst
L

�
¼

ln
�
A0
Ai

�
2:303 � pl �Ф � ελ (4)

A0 and Ai are the dimensionless absorbances at 262 nm measured before
and after treatment through the reactor, respectively, pl is the pathlength of
the cuvette (1 cm), Ф is the quantum yield (mol/einst), ελ is the molar
extinction coefficient (L mol�1 cm�1) at irradiation wavelength λ, i.e. here
254 nm. The molar extinction coefficient at 254 nm is approximately 85%
of the molar extinction coefficient measured for 262 nm (Figure S1). To
achieve the absolute dosageD (J/L) per pass through the reactor the photon
flux Pλ (J/einst) at the irradiation wavelength λ is also required (Eq. (5)):

Pλ ¼ h � c
λ

6:022 � 1023 (5)

h is the Planck constant (6.626 � 10�34 m2 kg s�1), c is the speed of light
(3 � 108 m s�1) and λ the respective wavelength (254 � 10�9 m). When
incident wavelength is 254 nm, Pλ becomes 4.716 � 105 J/einst. Multi-
plication of Pλ with Eq. (4) results in the absolute dosage D (J/L):

D
�
J
L

�
¼

ln
�
A0
Ai

�
2:303 � pl �Ф � ελ �Pλ (6)

3.3. Concentration dependency of quantum yield Ф

The absorbance Ai changes with each pass through the reactor, while
the delivered energy from the UV-C source is constant. Since the
remaining parameters are also constants, quantum yield (Ф) is the only
parameter that is allowed to change in Eq. (6) by altering concentration.
Thus, quantum yield is dependent on uridine concentration. The dose
was previously measured using an often applied, but toxic and, therefore,
unfeasible chemical actinometer for the food industry - the iodide/iodate
actinometry according to Rahn (1997). The iodide/iodate actinometry
was proven as a reliable reference that can be used to determine quantum
yields of other chemical actinometers (Goldstein and Rabani, 2008;
Rabani et al., 2021). Measuring the dose with iodide/iodate at exactly
the same conditions (30 L/h, 20 �C) with triplicates �a five passes resulted
in 856 � 54 J/L (n ¼ 3) (Figure S4). Using this value as dose D for the
coiled tube reactor, Ф for each pass of all experiments was able to be
calculated by converting Eq. (6) in terms of Ф. The resulting Ф were
plotted versus the concentration that was measured from the absorbance.
It is noteworthy that after each pass of each experiment the concentration
depletes slightly, which is why each initial concentration resulted in five



Figure 2. Calculated UV-C dose of six different initial uridine concentrations
(Eq. (6), n ¼ 15). Resulting average 986 � 82 J/L (n ¼ 6) is displayed (shaded
area) as well as averaged UV-C dose measured with iodide/iodate actinometry:
856 � 54 J/L (n ¼ 3; dotted area).
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separate datapoints (Figure 1). That is, six different initial uridine con-
centrations resulted in 30 datapoints that can be empirically modeled by
a decreasing power function (Eq. 8) with an R2 of 0.82.

Ф¼0:00006 � c�0:555 (7)

Using Eq. (7) a quantum yield can be calculated for any concentration
(c in Mol/L) between 50 and 750mg/L urdidine. The average of all initial
uridine concentrations in the coiled tube reactor resulted in 986 J/L with
a standard deviation of �82 J/L (Figure 2), where each initial concen-
tration (n ¼ 6) was measured as a triplicate of five passes. This dose is
higher than measured with iodide/iodate actinometry (856 � 54 J/L;
triplicate (n ¼ 3) �a five passes) but the discrepance is not significant (p ¼
0.30) according to ANOVA test. However, the already small quantum
yield of uridine decreases even more with increasing concentration when
compared to iodide/iodate actinometry with a relatively constant and
significantly higher Ф of approximatly 0.73 mol/einst (Rahn, 1997).
Thus, propability for uridine hydration may deplete with increasing
concentration also affecting the precision of uridine actinomatery at
higer concentrationsas it was already observed in the literature (e.g. Jin
et al., 2006). An additional reason for the unprecise results gained by
high uridine concentration may be the sharper absorption bands in
spectrometric measurements, when compared to the rather broader
peaks by lower uridine concentrations (Figure S1). Sharper peaks may
have more significant deviations due the unpreventable polychromacity
when using a light dispersing element with a slit (monochromator).
Lower concentrations and thus broader peaks are less susceptible to these
random errors caused by minor misadjustments of the monochromator
and cause more stable or precise results. However, accuracy seems to
remain at higher concentrations. The difference of accuracy and preci-
sion is graphically illustrated in the supplementary (Figure S7). That is,
the result of many measurements averages in statistically the same value
986 � 82 J/L (Figure 2) (p ¼ 0.97). Thus, as long as a sufficient number
of measurements is available, high uridine concentrations (�750 mg/L)
are feasible to be applied as a relatively robust and safe actinometer,
when toxic actinomteres need to be avoided.
3.4. Validation with different reactor designs

