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ABSTRACT

Accurate quantum yields are crucial for modeling photochemical reactions in natural and 

engineered treatment systems. Quantum yields are usually determined using a single representative 

light source such as xenon lamps to mimic sunlight or UVC light for water treatment. However, 

photodegradation modeling can be improved by understanding the wavelength-dependence of 

quantum yields and the potential errors introduced by the experimental setup. In this study, we 

investigated the effects of experimental setup on measured quantum yields using four photoreactor 

systems and up to 11 different light sources. When using a calibrated spectroradiometer to measure 

incident irradiance on an open solution surface, apparent quantum yields were up to two times 

higher if light reflection and light screening were not accounted for in the experimental setup. 

When the experimental setup was optimized to allow for accurate irradiance measurements, 

quantum yields were reproducible across photoreactors. The optimized experimental setup was 

then used to determine quantum yields of the optically transparent solutions of uridine, atrazine, 

p-nitroanisole (PNA), sulfamethoxazole, and diclofenac across the UV spectrum. No significant 

wavelength dependence of quantum yields was observed for sulfamethoxazole and diclofenac, in 

Page 1 of 34 Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



2

contrast to wavelength-dependent quantum yields for uridine, atrazine, and PNA. These reference 

values can be used for determining wavelength-dependent quantum yields of other compounds of 

interest. Additionally, more accurate results can be obtained when (1) it is possible to choose an 

actinometer with similar light absorption and photoreactivity compared to the target chemical, (2) 

when using optically transparent actinometers that can account for light reflection within reaction 

vessels, and (3) when using a quantum yield that corresponds to the spectra of the selected light 

source.  

ENVIRONMENTAL SIGNIFICANCE 

Quantum yields are necessary for modeling direct photolysis of chemicals in the natural 

environment and engineered treatment systems. This work quantifies the impacts of the 

experimental setup in calculating quantum yields and provides quantum yields across the UV 

spectrum for uridine, atrazine, p-nitroanisole (PNA), sulfamethoxazole, and diclofenac. These 

quantum yields can be used as reference values to more accurately characterize and model the 

photodegradation of chemicals of interest.

INTRODUCTION

Photochemical reactions can be important pathways for the degradation of anthropogenic 

chemicals and the biogeochemical cycling of naturally occurring compounds such as dissolved 

organic matter.(1, 2) These reactions occur in both the natural environment and engineered UV 

treatment systems.(3-6) To quantify the rates of these reactions, and thus understand their relative 

importance, quantum yields (Φ) of photolysis are typically measured in the laboratory and used to 

model photodegradation in a variety of systems.(7-10) Model accuracy is limited by the 
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uncertainty in the inputs, and uncertainties in Φ values are commonly driven by incorrect 

characterization of the spectral irradiance emitted by the light source used during experiments. 

When a calibrated spectroradiometer is not available or the experimental setup precludes its use 

(e.g., with bulbs on multiple sides of a merry-go-round photoreactor), the spectral irradiance is 

commonly measured using actinometry by quantifying the transformation of an actinometer. An 

actinometer is a photosensitive chemical with a well-characterized molar absorptivity and 

photolysis Φ that should not produce photoproducts that interfere with the absorbance of the 

actinometer itself.(11-14) Actinometers are often favored over spectroradiometers for measuring 

photon irradiances in photochemical experiments because they do not require regular calibration, 

can capture light reflections and fluctuations in intensity when irradiated alongside target solutions, 

and are adaptable to diverse experimental setups with varying geometries. Therefore, knowing the 

Φ of actinometers is critical for determining the Φ of other chemicals of interest and thus predict 

their photodegradation in the natural environment and engineered treatment systems.  

A growing number of studies have focused on quantifying wavelength-dependent quantum yields 

(Φλ) to increase the accuracy and ability to model photodegradation rates in different 

environmental and treatment systems as well as to study photodegradation mechanisms.(15-20) 

This pursuit has been aided by the increased availability of monochromatic and narrow-band light 

sources in the UV region. Nevertheless, more wavelength-specific Φλ of actinometers and other 

reference chemicals are needed that correspond to these newly available light sources, thereby 

increasing the potential options for using actinometry in varying experimental systems. 
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Ferrioxalate and iodide-iodate are two standard actinometers that have quantum yields reported at 

multiple wavelengths.(21-23) Both are used at concentrations that make them optically opaque at 

wavelengths below 400 nm and 290 nm, respectively. However, these fast-reacting actinometers 

are not always suitable for use in commercially available benchtop photoreactors that produce high 

UV light intensities.(24) In addition, actinometers with greater optical transparency are often 

preferred due to (1) their optical similarity to the organic chemicals typically of interest in these 

studies and (2) the ability to use the same analytical method to measure the degradation of both 

the chemical of interest and actinometer (e.g., liquid chromatography with a diode array detector).

