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Abstract

Predicting the formation of photochemically produced reactive intermediates (PPRI) during 

irradiation of dissolved organic matter (DOM) has remained challenging given the complex 

nature of this material and differences in PPRI formation mechanisms. We investigate the role 

of DOM composition in photoreactivity using 48 samples that span the range of DOM in 

freshwater systems and wastewater. We relate quantum yields for excited triplet state organic 

matter (fTMP), singlet oxygen (Φ1O2), and hydroxylating species (Φ•OH) to DOM composition 

determined using spectroscopy, Fourier-transform ion cyclotron resonance mass spectrometry, and 

electron donating capacity (EDC). fTMP and Φ1O2 follow similar trends and are correlated with 

bulk properties derived from UV-vis spectra and EDC. In contrast, no individual bulk property can 

be used to predict Φ•OH. At the molecular level, the subset of DOM that is positively correlated 

to both Φ•OH and EDC is distinct from DOM formulas related to Φ1O2, demonstrating that 
•OH and 1O2 are formed from different DOM fractions. Multiple linear regressions are used 

to relate quantum yields of each PPRI to DOM composition parameters derived from multiple 

techniques, demonstrating that complementary methods are ideal for characterizing DOM because 

each technique only samples a subset of DOM.
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Introduction

Dissolved organic matter (DOM) is a complex mixture of organic molecules derived from 

terrestrial and microbial sources.1,2 Environmental processing of DOM further changes its 

molecular composition and reactivity.3,4 DOM participates in reactions that affect microbial 

metabolism,5 contaminant transformation,6–8 and drinking water treatment processes.9–

11 In surface waters, DOM is the predominant light absorbing component and forms 

photochemically produced reactive intermediates (PPRI) as a result.12,13

Upon absorption of light, DOM enters its singlet excited state (1DOM), which may 

undergo intersystem crossing to form the longer-lived triplet excited state (3DOM).13 The 

predominant quencher of 3DOM is O2, which forms singlet oxygen (1O2) via energy transfer 

from 3DOM. Both 3DOM and 1O2 can react to transform some organic contaminants.7,14,15 

Autochthonous DOM or DOM originating from wastewater has been shown to be more 

photoreactive in terms of producing these PPRI.14,16,17 Other PPRI, including hydrogen 

peroxide (H2O2), superoxide, (O2
•-), and hydroxyl radical (•OH), form through electron 

transfer reactions but exact pathways are less well understood.18,19 The two predominant 

mechanisms discussed in the literature include reduction of O2 or H-atom abstraction from 

water.20 Precursors for these PPRI may include 1DOM, 3DOM, charge transfer species, or 

other photochemically excited complexes associated with DOM.21–23

Conflicting evidence exists about relationships between 3DOM quantum yield coefficients 

(fTMP) and 1O2 quantum yields (Φ1O2) as compared to those for Φ•OH, which is 

likely because 3DOM and 1O2 form via energy transfer and •OH results from electron 

transfer.14,22,24 For example, fTMP and Φ1O2 are often correlated with each other and with 

properties derived from UV-vis spectroscopy, such as E2:E3 (i.e., the ratio of absorbance 

at 250 nm to 365 nm).16,25–30 In contrast, Φ•OH has the same trends as other PPRI or 

E2:E3 in some studies,24,31,32 but opposite trends in other studies.17,33–35 3DOM and 1O2 
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quantum yields are positively correlated with the same pools of highly aliphatic DOM at 

the molecular level in several small sets of samples14,26,36 and we previously demonstrated 

that separate pools of DOM are strongly related to fTMP /Φ1O2 and Φ•OH.14 However, these 

molecular level trends have not yet been tested in diverse waters.

Measures of redox activity have also been related to photochemical reactivity in a small 

number of studies. For example, antioxidant capacity measurements via reaction of DOM 

with 2,2-diphenyl-1-picrylhydrazyl are negatively correlated to fTMP and Φ1O2.31 Electron 

donating capacity (EDC) measured via cyclic voltammetry is unrelated to Φ1O2 but 

positively correlated to quantum yields for H2O2 formation.30 Redox activities of DOM 

have been correlated with absorbance and fluorescence data in photochemical studies, 

but have not yet been related to molecular composition data such as that acquired via 

ultrahigh-resolution mass spectrometry. Because •OH is formed via electron transfer, EDC 

measurements may prove useful in predicting formation of this important PPRI.

