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Abstract 31 

Electron-donating activated aromatic moieties, including phenols, in dissolved 32 

organic matter (DOM) partially control its reactivity with the chemical oxidants ozone 33 

and chlorine. This comparative study introduces two sensitive analytical systems to 34 

directly and selectively quantify the electron-donating capacity (EDC) of DOM, 35 

which corresponds to the number of electrons transferred from activated aromatic 36 

moieties, including phenols, to the added chemical oxidant 2,2'-azino-bis(3-37 

ethylbenzothiazoline-6-sulphonate) radical cation (i.e., ABTS•+). The first system 38 

separates DOM by size exclusion chromatography (SEC) followed by a post-column 39 

reaction with ABTS•+ and a spectrophotometric quantification of reduction of ABTS•+ 40 

by DOM. The second system employs flow-injection analysis (FIA) coupled to 41 

electrochemical detection to quantify ABTS•+ reduction by DOM. Both systems have 42 

very low limits of quantification, allowing determination of EDC values of dilute 43 

DOM samples with <1 mg carbon per liter. When applied to ozonated and chlorinated 44 

model DOM isolates and real water samples, the two analytical systems showed that 45 

EDC values of the treated DOM decrease with increasing specific oxidant doses. The 46 

EDC decreases detected by the two systems were in overall good agreement except 47 

for one sample containing DOM with a very low EDC. The combination of EDC with 48 

UV-absorbance measurements gives further insights into the chemical reaction 49 

pathways of DOM with chemical oxidants such as ozone or chlorine. We propose the 50 

use of EDC in water treatment facilities as a readily measurable parameter to 51 

determine the content of electron-donating aromatic moieties in DOM and thereby its 52 

reactivity with added chemical oxidants. 53 
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ABTS:  2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonate) 63 
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1. Introduction  73 

Dissolved organic matter (DOM) is a complex mixture of low- and high-74 

molecular weight organic molecules originating from various biological precursor 75 

materials (Stenson et al. 2003). Because of the diversity of its source materials and 76 

extents of biogeochemical processing, DOM covers a wide range of physicochemical 77 

properties. In water treatment, DOM interferes with coagulation, membrane filtration, 78 

adsorption, and chemical oxidation processes (Amy 2008, Kennedy and Summers 79 

2015, Köhler et al. 2016, Velten et al. 2011, von Sonntag and von Gunten 2012, Yuan 80 

and Zydney 1999). In the latter case, DOM is a significant sink for chemical oxidants 81 

such as chlorine and ozone and may thus lower the efficiency for disinfection and 82 

micropollutant abatement (Deborde and von Gunten 2008, Lee and von Gunten 2016, 83 

von Gunten 2003, von Sonntag and von Gunten 2012). While the oxidant dose may 84 

be increased to compensate for oxidant consumption by DOM, this may also increase 85 

the formation of undesired disinfection by-products (DBPs) from the reaction of the 86 

oxidant with DOM. In the case of chlorine, these by-products are potentially 87 

carcinogenic (Hammes et al. 2006, Krasner et al. 2013, Lavonen et al. 2013, 88 

Richardson 2003, Richardson 2011, Richardson et al. 2007, Zhang and Minear 2006). 89 

Reaction of DOM with ozone produces assimilable organic carbon, which in turn 90 

leads to biological growth in the treated water (Collins and Vaughan 1995, Escobar 91 

and Randall 2001, Hu et al. 1999, Van der Kooij et al. 1989). High ozone exposures 92 

also increase bromate formation in bromide-containing waters (von Gunten 2003). 93 

Therefore, the oxidant dose has to be optimized for an effective disinfection and 94 

abatement of micropollutants while minimizing the DBP formation. For this purpose, 95 

the concentration and the reactivity of the DOM plays a crucial role. 96 
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A common approach in water treatment for online determination of DOC 97 

concentration is the measurement of the UV-visible light absorption of DOM (Her et 98 

al. 2002, Huber et al. 2011, Korshin et al. 1997, Leenheer and Croue 2003) or the 99 

specific UV-absorbance at 254 nm (SUVA254), which is obtained by normalizing the 100 

measured absorbance at 254 nm by the DOC concentration. SUVA254 is commonly 101 

used as a proxy for DOM aromaticity, the fraction of aromatic to total carbon. The 102 

SUVA254 values of numerous organic matter isolates were found to correlate with 103 

aromaticity determined by 13C-NMR (Traina et al. 1990, Weishaar et al. 2003, 104 

Westerhoff et al. 1999). Several studies showed that the concentrations of chlorinated 105 