Chemicals that have been used as transparent actinometers to measure irradiance across the UV 

spectrum include nitrate,(23, 25-27) nitrite,(16, 25, 26) hydrogen peroxide,(23, 28-33) uridine,(23, 

34, 35) atrazine,(33, 36-41) and p-nitroanisole (PNA).(7, 42) However, there are known limitations 

in the application of most of these actinometers. Nitrate and nitrite have complex reactions due to 

the formation of multiple products, with or without the addition of a radical scavenger, and 

therefore Φ may be affected by the solution pH, actinometer concentration, and scavenger 

used.(23) Similarly, a high concentration of a radical scavenger is recommended when using 

hydrogen peroxide as an actinometer to produce a more consistent Φ.(23) For uridine, the reaction 

kinetic order and Φ were reported to be concentration-dependent and affected by photoproduct 

absorbance, which are undesired characteristics of an actinometer; nonetheless, an established 

protocol for uridine actinometry is available in the literature that addresses these constraints.(43) 

The atrazine Φ has been primarily established at 254 nm within the UVC region,(44, 45) whereas 

reported Φ for PNA are limited to the UVB and UVA regions.(42) Sulfamethoxazole and 

diclofenac have also been used as actinometers in recent studies because (1) they can be used with 
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high UV irradiances that limit the applicability of standard actinometers, and (2) their suitability 

for field studies due to their presence in natural water bodies.(24, 46) However, a comprehensive 

characterization of these chemicals for actinometry has not been undertaken. 

In addition, previous investigations have shown that different experimental setups, such as the 

choice of the sample container, can impact observed photolysis rates and consequently impact 

measured photon irradiances and the apparent Φ.(47-49) While the photochemistry community 

acknowledges the critical importance of accurate irradiance measurements in determining Φ, the 

potential errors introduced by varying experimental setups are not typically taken into account. A 

comprehensive description of experimental setup is commonly not provided, which makes it 

challenging to discern the cause of discrepancies between reported Φ in the literature.(50-52)

In this study, the impact of experimental setup choices on the apparent Φ were systematically 

investigated by varying sample containers, the number and position of bulbs, and photoreactor 

systems. Wavelength-dependent Φλ were determined using up to 11 different light sources across 

the UV spectrum for the popular actinometers uridine, atrazine, and PNA as well as 

sulfamethoxazole and diclofenac. Lastly, the apparent photon irradiance was calculated using both 

optically transparent and opaque solutions in a common photoreactor setup (i.e., using test tubes 

in a merry-go-round) to quantify the potential error introduced based on the choice of the 

actinometer itself.

EXPERIMENTAL SECTION
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Materials. Stock solutions of p-nitroanisole (Acros Organics, 99+% purity), atrazine (Sigma-

Aldrich, Pestanal® analytical standard) and sulfamethoxazole (TCI, >98% purity) were prepared 

in acetonitrile (1 mg/mL, Fisher, HPLC grade), and stock solutions of uridine (Sigma-Aldrich, 

≥99% purity) and diclofenac (Sigma-Aldrich, ≥98% purity) were prepared in ultrapure water (7.2 

mM and 1 mg/mL, respectively, ≥18.2 MΩ cm, Millipore Direct-Q 3 UV).  Working solutions in 

ultrapure water were prepared at 10 μM for PNA, atrazine, sulfamethoxazole, and diclofenac and 

5 μM for uridine. Sulfamethoxazole working solutions were buffered to pH 7.2 or 8 using 0.5 mM 

phosphate buffer, and uridine working solutions were buffered to pH 7 using 1 mM phosphate 

buffer. For ferrioxalate actinometry, solutions were prepared at 0.02 M of ferrioxalate in 0.05 M 

H2SO4. More details on solution preparation are in Text S1. 

Experimental Setups. Photolysis experiments were performed using either (a) a merry-go-round 

photoreactor (LZC-4V, Luzchem) with UVC, UVB, or UVA bulbs (irradiance maximum at 254, 

313, and 350 nm, respectively), (b) a commercially available LED photoreactor using light 

centered at 258, 266, or 279 nm (AquiSense PearlLab Beam), (c) a custom-built LED 

photoreactor(16) using light centered at 276, 316, 346, or 368 nm, or (d) a solar simulator (Oriel 

Sol1A Class ABB, Newport) (schematics of setups and relative irradiance spectra in Figure 1). 