Because predicting •OH formation has remained elusive in the literature,31,37 we aim 

to improve our understanding of PPRI formation by presenting a complete picture of 

DOM optical properties, redox properties via EDC measurements, molecular composition 

via high-resolution mass spectrometry, and photochemical reactivity in terms of 3DOM, 
1O2, and •OH formation. We include a large number of samples that span the range 

of DOM composition encountered in freshwater systems, including terrestrially-derived 

bogs, microbially-derived and altered DOM from oligotrophic lakes, and wastewater 

and wastewater-impacted samples, to investigate whether previously observed molecular 

trends14 are universally true. The unique data set presented here represents the first large-

scale assessment of both DOM composition and photoreactivity in diverse freshwaters 

and includes the first comparison of EDC with DOM molecular composition. Finally, we 

consider simple linear and multiple linear regression models to investigate how DOM 

properties affect PPRI formation.

Materials and Methods

Sample Collection.

Samples were collected from five geographical locations in Wisconsin and Minnesota, USA 

between August 2018 and September 2020. Samples include lakes of diverse trophic status 

(n = 13), rivers (n = 20), and agricultural ditches (n = 2). Additionally, 13 wastewater 

effluent samples were collected from four wastewater treatment plants. More information 

about sample sites and collection can be found Section S1. Chemical sources are described 

in Section S2.

Water Chemistry Analysis.

Chloride, nitrate, nitrite, and sulfate concentrations were measured using ion 

chromatography. Dissolved organic carbon ([DOC]) and inorganic carbon ([DIC]) 

concentrations were measured using a Shimadzu Total Organic Carbon Analyzer. Calcium, 

iron, potassium, magnesium, and sodium concentrations were measured using inductively 
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coupled plasma-optical emission spectroscopy. More information on analytical methods is 

provided in Section S3.

Bulk DOM composition was evaluated in whole water samples using absorbance 

measurements collected via a Horiba Aqualog Fluorimeter (Section S3). Parameters 

including specific absorbance at 254 nm (SUVA254) and E2:E3 were calculated as described 

previously.38,39 These parameters were corrected for nitrate absorbance, which resulted 

in changes of ~2%. SUVA254 and E2:E3 are related to measurements of aromaticity and 

molecular weight, respectively.38–40 Humification index (HIX) and fluorescence index (FI) 

were also calculated due to their ease of measurement and minimal dependence on inner 

filtering effects.41,42 HIX was calculated as the sum of the emission from 435 – 480 nm 

divided by the sums of the emission from 300 – 345 nm and 435 – 480 nm with excitation 

at 254 nm. FI was calculated as the ratio of emission intensities at 470 nm and 520 nm upon 

excitation at 370 nm.42

DOM molecular composition was evaluated using Fourier transform-ion cyclotron 

resonance mass spectrometry (FT-ICR MS). Prior to analysis, DOM was extracted using 

solid phase extraction and re-diluted in methanol.43 Aliquots were diluted in 50:50 

acetonitrile:ultrapure water and directly injected into a Bruker FT-ICR MS (Solarix XR 

12T) via negative mode electrospray ionization. Exported m/z were linearly calibrated 

and compared with potential formulas containing combinations of 13C0–1
12C5–80H0–120O0–

80N0–3S0–1 atoms. Matches were verified using a 0.2 ppm mass error cutoff and homologous 

series requirement as described previously.14,44 Further information can be found in Section 

S4. Weighted averages of hydrogen to carbon ratio (H:Cw), oxygen to carbon ratio (O:Cw), 

and double bond equivalents (DBEw) were calculated for each sample.

Electron donating capacity (EDC) was measured in whole water samples using the 

2,2’-azino-bis(3-ehtylbenzothiazoline-6-sulfonate) radical cation (ABTS•+) as described 

previously.45 Briefly, 125 μM ABTS•+ was added to each sample (four dilutions per site). 