3.4.1. Straight tube reactor (turbulent)
In a straight tube reactor, where medium was treated completely

turbulent (volume flow: 100 L/h), i.e. Reynolds number >2300, the
Figure 1. Quantum yield (Ф) vs. uridine concentration.Фwas calculated for each
concentration (n ¼ 3) using Eq. (6) with an assumption of D ¼ 856 � 54 J/L
(measured with iodide/iodate actinometry; n ¼ 3). The colors of the datapoints
indicateeachexperimentwithdifferent initial uridineconcentration (750, 500,350,
200, 100 and 50 mg/L) that deplets upon each pass through the UV-C reactor.
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absorbances of the different media (iodide/iodate: A254nm ¼ 180 and
uridine solution: 30 > A254nm > 2) should not influence the dose calcu-
lation at all. Here, the power of the lamp was varied at 30, 50, 70, and
100%. An initial concentration of 100 mg/L uridine was chosen for
different intensities. The dose values using iodide/iodate actinometry
after Rahn (1997) (Figure S5) and the ones using uridine actinometry
suggested in this work (Eqs. (6) and (7)) were plotted in Figure 3 against
the irradiance (mW/cm2) measured with the stationary radiometric
sensor. Iodide/iodate actinometry and uridine actinometry have an
overlap with a slope discrepancy of less than 5%. Five measurements �a
five passes were also conducted with a higher concentration of 500 mg/L
uridine at 100% lamp power showing a decreasing certainty, i.e.
decreasing precision of uridine actinometry with increasing uridine
concentration as shown in Section 3.3. However, accuracy remains, i.e.
five measurements �a five passes with high uridine concentration (500
mg/L) average in the same dose value as one measurement �a five passes
with lower uridine concentration (100 mg/L).

3.4.2. Thinfim reactor (laminar)
When working with reactors using laminar flowing thin films, pen-

tration depth of the energy into the actinometric solution becomes of
Figure 3. Comparison between iodide/iodate and uridine actinometry in a
reactor with turbulent flow (100 L/h) using different incident irradiances. Each
data point is based on five passes (n ¼ 5) through the reactor. Uridine con-
centration was initially 100 or 500 mg/L and quantum yield was calculated
according to Eq. (7) in order to calculate the respective dose (Eq. (6)).



Figure 5. Calculated uridine dose (n ¼ 3) vs. uridine concentration in a thin
film reactor equipped with fluid guiding elements (FGE) generating a 0.6 mm
laminar thin film passing the UV-C lamp. Laminar volume flow was adjusted to
60 L/h for uridine and iodide/iodate (329 � 3 J/L) measurements. Theoretical
energy loss to the FGE wall is shown as exponential decay towards decreasing
uridine concentration (dashed line) with iodide/iodate doses (329 � 3 J/L)
assumed as 100 % energy input.
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high importance, which is in contrast to the previous mentioned reactor
desgins. The penetration depth (dp) is the distance at which the intensity
of the incoming energy is reduced down to 1/e ¼ 37 % of the initial
energy, as the intensity of an electromagnetic wave decays exponentially
inside a medium (Lambert-Beer law). dp can be calculated from absor-
bance (A) at according wavelength measured with a photometer (Eq. 8):

dp ¼ 1
2:303 �A (8)

The FGE equipped reactor used in this study has a significant smaller
treatment width (0.6 mm) than dp of 254 nm into a 50 mg/L Uridine
solution (dp ¼ 2.2 mm) but a larger width than penetration depth into
iodide/iodate solution (dp¼ 0.02 mm). The exponential energy decay for
a radial energy source into different uridine concentrations can be
calculated using Lambert-Beer law according to Koutchma and Arisi
(2004) and Hirt et al. (2022a,b) (Eq. (9)):

Ir ¼ I0 ⋅
r0
r
⋅ 10�Aðr�r0Þ (9)

The results are illustrated in Figure 4 assuming I0 as 100 % at the
outer quartz glass sleeve surrounding the low-pressure mercury lamp (r0
¼ 1.159 cm) with a maximum penetration depth of 0.063 cm (rmax ¼
1.222 cm) (Hirt et al., 2022a,b).