The merry-go-round photoreactor featured a ventilation system, internal reflective surfaces, an air 

temperature display, and a carousel for test tubes made entirely of aluminum. Photographs of all 

systems and irradiance spectra in photon irradiance units are available in Figure S1. Chemical 

solutions were added to either a pyrex glass petri dish (50 mm internal diameter, 18 mm depth, 10 

mL of solution, 8 mm solution depth) that was transparent or opaque (i.e., painted black, referred 

to in the text as ‘black’), quartz test tubes (10 mm internal diameter, 10 mL of solution), or pyrex 
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test tubes (10 mm internal diameter, 8 mL of solution). Experiments were conducted independently 

in at least triplicate and up to seven subsamples of 180 μL were taken during each experiment. 

Spectral photon irradiances were obtained from spectroradiometry and/or actinometry. The first 

approach used direct measurements of the light sources with a spectroradiometer recently 

calibrated with traceable NIST standards (Black Comet, StellarNet, see Text S3 for setup and 

testing of the spectroradiometer). Measurements were performed before and after the experiments 

to verify the light stability throughout the experiments. The spectral irradiances (i.e., in power units 

of W m-2 nm-1) obtained from the spectroradiometer readings were converted to spectral photon 

irradiances (i.e., in mE cm-2 min-1 nm-1) for Φ calculations (Text S4). The second approach 

quantified the spectral photon irradiance using the standard actinometer ferrioxalate with the 

assumption that the previously published wavelength-dependent Φλ were accurate (Text S5).(21) 

For experiments in petri dishes, the irradiance was corrected by petri factors determined following 

a published protocol (Text S2, Table S1).(53)

Total photon irradiances summed over the 200-500 nm range varied between 0.2-7% comparing 

spectroradiometry and ferrioxalate actinometry when using black petri dishes and UVC, UVB, or 

UVA light sources (merry-go-round photoreactor, 6 bulbs placed at the ceiling, photon irradiance 

spectrum shown in Figure S4). At the wavelength of the maximum irradiance for these bulbs, the 

measured irradiance varied by 4-6%. These differences represent an intrinsic uncertainty present 

when determining Φλ due to limitations in accurately quantifying photon irradiance with different 

approaches.
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Figure 1. Schematic of setups used in the experiments performed in the (A) merry-go-round 

photoreactor with a transparent pyrex petri dish, black petri dish, or test tubes, (B) commercially 

available LED photoreactor, (C) custom-built LED photoreactor, and (D) solar simulator. The 

relative photon irradiance of light sources available for each of the photoreactors are also shown 

with the peak wavelength listed in the legend for LED light sources.

Analytical Methods and Photolysis Rates.  Chemical degradation was measured by collecting 

sub-samples at set time intervals during experiments. Analysis of sub-samples used either high-

performance liquid chromatography with a diode array detector (HPLC-DAD, Agilent 1260) for 

atrazine, PNA, sulfamethoxazole, and diclofenac or a UV-vis spectrophotometer (Cary 60, 

Agilent) using a 1 cm cuvette for ferrioxalate. For uridine, degradation was monitored over time 

using both HPLC-DAD and UV-vis spectrophotometry at 262 nm with a 1 cm cuvette, the latter 

following the published protocol for uridine actinometry, to enable a comparison between the two 

methods.(43) The data obtained from the UV-vis spectrophotometer was observed to deviate 
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slightly from the data obtained from the HPLC at later time points (i.e, when the uridine 

concentration decay was above 40%, Figure S6). The slower degradation kinetics observed when 

using the UV-vis method were attributed to the low absorbance readings between 0.010 and 0.065 

in a 1 cm cuvette, which are approaching the instrument’s detection limit, and potential 

interference from the photoproduct absorbance. Therefore, due to the better sensitivity and 

chromatographic separation possible with the HPLC-DAD, the uridine Φ presented herein were 

calculated using this method. Method details and information on how pseudo-first-order rate 

constants were calculated from the observed degradation for all chemicals are provided in Texts 

S6-S7. For each replicate experiment, linear regression was used to quantify the degradation 

measured by HPLC-DAD or UV-vis over time until >1-log decay was observed. In experiments 

requiring >2 hours to reach 1-log decay in the merry-go-round photoreactor, evaporation from the 

petri dish was observed to be significant even though the maximum air and solution temperatures 

measured were 27 °C. In these cases, experimental times were limited and solution mass was 

monitored to keep evaporation ≤9.5% of the initial solution mass and maintain log-linear kinetics. 

Evaporation was not observed in the LED photoreactors or solar simulator due to significantly 

lower irradiance intensities, which also limits the potential for significant temperature increases, 

and/or use of a water bath (solar simulator only).