The reduction ABTS•+ to ABTS by DOM was quantified by loss of absorbance at 728 nm 

after 15 minutes of reaction. EDC was calculated from the difference in ABTS•+ between 

DOM samples and ultrapure water samples (Section S5).

Photochemical Reactivity.

Steady-state concentrations and quantum yields of 1O2 and •OH in air-saturated solutions 

were quantified during irradiation in a Rayonet photoreactor with sixteen 365 nm bulbs (full 

width half max = ±10 nm).46 Quantum yield coefficients for 3DOM (fTMP) were quantified 

with the same light source with [DOC] diluted to 5 mg-C L−1 due to the quenching effect 

of DOM on the radical cation intermediate of TMP.26,36,47 Probe compounds (10 μM) 

furfuryl alcohol (FFA), terephthalic acid (TPA), and 2,4,6-trimethylphenol (TMP) were 

used in separate experiments to measure 1O2, •OH, and 3DOM, respectively, in whole 

waters.14,24,48–50 TPA captures both free •OH and other hydroxylating species;20 we refer 

to the combination as •OH for simplicity. Triplicate measurements were taken alongside a 

p-nitroanisole/pyridine actinometer to quantify light intensity.51 Buffer was not added due to 

precipitation during some irradiations; the pH remained within 0.3 units during experiments. 

The degradation of FFA and TMP and the formation of the TPA hydroxylation product (i.e., 
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hydroxyterephthalic acid) were measured with high performance liquid chromatography 

(Section S6).

Statistical Analyses.

In box-and-whisker plots, whiskers represent the first and fourth quartile, the box height 

represents the second and third quartile, and the horizontal line represents the median; 

outliers are denoted as individual points. Statistical significance between categorical groups 

were calculated by ANOVA-Tukey tests. Error bars in all other figures represent one 

standard deviation of ≥3 replicates. Spearman rank correlations were calculated by relating 

the relative formula intensity of individual formulas to another measurement made for that 

sample (Section S8).52,53 Only formulas identified in at least three samples were included.

Multiple linear regression (MLR) models were constructed for quantum yields using pH, 

anions, cations, [DIC], SUVA254, E2:E3, HIX, FI, EDC, H:Cw, and O:Cw as potential 

predictor variables. These parameters were considered because both DOM composition and 

water chemistry can affect photochemical reactivity.35,54,55 Extrinsic properties in the fTMP 

MLR were divided by the dilution factors used during photolysis experiments. Models were 

reduced using Bayesian information criterion with backwards stepwise regression. Variation 

inflation scores meet model assumption about collinearity (i.e., <1.5). A p-value <0.05 was 

considered to be significant in MLRs and simple linear regressions.

Results and Discussion

Water Chemistry.

The 48 samples span the range of DOM types in freshwater systems (Table S1) and vary 

widely in water chemistry (Figures S1–S11; Tables S2–S4). Natural water samples are 

categorized into five groups (e.g., St. Louis River (SLR), Northern Lakes, Yahara, Mankato, 

or Twin Cities) based on their geographical location because landcover influences DOM 

composition.56 Wastewater effluents are grouped separately. Elevated ion concentrations are 

observed in wastewater samples compared to natural waters. High nitrate concentrations 

in the Mankato and some of the Yahara samples are attributable to agricultural land cover 

in these areas. High nitrate concentrations are also observed in some wastewater samples 

(Figure S5; Table S3). Iron, which can participate in photochemical reactions,57 is observed 

primarily in the SLR sites (Figure S8; Table S4).

Dissolved organic carbon concentrations range from 1.8 – 69 mg-C L−1. The highest [DOC] 

values are observed in waters with large terrestrial carbon inputs (e.g., SLR samples) and the 

lowest values are in oligotrophic lakes (Figures 1a and S1; Table S2). [DOC] ranges widely 

in wastewater samples, with high [DOC] in a WWTP that receives significant industrial 

inputs (53 mg-C L−1; Figure 1).14,58 Inorganic carbon concentrations range from 1.42 – 92.7 

mg-C L−1, with lower concentrations observed in SLR and Northern Lakes samples due to 

underlying geology (Figures S2 – S3; Table S2).
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DOM Composition.