All energy beyond a penetration depth of 0.063 cm, i.e. rmax ¼ 1.222
cm, is lost to the wall of the FGE and cannot be measured by the acti-
nometric uridine solution. Thus, an “underconcentrated” uridine solution
would lead to underestimation of the doses in such laminar thin film
system. In order to use uridine solution as reliable chemical actinometer
to study/control laminar thin film systems, the uridine concentration
needs to be examined at which calculated doses agree with the one of
iodide/iodate actinometry. The doses at a volume flow adjusted to 60 L/h
were measured with different uridine concentrations as well as with io-
dide/iodate actinometry resulting in 329 � 3 J/L for the latter
(Figure S6). Each uridine concentration was measured in triplicates �a five
passes. The results are displayed in Figure 5 together with the theoretical
measurable doses from Eq. (9) with r0 ¼ 1.159 cm and r ¼ 1.222 cm. It is
obvious that actinometric solutions with low uridine concentrations
(here <500 mg/L) would significantly underestimate the actual doses
applied to the passing medium in this reactor. Thus, higher uridine
concentrations are necessary to measure actinometric dose more accu-
rately in laminar thin film systems, although precision depletes with
higher concentrations. The required uridine concentration to achieve
Figure 4. Exponential decay of UV-C intensity vs. penetration depth into
different concentrated actinometric uridine solutions. Distance of FGE wall
(0.063 cm) from energy source is displayed as dahed line. All energy beyond this
distance is lost for actinometric measurements.
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reliable results depends on the width of the treatment space. Here, a
concentration of �500 mg/L is necessary to achieve similar results as
with iodide/iodate actinometry.

3.5. Temperature effect on quantum yield

The effect of the temperature of the medium on the quantum yield
was invastigated on the straight tube reactor, where the UV-C lamps are
relatively far away from the treated medium (300 mm) and thus are not
influenced by the temperature of the treated medium. Uridine actinom-
etry was conducted in triplicates �a five passes with 500 mg/L and a
turbulent volume flow of 100 L/h. Temperatures were adjusted to three
different values (approx. 10, 20, and 30 �C). These temperatures are
plotted against the resulting doses from uridine actinometry using Eqs.
(6) and (7) in Figure 6. In addition, the dose from iodide/iodate acti-
nometry (342 � 7 J/L; n ¼ 3) was measured under the same conditions.
Since, the calculation by iodide/iodate actinometry already includes a
Figure 6. Calculated dose (n ¼ 3) vs. temperature from uridine actinometry
(500 mg/L). The iodide/iodate range (gray area) is shown as reference over the
whole temperature range since the dose calculation by Rahn (1997) includes a
temperature correction.
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temperature correction (Rahn, 1997), the iodide/iodate data measured at
19.3 � 0.3 �C is plotted as a constant. A positive linear relationship to
temperature becomes visible for uridine actinometry. Thus, the measured
dose using Eqs. (6) and (7) can be corrected for the applied temperature
using the empirical Eq. (10):

Dcorr ¼Dmeas � 5
J

L �C
� ϑþ 100 J

�
L (10)

Dmeas is the measured dose as calculated from Eqs. (6) and (7) in J/L,
ϑ is the experimental temperature in �C, and Dcorr is the temperature
corrected dose in J/L. This correction stays valid in the range of 10–30 �C
and for UV-C reactors where lamp power remains unaffected of the
temperature of the treated medium. When UV-C lamps are more proxi-
mate to the treated medium, an additional influence of temperature on
efficiency of UV-C lamp may arise.

4. Conclusion

If a food-grade actinometric system is required uridine actinometry
can be applied as an alternative to the toxic iodide/iodate actinometric
system. The results of this study show that concentration of uridine can be
varied from 0.2 to 3.0 mM using the here presented concentration de-
pendency for the calculation of the quantum yield ðФ ¼
0:00006*c�0:555; c in Mol =LÞ. This novel application with also higher
concentration (i) extends the total detectable UV-C dosage range and (ii)
enables measurements in laminar thin film reactor designs, where width
of treatment space is<2.2 mm, which is the penetration depth (dp) of 254
nm into a commonly concentrated actinometric uridine solution (approx.
0.2 mM uridine). However, as quantum yield decreases with increasing
uridine concentration the precision of uridine actinometetry also depletes.
Thus, concentration of uridine should be kept as low as possible in order to
receive more precise results with low standard deviations. But when
concentration needs to be increased e.g. due to the above mentioned
reasons, one could simply increase the number of measurements, which is
cheap and easy due to low costs and non-toxic behavior of uridine. The
results may be not as precise as measured with low concentrated uridine
solutions or with iodide/iodate actinometry, but the accuracy remains, i.e.
th average of many measurements shall be statistically the same. Addi-
tionally, experimental temperature seems to influence the measured dose
by uridine actinometry, but measured dose results can be corrected
accordingly (10–30 �C): Dcorr ¼ Dmeas � 5 J

L�C �ϑð�CÞþ 100 J= L.
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