Molar Absorptivity. Molar absorptivities (ελ) of transparent chemicals were determined from 

absorbance data collected using the UV-vis spectrophotometer. A minimum of three solutions with 

varying concentrations (1-20 mg/L) were prepared in ultrapure water or the previously indicated 

buffer for the measurements. Quartz cuvettes of 1 and 10 cm pathlengths were used. All 

measurements were combined and fitted with a series of Gaussian curves to determine the best-fit 
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values (Text S8, Table S2, Figure S7-S8). Measured molar absorptivities for uridine, atrazine, 

PNA, and diclofenac were similar to previously reported values.(5, 23, 36, 42, 54) For 

sulfamethoxazole, the molar absorptivity spectra differed at pH 7.2 and 8 due to the protonation 

state of the chemical (pKa=5.9±0.2) and differed from previous findings.(6) 

Quantum Yields. Φλ of each optically transparent chemical were calculated using Equations 1-2, 

where k is the pseudo-first-order rate constant for the degradation of that compound, Iλ is the 

spectral photon irradiance measured by the spectroradiometer, Sλ is the screening factor of the 

experimental solution, C is the molar concentration of the compound in solution, and  is the 𝑙

solution pathlength. Screening factors are shown in Figure S9.

 (1)𝛷𝜆 =  
𝑘

2.303 ×  ∑𝜆𝜀𝜆𝐼𝜆𝑆𝜆

  (2)𝑆𝜆 =  
1 ―  10

― 𝜀𝜆𝐶 𝑙

2.303 𝜀𝜆𝐶 𝑙

Statistical Analysis. Analysis of significant differences between the experimental data were 

performed with t-test, with a significance level of p<0.05. Relative percent differences between Φλ 

were calculated as either (1) the ratio of the difference between the maximum and minimum Φ and 

the average Φ to describe variations, (2) the ratio of the difference between the maximum and 

minimum Φ and the minimum Φ to describe increases, or (3) the ratio of the difference between 

the maximum and minimum Φ and the maximum Φ to describe decreases. Linear regression 

statistics and ANOVA tests combined with Dunnett’s T3 multiple comparisons statistics were 

performed to evaluate if Φλ calculated at different wavelength ranges were significantly different 

from each other.
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RESULTS AND DISCUSSION

Determining the Optimal Experimental Setup for Calculating Quantum Yields Using a 

Spectroradiometer. Previous findings have shown that choices in the experimental setup can 

introduce errors when determining Φ. For instance, direct photolysis rates were observed to be 1.5 

to 3 times faster in test tubes compared to open dishes.(47-49) These variations were typically 

attributed to light reflection in the experimental system and the geometry of the sample container; 

however, an uneven light field can also introduce experimental error.(55) These errors are often 

reflected in the variability of reported Φ in the literature. For example, Φ254 values for the chemical 

actinometers atrazine and uridine varied by 33% and 34%, respectively.(23, 43-45, 51, 52, 56-59) 

Discrepancies in literature values have also prompted studies to revise Φ values for already 

established actinometers.(42, 60)

Based on previous studies, a petri dish sample container was chosen to determine Φ when using a 

spectroradiometer to quantify the photon irradiance. This is because the spectroradiometer and the 

open water surface in the petri dish can both be placed in the same location respective to the 

downwelling light in each of the photoreactor setups, thereby resulting in the most accurate 

measurements of fluence. Nevertheless, depending on other experimental setup choices (e.g., using 

a photoreactor featuring reflective surfaces), the apparent ΦUVB of PNA in a petri dish in the merry-

go-round photoreactor varied by up to a factor of 2 (Table 1). 

Light Field Uniformity. The light field was characterized with two, four, and six bulbs placed on 

the ceiling of the merry-go-round (Figure 1A). A more even distribution of light was observed 

with the maximum of six bulbs installed. Yet, spectroradiometer-measured irradiances still varied 
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up to 43% between the corners and the center of the photoreactor (Table S3).  Over the 5 cm 

diameter of the petri dish, placed in the center of the photoreactor during experiments, the light 

field was found to be uniform. Calculated petri factors, which represent the variation in irradiance 

across the sample container compared to the location of the spectroradiometer measurement, were 

0.94 regardless of the number of bulbs (Text S2, Table S1). Nevertheless, the petri factors were 

closer to 1.0 and the calculated apparent Φ were more consistent when using more bulbs (Figure 

S10, Table S4).

Other minor sources of variability were found to come from the placement of the bulbs and the 

intensity of the bulbs themselves. The total irradiance ( ) was found to increase ∑
𝜆𝐼200 ― 500 𝑛𝑚

approximately proportionally with the number of bulbs installed (Tables S6). However, the 

measured irradiances normalized by the number of bulbs installed varied up to 18% depending on 

bulb placement. Part of this observed variability was likely due to differences in irradiances 

emitted by the individual bulbs, which was found to vary by up to 21% (Table S7). 