Optical properties derived from UV-vis and fluorescence spectroscopy are used to assess 

bulk DOM composition (Figure 1; Figures S12–S17; Table S5). High SUVA254 and low 

E2:E3 values are indicative of large, aromatic DOM, while low SUVA254 and high E2:E3 

values are associated with smaller, aliphatic molecules.38,39 High SUVA254 values in SLR 

samples arise from terrestrially-derived DOM upstream in the river.14 SUVA254 values 

range widely in the Northern Lakes because these lakes include dystrophic bogs as well as 

oligotrophic lakes (Figure S13).16 Samples collected in the Twin Cities have high E2:E3 due 

to three clear lake samples (e.g., Lake Vadnais, Lake Phalen, and Lake of the Isles; Figure 

1b). Although low SUVA254 and high E2:E3 values are expected in wastewater effluent,58,59 

the wastewater-derived samples have optical properties near the middle of ranges observed 

in this study (Figures S12–S17). Fluorescence indices such as the humification index and 

fluorescence index are associated with terrestrially-derived DOM and microbially-derived 

DOM, respectively.60 The Northern Lakes have a large range in HIX with values in bogs > 

lakes (Figure S15–S16). FI values show the largest range in the wastewater samples (Figure 

1d; Figure S17).

DOM is characterized at the molecular level via FT-ICR MS. A total of 14,318 unique 

formulas are identified with an average of 4,026 formulas per sample (Table S6). Samples 

with large amounts of terrestrial input (i.e., SLR and Northern Lakes) are dominated 

by CHO-only formulas while wastewater, Yahara, and Mankato samples contain high 

percentages of nitrogen- and sulfur-containing formulas (Table S6–S7). H:Cw is higher 

in wastewater and urban samples compared to rural or agriculture samples (Figure 1e), 

corresponding to more aliphatic DOM. O:Cw is lower in urban samples than in other groups 

(Figure 1f), corresponding to more reduced DOM.

To compare DOM molecular composition from different land cover types, formulas 

identified in each geographical region are plotted on van Krevelen diagrams (Figure 2). 

Northern Lakes samples have the most unique formulas, especially at high H:C. Formulas 

only found in the Yahara and Mankato samples are concentrated at low H:C ratios. While 

the origin of these formulas is unclear, they may be attributable to farmland as both regions 

are heavily impacted by agriculture. The Twin Cities samples show unique formulas at 

low O:C ratios (Figure 2e). Observations of DOM from urban runoff having low O:C 

have been made previously.61 Unique wastewater formulas are concentrated in the lipid- 

and protein-like regions as observed previously for other wastewater effluents.14,58,59 The 

variability in the 48 samples at both the bulk and molecular levels is ideal for assessing how 

DOM composition impacts its photoreactivity.

Electron Donating Capacity.

EDC is a direct measurement of redox activity and potentially linked to the photoreactivity 

of DOM, yet is infrequently reported and has not yet been compared with DOM molecular 

composition. EDC values range 0.26 – 5.38 mmol e– g-C−1 (Table S5), which agrees 

with previous measurements using the same spectrophotometric method.11,45 Terrestrial 

samples (e.g., bogs and upstream SLR) have higher EDC values than more microbial and/or 

processed samples (e.g., oligotrophic lakes). Wastewater EDC is highly variable, with values 
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spanning the range observed in the natural waters (0.51 – 5.38 mmol e– mg-C−1; Figure 

1c; Table S5). EDC generally decreases after disinfection with either chlorine or UV in the 

studied wastewater treatment plants in agreement with observations using both chlorine62,63 

and ozone11,45,63 as disinfectants.

EDC is positively correlated with SUVA254 and negatively correlated with E2:E3. The slope 

for EDC versus SUVA254 is similar for all natural water types regardless of land cover 

or composition of DOM (p = 0.021; Figure 3a) in agreement with positive relationships 

between EDC and measurements of aromaticity via UV-vis64 and 13C NMR.65 However, the 

slope for wastewater samples is much steeper than that of natural water samples (Figure 3a). 