Light Reflection. Using the black petri dish resulted in a PNA ΦUVB of 0.00032±0.00002, which 

was not statistically different than the value of 0.00029 determined in a previous study (p=0.15; 

Table 1).(42) In contrast, using the transparent petri dish resulted in a 92% higher PNA apparent 

ΦUVB. This higher apparent ΦUVB was attributed to greater effective transmitted irradiance due to 

light reflection within the photoreactor and sample container that the black petri dish blocks or 

minimizes, and that cannot be captured by the spectroradiometer that measures only downwelling 

irradiance, which has been previously reported in the literature.(47-49, 61) Light reflection 

increases the average pathlength of photons and therefore number of photons available for 
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photolysis for optically transparent chemicals, resulting in an artificially higher apparent Φ.(49, 

62) 

The predominant source of light reflection was from the reflective surfaces of the photoreactor 

(Table 1). Placing black paper between the transparent petri dish and the reflective aluminum 

surface where the petri dish sat eliminated approximately half of the reflection. Covering all 

reflective surfaces of the photoreactor with black paper also substantially reduced reflection. 

However, even in this scenario, using the transparent petri dish still resulted in an 18% higher 

apparent ΦUVB compared to using the black petri dish. This was attributed to light reflection within 

the transparent petri dish itself. When using the black petri dish, no significant differences in PNA 

ΦUVB were observed regardless of whether the reflective surfaces of the photoreactor were covered 

with black paper. Hence, using the black petri dish minimized potential light reflection during 

experiments, allowing for the most accurate measurement of photon irradiance to be used to 

calculate ΦUVB. 

Table 1. PNA apparent Φ and standard deviations (SD) obtained in different experimental setups 

using six UVB bulbs placed on the ceiling of the merry-go-round photoreactor. Samples were 

rotating in all experiments. Total photon irradiances were obtained using a calibrated 

spectroradiometer by integrating the irradiance spectrum in the 250-400 nm region, and the values 

are reported as the average of three independent measurements. Bulb configurations in the 

photoreactor are illustrated in Figure 1A. 

Experimental Setup

Sample container Other
PNA Apparent 

ΦUVB ± SD

Average Measured 
Photon Irradiance 

(mE cm-2 min-1)
Transparent petri dish n.a. 0.00061 ± 0.00005 0.00089

Transparent petri dish Merry-go-round covered 
with black paper 0.00044 ± 0.00004 0.00086
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Transparent petri dish
All reflective surfaces of 

photoreactor covered with 
black paper

0.00038 ± 0.00003 0.00071

Black petri dish n.a. 0.00032 ± 0.00002 0.00086

Black petri dish
All reflective surfaces of 

photoreactor covered with 
black paper

0.00031 ± 0.00001 0.00066

Wavelength-Dependent Φλ for Uridine, Atrazine, PNA, Sulfamethoxazole, and Diclofenac. 

Based on our initial results, experiments to quantify the Φλ of optically transparent chemicals 

across the UV spectrum were designed to maximize accuracy. This included using the black petri 

dish to minimize light reflection, characterizing and maximizing the light field uniformity, and 

verifying a stable irradiance for the duration of experiments. Depending on the molar absorptivity 

of the chemical, up to 11 different light sources were used to quantify Φλ. In addition, at the 

commonly used concentrations of ≤10 µM and optical path lengths ≤1 cm, screening factors were 

found to be <0.95 for PNA between 285-350 nm, for sulfamethoxazole <280 nm, and for 

diclofenac between 255-295 nm (Figure S9). This violates the assumption often relied on when 

using optically transparent chemical actinometers that <5% of photons are absorbed by the 

solution. If light screening was not accounted for, calculated Φλ would be underestimated by 6-9% 

for PNA, 5-15% for sulfamethoxazole, and 5-8% for diclofenac for the above-mentioned 

conditions and depending on the light source used. These differences increase approximately 

linearly with increases in concentration and path length. Consequently, light screening should be 

corrected for to calculate accurate Φλ.

One discrepancy that was noted when reviewing the literature was the previously reported 

concentration-dependence of the atrazine Φ254.(44) On examination of the data, we found that the 

observed behavior could be explained by light screening at high atrazine concentrations. When the 

Page 14 of 34Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

Φ254 for each atrazine concentration determined in that study was recalculated by correcting for 

light screening, a consistent Φ254 value with an 8% relative standard deviation was obtained (Table 

S8). This highlights the importance of verifying that the assumption of optical transparency is valid 

at the solution concentrations and depths chosen for experiments and correcting for light screening 

when necessary.

Wavelength-dependent Φλ were observed for uridine and atrazine but not for diclofenac. PNA Φλ 

were also wavelength-dependent across the UV spectrum; however, in the wavelength range where 

it is typically used as an actinometer (i.e., UVB and UVA regions), the wavelength-dependence 

was minor.  Sulfamethoxazole Φλ were determined at both pH 7.2 and 8 for comparison with 

previously reported values.(5, 6) At pH 7.2, sulfamethoxazole is a mixture of protonated and 

deprotonated species (pKa=5.9±0.2)(6) and was observed to have a strongly wavelength-dependent 

Φλ (p=0.004). Deprotonated sulfamethoxazole did have some statistically distinguishable Φλ when 

comparing results from different light sources, but the overall trend did not show statistically 

significant wavelength-dependence (p=0.10; Figure 2, Tables 3 and S9-S11). Because of these 

observations, it is strongly recommended that sulfamethoxazole solutions are buffered at pH 8, as 

minor shifts in the solution pH would introduce substantial error.

The wavelength-independent Φλ of deprotonated sulfamethoxazole and diclofenac are desirable, 

especially when using broadband light sources. Further studies exploring the temperature and 

concentration-dependence of both sulfamethoxazole and diclofenac Φλ, coupled with inter-

laboratory comparisons, could position them as viable chemical actinometers for UVC and UVB 
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light sources. This would expand the list of actinometers available and provide more opportunities 

to align the molar absorbance and reactivity of the chemical of interest with that of the actinometer. 

Wavelength-dependent Φλ measured in this work were consistently lower than those reported in 

the literature (Figure 2).(5, 6, 23, 43-45, 50-52, 56-59, 63) The only exceptions were the PNA Φλ 

in parts of the UVB/UVA region and using the broadband solar simulator, which were similar to 

the value of 0.00029 previously reported.(42) The lower Φλ reported in this work are consistent 

with our efforts to minimize light reflection to obtain the most accurate measure of irradiance 

possible, thereby avoiding calculating an artificially higher apparent Φλ. Although most of the 

referenced studies report using transparent dishes or test tubes as sample containers, detailed 

descriptions of photoreactor setups were usually absent. This makes it challenging to discern the 

cause of the discrepancies in reported Φλ. 

To evaluate whether Φλ were reproducible across photoreactors when care was taken to optimize 

the experimental setup, four pairs of light sources with similar spectra were compared (Figure 3). 

There was good agreement between light source pairs with differences in measured Φλ being 20% 

(Table S12). However, the observed differences of 13% for deprotonated sulfamethoxazole 

(p=0.0008) and 20% for atrazine (p<0.0001) under UVC light exposure (=252-264 nm) were 

statistically different and are believed to reflect actual differences in Φλ over a narrow wavelength 

range and not be caused by experimental artifacts. This was supported by the consistency of the 

data, exhibiting relative standard deviations 7% across multiple experiments with independent 

measurements of irradiance (n=4-8). If the differences were due to a systematic bias between 

Page 16 of 34Environmental Science: Processes & Impacts

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

photoreactors, these differences should have been observed across all chemicals and not only 

atrazine and deprotonated sulfamethoxazole.

Figure 2. Quantum yields (left axis) for (A) uridine, (B) atrazine, (C) PNA, (D) diclofenac, (E) 

sulfamethoxazole pH 7.2, and (F) sulfamethoxazole pH 8 determined using multiple light sources 

with symbols representing the photoreactor type and colors representing the irradiance region (also 

see Tables 3 and S8 for Φλ values). Molar absorptivities for each actinometer are shown as solid 

gray lines (right axis). Colored horizontal bars at the bottom of the figure represent the wavelength 

range of the light sources with symbols indicating the wavelength of the maximum irradiance and 

the bar representing the full width at half maximum. Φλ values reported in the literature are 
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included as solid horizontal lines. Chemical degradation over time plots for all experiments are 

available in Figure S13.

Table 3. Measured average Φλ, their standard deviation, and the number of replicate experiments 

conducted (n) for uridine, atrazine, PNA, diclofenac, and deprotonated sulfamethoxazole 

determined using multiple light sources and the black petri dish. For deprotonated 

sulfamethoxazole and diclofenac, for which there appeared to be no wavelength dependence, 

average Φλ were calculated using all results. Values for sulfamethoxazole at pH 7.2 are available 

in Table S8. Regression and ANOVA statistical test results comparing the Φλ obtained with 

different light sources can be found in Tables S9-S10. Chemical degradation over time plots for 

all experiments are available in Figure S13.