Different slopes have been documented for EDC between terrestrial and aquatic samples,65 

but not specifically for wastewater samples. EDC is negatively related to E2:E3 for the entire 

data set with some wastewater samples having high EDC (p = 2.2 × 10−4; Figure 3b). EDC 

is not correlated to HIX (p = 0.70; Figure S19a), but is positively correlated to FI (p = 0.01; 

Figure S19b).

EDC is also related to DOM at the molecular level. For natural waters, most lignin- and 

tannin-like formulas are positively related to EDC (Figure 3c), while saturated formulas 

show negative relationships (Figure 3d). This result is consistent with the understanding that 

polyphenolic-like structures give rise to DOM redox activity and agrees with similar analysis 

comparing SUVA254 with DOM molecular composition.14,16 In contrast, H:Cw is not as 

strongly related to EDC in wastewater (Figures 3e–3f and S20).

While EDC is closely related to DOM composition in natural water samples, the weaker 

relationships observed in wastewater samples provide evidence that other structures or 

interferences within wastewater impact EDC. Given the relatively narrow range in SUVA254, 

the large range in EDC in wastewater samples is unexpected (Figure 3a). Furthermore, we 

observe that large differences in EDC in wastewater are not attributable to discernable 

classes of molecular formulas (Figures 3e–3f). Studies of DOM redox activity have 

concluded that phenol and quinone structures are the predominant, but not only, redox active 

groups within DOM.23,65–69 In fact, cyclic voltammetry experiments have shown that there 

is some irreversible redox activity that cannot be attributed to phenols and quinones.68,70 

Heteroatom-containing functional groups likely contribute to overall redox activity69,71 and 

are generally enriched in wastewater effluent (Table S7). While other interferences (e.g., 

reduced forms of metals and ions) may be a confounding factor in EDC measurements, 

concentrations of these species are low in our samples (Tables S3–S4) and have been 

ruled negligible in another study considering EDC of wastewater.45 Collectively, these 

results demonstrate that EDC is consistently related to multiple bulk and molecular level 

measurements of DOM composition in surface water samples, but that these trends do not 

hold in wastewater.

Photochemistry.

PPRI steady-state concentrations vary from (0.43– 12.6) x 10−13 M and (0.57 – 32.5) 

x 10−15 M for [1O2]ss and [•OH]ss, respectively (Table S9). Generally, steady-state 

concentrations of both PPRI increase with increasing [DOC]. Quantum yields range from 

(0.6 – 8.27) x 10−2 (average = 3.5 × 10−2) and (0.34 – 105) x 10−5 (average = 15 × 
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10−5) for 1O2 and •OH, respectively, while fTMP ranges from 11.6 – 87.1 M−1 (average 

= 36.2 M−1;Table S10). These values are within ranges observed previously.15,50,72 The 

two order of magnitue Φ•OH range agrees with compilations of quantum yields from 

large data sets, with the exception of two samples taken from the same WWTP which 

are especially photoreactive with regard to •OH.50 Relatively narrow ranges of quantum 

yields are observed by geographical group with the exception of Twin Cities and wastewater 

samples (Figure 1). Note that nitrate photolysis is negligible under these conditions (Section 

S6).

Although photoreactivity is correlated with select measurements of bulk DOM composition, 

some relationships are consistent across the entire data set while others are only observed 

in some types of waters. For example, fTMP shows a positive relationship to E2:E3 across 

the entire data set (Figure S26b, p = 0.002), while no universal relationships are observed 

for fTMP and SUVA254, HIX, or FI (Figure S26; p = 0.89, 0.82, and 0.5, respectively). 