Light Region Experimental Setup n Quantum Yield 
(Φλ) ± SD

Uridine
Merry-go-round UVC (max. 254 nm) 11 0.0168 ± 0.0015
Commercially-available LED 258 nm 6 0.0165 ± 0.0021UVC
Commercially-available LED 266 nm 3 0.0148 ± 0.0016
Custom-built LED 276 nm 3 0.0150 ± 0.0003
Commercially-available LED 279 nm 3 0.0145 ± 0.0005UVC/UVB
UVB (max. 313 nm) 3 0.0101 ± 0.0015

Atrazine
Merry-go-round UVC (max. 254 nm) 8 0.0283 ± 0.0017
Commercially-available LED 258 nm 6 0.0232 ± 0.0016UVC
Commercially-available LED 266 nm 3 0.0218 ± 0.0010
Custom-built LED 276 nm 4 0.0212 ± 0.0008
Commercially-available LED 279 nm 4 0.0195 ± 0.0014UVC/UVB
Merry-go-round UVB (max. 313 nm) 3 0.0126 ± 0.0011

PNA
Merry-go-round UVC (max. 254 nm) 3 0.00098 ± 0.00013
Commercially-available LED 258 nm 3 0.00116 ± 0.00009UVC
Commercially-available LED 266 nm 3 0.00101 ± 0.00002
Custom-built LED 276 nm 3 0.00045 ± 0.00004
Commercially-available LED 279 nm 3 0.00051 ± 0.00005
Merry-go-round UVB (max. 313 nm) 3 0.00032 ± 0.00002UVC/UVB

Custom-built LED 316 nm 3 0.00033 ± 0.00002
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Merry-go-round UVA (max. 350 nm) 3 0.00031 ± 0.00002
Custom-built LED 346 nm 3 0.00034 ± 0.00004UVA
Custom-built LED 368 nm 3 0.00017 ± 0.00001

UV-visible Solar Simulator 3 0.00031 ± 0.00002
Diclofenac

Merry-go-round UVC (max. 254 nm) 3 0.129 ± 0.009
Commercially-available LED 258 nm 3 0.144 ± 0.012UVC
Commercially-available LED 266 nm 3 0.138 ± 0.002
Custom-built LED 276 nm 3 0.139 ± 0.005
Commercially-available LED 279 nm 3 0.152 ± 0.010UVC/UVB
Merry-go-round UVB (max. 313 nm) 3 0.130 ± 0.010
Average ± St. Dev. 0.139 ± 0.009

Sulfamethoxazole pH 8
Merry-go-round UVC (max. 254 nm) 6 0.0164 ± 0.0004
Commercially-available LED 258 nm 4 0.0144 ± 0.0005UVC
Commercially-available LED 266 nm 3 0.0145 ± 0.0011
Custom-built LED 276 nm 3 0.0164 ± 0.0011
Commercially-available LED 279 nm 3 0.0160 ± 0.0006UVC/UVB
Merry-go-round UVB (max. 313 nm) 3 0.0178 ± 0.0006 
Average ± St. Dev. 0.0159 ± 0.0013 

Figure 3. Relative photon irradiances of the light sources used to evaluate the reproducibility of 

Φλ measured across photoreactors. 

Measuring the Photon Irradiances Received by Transparent and Opaque Solutions. 

Photoreactors equipped with a merry-go-round configuration with bulbs positioned on multiple 

sides are commonly used in photochemical studies.(7, 64-76) This experimental setup allows for 
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multiple samples to be irradiated simultaneously and promotes light field uniformity by rotating 

the samples. However, measuring representative photon irradiance using a spectroradiometer in 

this setup is not possible. While actinometers are preferred in such scenarios, a direct comparison 

of multiple actinometers to quantify photon irradiances within this configuration could not be 

found in the literature.

To compare the performance of transparent and opaque solutions in quantifying photon 

irradiances, experiments were conducted using test tubes that were rotating in the reflective merry-

go-round photoreactor. Solutions were irradiated simultaneously with either eight UVC or UVB 

bulbs placed on the sides of the photoreactor (setup in Figure 1A). Total photon irradiance was 

calculated from the photodegradation rates of each chemical using the Φλ from Table 3 and 

published values for ferrioxalate (Equations 1-2 and S2).(21) Results showed that photon 

irradiances measured by optically transparent solutions were 1.6 to 4.5 times greater than those 

measured by ferrioxalate (Figure 4, Table S13). 

Lower irradiances were measured with ferrioxalate because it absorbs all light <400 nm, whereas 

light can reflect off the inner walls of the photoreactor and test tubes and remain available for 

photolysis when irradiating transparent solutions. These findings are consistent with the 

observations described in the previous sections and those reported by previous studies.(47-49, 77) 

Ferrioxalate has been used as an actinometer to determine photon irradiances in merry-go-round 

photoreactors by several studies.(67-76) However, these findings show that transparent chemical 

actinometers, and not ferrioxalate, should be used when the experimental solutions are themselves 

transparent. Ferrioxalate could still be used if reflection in the experimental setup is eliminated 
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(e.g., using a black petri dish) or if the experimental solution being evaluated is optically opaque. 

For example, in the previous study that reported atrazine Φ254 at varying concentrations, the Φ254 

reported at high concentrations converged with the value found in this work;(44) this is because 

the solution was becoming optically opaque at high concentrations and ferrioxalate was used as 

the actinometer.