However, a positive relationship is observed between fTMP and FI if only natural waters are 

considered (Figure S26d; p = 0.01). As observed with fTMP, there is a positive relationship 

between Φ1O2 and E2:E3 in the full data set (Figure S27b; p = 0.002), but no relationship 

with SUVA254 (Figure S27a; p = 0.08) or HIX (Figure S27c; p = 0.34). Additionally, there 

is a positive relationship with FI across the entire data set (Figure S27d; p = 0.008). In 

agreement with other studies,14,31 Φ•OH is not strongly related to SUVA254, HIX, or FI 

(Figure S28; p = 0.89, 0.62, 0.06, respectively). The weak negative relationship between 

Φ•OH and E2:E3 (p = 0.009) is driven by several wastewater samples that have low values 

of E2:E3 but were highly photoreactive (Figure S28b). In summary, the strong relationships 

between fTMP or Φ1O2 and E2:E3 observed in this large data set agrees with observations 

made in previous studies.14,16,31,73,74 The weaker relationships with Φ•OH and optical 

properties also supports previous observations of conflicting trends (e.g., both positive and 

negative relationships with E2:E3).14,24 Similarly conflicting correlations can be generated 

using the data in this study if only a subset of samples are considered. Therefore, past 

observations are likely attributable to small sample sizes typically used in photochemical 

studies.

Electron donating capacity is closely associated with phenolic moieties within DOM.23,65,66 

Phenols have been implicated in other redox reactions including quenching of triplet radical 

cations and photochemical reduction of O2 to form superoxide.23 Thus, we hypothesized 

that EDC would be a strong predictor of photoreactivity. Here, we observe negative 

relationships between EDC and Φ1O2 (Figure S29; p = 0.02), but no relationship to fTMP 

or Φ•OH (p = 0.25 and 0.23, respectively). Samples with higher EDC may have lower fTMP 

and Φ1O2 due to low quantum yields for intersystem crossing from 1DOM to 3DOM as 

redox capacity can quench triplet states. However, the fact that •OH, which is hypothesized 

to form through redox reactions, does not show any relationship to EDC, means that other 

mechanisms or controlling factors must be considered. For example, it is possible that only 

a subset of molecules associated with high EDC form •OH given the low Φ•OH relative 

to other PPRI quantum yields. This lack of universal relationship between EDC and Φ•OH 

refutes our hypothesis that EDC can be used as a bulk DOM composition parameter to 

predict Φ•OH in natural waters.
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As observed previously,14 fTMP and Φ1O2 are positively correlated across the entire data 

set (Figure S30a; p = 1.1 × 10−6). Φ•OH is not related to fTMP and weakly related to Φ1O2 

(Figure S30; p = 0.23 and 0.09, respectively). This result demonstrates that unrelated pools 

of DOM are correlated to 3DOM and 1O2 versus •OH.

Relationships between quantum yields and DOM molecular composition provide insight 

into why many bulk properties are not correlated to quantum yields across the entire data 

set. Relationships between relative formula intensity and quantum yields fall in distinct areas 

of van Krevelen plots, but patterns depend on the geographical region considered (Figures 

S31–S33). Generally, saturated formulas are positively correlated to 3DOM and 1O2, which 

is consistent with previous observations.14,16,26 There are some exceptions, including fTMP 

in the SLR and correlations for the Mankato and Yahara samples. The unexpected pattern 

of correlations for Yahara and Mankato sites may arise from the unique group of highly 

unsaturated formulas in these samples (Figures 3c–3d). Alternatively, correlations may not 

be as robust in these groups due to their limited molecular ranges (Figures 2d–2f). The lack 

of clustered correlations in wastewater samples is intriguing but not dissimilar to the lack 

of discernable correlations to EDC (Figures 3e–3f). For Φ•OH, formulas with lower H:C 

are more often positively correlated to quantum yields (Figure S33), in agreement with past 

observations in the SLR.14

Relationships between pools of DOM correlated to each PPRI formation are compared using 

Spearman rank rho values for natural and wastewater groups (Figure S34). The significant 

positive relationship between molecular level correlations for Φ1O2 and fTMP demonstrate 

the highly overlapping pools of DOM correlated to these PPRI (Figure S34a) in four of 

the six sample sets. The lack of a clear relationship is attributable to limited molecular 

diversity in the Yahara sites and the small number of formulas negatively correlated with 

fTMP in the SLR samples (Figure S32), as discussed above. Overall, these results clearly 

demonstrate that 3DOM and 1O2 are strongly related as expected given the 1O2 formation 

mechanism. These trends have been observed in smaller data sets at the bulk24,74 and 

molecular levels,14,16,73 but never tested in a large set of diverse waters. In contrast, even at 

the molecular level, there are no consistent relationships between Φ•OH and both Φ1O2 and 

fTMP.