When comparing transparent solutions only, measured irradiances were in good agreement when 

using UVC bulbs with differences 23% (Figure 4A). Results from experiments using UVB bulbs, 

however, showed substantially higher irradiances measured by uridine and atrazine than the other 

transparent chemicals even though the ΦUVB determined in the petri dish setup were used (Figure 

4B). Notably, the UVB bulbs include a spectral band in the UVC centered at 254 nm, and both 

uridine and atrazine have higher Φ and similar  in the UVC compared to the UVB region (Figure 

2 and S17). While PNA also has a higher Φ in the UVC, its  is substantially lower in the UVC 

region compared to the UVB region. Therefore, it was hypothesized that the presence of UVC 

light was disproportionately affecting the irradiances measured by uridine and atrazine.

To minimize the transmittance of UVC light emitted by the UVB bulbs, solutions of all chemicals 

were irradiated in pyrex test tubes instead of quartz test tubes (i.e., pyrex screens light <315 nm), 

which resulted in total irradiance measured by the transparent solutions being 23% (Figure 4C, 

Figure S16). Therefore, the erroneously higher irradiances observed for uridine and atrazine in 

quartz tubes were attributed to differing degrees of reflection of UVC and UVB light. This is also 

supported by the observed ratio of irradiances between transparent solutions and ferrioxalate in 

Figures 4A and 4B. Similarly, the differences observed between the transparent solutions were 
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also attributed to the wavelength-dependent nature of light reflection coupled with the differing 

molar absorptivities of the chemicals. These results highlight the benefits of choosing an 

actinometer with similar photochemical properties to the chemical of interest to account for the 

occurrence of light reflection. However, there will always be some differences between the 

actinometer and chemical of interest and the variations quantified here (up to 23% relative 

differences) can be considered as a degree of intrinsic uncertainty present when using actinometry 

to calculate unknown quantum yields. 

Figure 4. Total photon irradiances ( ) and standard errors measured by each chemical ∑𝐼200 ― 500 𝑛𝑚

during experiments using either eight (A) UVC bulbs or (B and C) UVB bulbs in the merry-go-

round photoreactor. Experiments with UVB bulbs were performed either with (B) quartz test tubes 

or (C) pyrex test tubes that were rotating. Irradiances were calculated using Equations 1-2 for 
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uridine, atrazine, PNA, sulfamethoxazole, and diclofenac, and using Equation S2 for ferrioxalate. 

Statistical comparisons are presented in Table S13. All chemicals were simultaneously irradiated 

to mitigate the effects of light fluctuations. Time points were selected to allow for at least one 

complete rotation of the tubes in the merry-go-round and based on their respective 

photodegradation rates. The Φλ measured in this work (Table 3) were used to calculate the total 

photon irradiances and ferrioxalate Φλ values were from the literature.(21) Chemical degradation 

over time plots for each of the experiments are available in Figure S15.

IMPLICATIONS

As shown in this work, an optimized experimental setup is critical when using a spectroradiometer 

to measure incident photon irradiances. In comparison, the use of actinometers allows for more 

flexibility including more choices in photoreactor and sample container geometries and the ability 

to capture the effects of light reflection and varying bulb intensities. Importantly, actinometry 

allows for irradiating multiple experimental solutions simultaneously in the merry-go-round 

photoreactor. Nevertheless, care should be taken in selecting an appropriate actinometer as 

differences in molar absorptivity spectra and photoreactivity resulted in variations in measured 

irradiance, especially when using a broadband light source or actinometer with a wavelength-

dependent Φλ. However, the variations observed were relatively minor (differences of 23%), and 

spectroradiometry is also susceptible to measurement errors due to the need for ongoing calibration 

and the limitations of the sensor and its placement. Consequently, actinometry is usually preferable 

and the addition of Φλ for more chemicals to the literature will increase our ability to measure and 

model the photochemical fate of chemicals of interest.
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This work characterizes the wavelength-dependence of Φλ of several commonly used actinometers 

using up to 11 different light sources. In addition, Φλ were determined for sulfamethoxazole and 

diclofenac, which have been previously used to quantify irradiance. Although sulfamethoxazole 

and diclofenac are not currently considered actinometers, their wavelength-independent Φ is a 

desirable attribute and makes them potentially viable actinometers in the UVC/UVB regions. The 

Φλ of PNA, a commonly used actinometer for the UVB and UVA regions, was also characterized 

for UVC light sources. The addition of PNA provides an actinometer with substantially slower 

kinetics making it a better candidate to investigate chemicals with lower photoreactivity. In turn, 

these reported values can be referenced to investigate the wavelength-dependence of 

photodegradation for other chemicals of interest using actinometry. 
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