Multiple Linear Regressions.

Because no single parameter shows strong correlations to all PPRI, MLR models are built 

for each quantum yield measured in this study using pH, [NO3
−], [Fe], [DIC], SUVA254, 

E2:E3, HIX, FI, EDC, H:Cw, and O:Cw as potential predictor variables. These parameters are 

considered because both DOM composition and water chemistry can affect photochemical 

reactivity. For example, inorganic carbon species can quench •OH.55 Furthermore, nitrate 

and iron can both contribute to •OH production,75,76 although nitrate photolysis is negligible 

under our irradiation conditions (Section S6).

The preferred model for fTMP includes positive terms for [DIC], E2:E3, and HIX, and a 

negative term for EDC (Figure 4; Table S11). The model for Φ1O2 includes positive terms 

for [DIC], E2:E3, and FI, and negative terms for [Fe] and EDC (Table S12). Both models 

for fTMP and Φ1O2 have positive terms for E2:E3 and negative terms for EDC, further 
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demonstrating the close relationship of these PPRI. The observation that [DIC] and/or iron 

contribute to fTMP and Φ1O2 is unexpected based on the known formation pathways of these 

PPRI. The strength of these correlations is weaker than DOM-derived parameters and they 

are likely present in the model because they describe surrounding land cover. For example, 

only rural samples have detectable amounts of iron and these generally have lower Φ1O2 

(Figure 1; Figure S8).

The preferred model for Φ•OH includes positive terms for iron and FI, along with negative 

terms for O:Cw. It is unlikely that iron contributes to •OH in Fenton-like reactions under 

these conditions given the irradiation wavelengths and circumneutral pH. Rather, this term is 

attributable to the relatively high Φ•OH of rural samples. None of the parameters are included 

in all the models. The model for Φ•OH performs notably worse than the models for fTMP or 

Φ1O2 (p = 1.1 × 10−4 for Φ•OH compared to 2.12 × 10−7 and 1.50 × 10−8 for Φ1O2 and fTMP, 

respectively).

Overall, employment of these models results in stronger predictive power than any bulk or 

MS property alone, but the model for Φ•OH remains less accurate than fTMP or Φ1O2 (Figure 

4). All types of parameters (e.g., water chemistry, spectroscopic, fluorescence, EDC, and 

mass spectrometry) are included in some combination in the MLRs. This finding emphasizes 

that methods used to assess DOM composition are selective and only capture a fraction of 

this complex material, as observed previously.58,77 For example, fluorescence spectroscopy 

only assesses the fraction of DOM that fluoresces, while FT-ICR MS only detects DOM 

that is retained by SPE and is amenable to the selected ionization technique. Furthermore, 

the inclusion of FT-ICR MS parameters limits the practicality of using these MLRs on a 

broad scale because these measurements are not easily accessible and may vary among 

laboratories.78 However, their significance in the MLRs confirms that DOM molecular 

composition determines its reactivity. Similarly, the inclusion of water chemistry parameters 

(e.g., NO3
– and iron) points to landcover influences, which may vary in different regions. 

Nevertheless, the coefficients for DOM-related parameters are larger compared to inorganic 

species in all MLRs, demonstrating that DOM composition is the key driver.

Environmental Significance

Electron donating capacity is essential to understanding processes involving DOM. EDC 

has important implications in drinking water applications as it changes during disinfection 

and is related to formation of chlorinated disinfection by-products and ozone reactivity.11,45 

The direct relationships drawn between EDC and DOM molecular composition in this study 

show that EDC is predominantly determined by DOM composition in natural freshwaters 

and that tannin- and lignin-like compounds give rise to this redox activity, corroborating past 

measurements using humic substance isolates.65 In contrast, EDC in wastewater effluents is 

related to SUVA254 but not clearly related to DOM molecular composition. This could be 

evidence of a non-phenol donor group within DOM or potential interference from inorganic 

species in wastewater.

This large data set demonstrates that 3DOM and 1O2 are inherently related, as expected 

based on their formation mechanisms. In addition to strong correlations between fTMP 
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and Φ1O2, these parameters are related to the same bulk parameters (Figures S26–S27), 

associated with the same pool of DOM molecules (Figures S31–S32), and have similar 

MLR models (Tables S11–S12). Given the diversity of DOM samples in this study, the 

relationship between these PPRI is expected to be universal in freshwaters.

Whether or not 3DOM is a precursor for •OH remains up for debate. •OH is important 

because of its fast and non-selective reactivity with many organic contaminants, including 

pesticides and pharmaceuticals.79,80 Additionally, the widespread practice of using 3DOM 

quenchers such as sorbic acid and comparison of results in anoxic versus oxic conditions 

to differentiate between 3DOM and 1O2 may be overlooking potential effects of 3DOM 

quenching on •OH.14,15,81 Thus, incomplete understanding of •OH formation mechanisms 

also results in incomplete understanding of contaminant transformation pathways.

The results of this study demonstrate that the ability to accurately predict Φ•OH is lacking 

compared to other PPRI like 3DOM and 1O2. Compositional parameters derived from 

spectroscopy and mass spectrometry data hold predictive power in some subsets of our 

samples but are largely incapable of describing Φ•OH across the entire data set. Surprisingly, 

EDC is not successful at predicting Φ•OH although it is negatively related to Φ1O2, likely 

because redox active moieties quench 3DOM.82 Φ•OH is best predicted by the MLR model 

rather than simple linear regressions, but this approach still has much more error associated 

with it than models for fTMP or Φ1O2. Thus, actual measurements of PPRI in whole water 

samples will likely remain necessary to confirm predicted photochemical transformation of 

organic contaminants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Synopsis:

Dissolved organic matter photoreactivity is determined by its molecular composition 

as measured using spectroscopy, electron donating capacity, and high-resolution mass 

spectrometry.
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Figure 1. 
Box and whisker plots grouped by geographical location for a) dissolved organic carbon 

concentration, b) E2:E3, c) electron donating capacity, d) fluorescence index, e) H:Cw, f) 

O:Cw, g) fTMP, h) Φ1O2, and i) Φ•OH. Statistical significance between categorical groups 

were calculated by ANOVA-Tukey tests.
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Figure 2. 
Formulas identified in each of the geographical groups in a) SLR (n = 3,322) b) Northern 

Lakes (n = 3,521), c) Yahara (n = 5,510), d) Mankato (n = 4,063), e) Twin Cities (n = 

4,540), and f) wastewater samples (n = 5,663). Formulas were required to be identified in 

at least three samples to be considered. Gray points indicate any formula identified in the 

region. Colored points represent formulas unique to that geographical region. Regions on the 

plots83 are designated as 1) lipid-, 2) peptide-, 3) lignin-, 4) tannin-, and 5) carbohydrate-like 

formulas.
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Figure 3. 
EDC versus a) SUVA254 and b) E2:E3. Formulas c) positively and d) negatively related 

to EDC in natural waters. Formulas e) positively and f) negatively related to EDC in 

wastewater. Regions on the plots83 c) – f) are designated as 1) lipid-, 2) peptide-, 3) lignin-, 

4) tannin-, and 5) carbohydrate-like formulas. Absolute Spearmen rho (⍴) values >0.5 

indicate strong correlations. 7,632 formulas were considered for the natural water samples 

and 6,553 formulas were considered for the wastewater samples. Formulas were required to 

be identified in at least three samples to be considered.

Berg et al. Page 20

Environ Sci Technol. Author manuscript; available in PMC 2024 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Results of MLR models for a) fTMP, b) Φ1O2, and c) Φ•OH. Dashed lines represent the model 

results while the solid lines represent 1:1 ratio.
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