DBPs formed by reaction of chlorine with DOM were positively correlated with 106 

SUVA254 values and that the chlorination of DOM resulted in a decrease in the UV 107 

absorbance (Korshin et al. 1997, Reckhow et al. 1990). However, the correlations 108 

between SUVA254 and DBP formation vary among differing DOM samples and 109 

SUVA254 has only limited value as a predictor for the formation of DBPs during 110 

chlorination of DOM from varying sources (Fram 1999, Weishaar et al. 2003). These 111 

limitations were ascribed to SUVA254 values providing only a measure for DOM 112 

aromaticity but not for the entire fraction of DBP-producing moieties 113 

(trihalomethanes, Weishaar et al. 2003). For ozone consumption kinetics during 114 

reactions with DOM (natural waters and isolates) no satisfying correlations could be 115 

found with SUVA254 (Elovitz et al. 2000). Nevertheless, UV absorbance changes 116 

during ozonation have been successfully applied as a surrogate parameter for the 117 

abatement of micropollutants during enhanced wastewater ozonation (Bahr et al. 118 

2007, Wert et al. 2009). This approach is based on the competition for ozone 119 

consumption between chromophoric DOM reactive sites and micropollutants.  120 
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We recently introduced mediated electrochemical oxidation (MEO) to 121 

quantify electron-donating activated aromatic moieties (mostly phenols) in DOM 122 

(Aeschbacher et al. 2009, Aeschbacher et al. 2011). This method relies on the 123 

electrochemical quantification of the number of electrons transferred from DOM to 124 

the radical cation of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonate) (i.e., 125 

ABTS•+). ABTS•+ was used as chemical oxidant because it has a sufficiently high 126 

standard reduction potential (EH
0(ABTS•+/ABTS)= 0.7 V) (Scott et al. 1993) to 127 

oxidize phenols and is readily reduced in a pH-independent, reversible one-electron 128 

transfer. The number of electrons transferred from DOM to ABTS•+ per mass of 129 

DOM is referred to as the electron donating capacity (EDC). While the EDC is 130 

operationally defined (i.e., EDC increases with increasing pH, EH and reaction time, 131 

(Aeschbacher et al. 2012)), the EDC values of a diverse set of model DOM isolates 132 

were found to linearly correlate with their titrated phenol contents (Aeschbacher et al. 133 

2012). We quantified changes in the EDC of DOM upon oxidation with chlorine 134 

dioxide (ClO2), chlorine (HOCl) and ozone (O3) (Wenk et al. 2013). We demonstrated 135 

that chlorination resulted in pronounced decreases in EDC values but comparatively 136 

small decreases in SUVA254 values, suggesting that chlorine primarily reacted by 137 

electrophilic aromatic substitution leading to chlorophenols, which still absorb UV 138 

light, but cannot be oxidized by ABTS•+. Ozonation of the same DOM resulted in 139 

more comparable relative EDC and absorbance losses, suggesting that ozone reacted 140 

by electrophilic addition to aromatic structures, followed by ring cleavage (Ramseier 141 

and von Gunten 2009). These findings demonstrated that MEO allows quantifying 142 

changes in DOM redox state during chemical oxidation and –in combination with 143 

SUVA254 measurements– provided insights into possible oxidation pathways of 144 

DOM. This is further supported by a recent study in which the decreases in both EDC 145 
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and SUVA254 during DOM ozonation were applied as proxies for micropollutant 146 

abatement and bromate formation (Chon et al. 2015). Furthermore, in a chemical 147 

oxidation study of low molecular weight model phenols, EDC was shown to correlate 148 

with chlorine demand, suggesting that monitoring EDC during chemical water 149 

treatment may help identifying optimal oxidant doses (de Vera et al. 2017). 150 

While these studies demonstrated the usefulness of EDC for monitoring the 151 

oxidation state of DOM during chemical oxidation and determining DOM oxidant 152 

demand, the original MEO method (Aeschbacher et al. 2010, Aeschbacher et al. 153 

2012) required advancements on two levels for a more widespread application during 154 

oxidative water treatment: an automated sample analysis and an improved sensitivity 155 

to quantify EDC under realistic conditions. To this end, two analytical methods have 156 

recently been introduced. First, an LC-based system in which DOM is first passed 157 

through a SEC column followed by post-column oxidation of DOM by preformed 158 

ABTS•+. The extent of reduction of ABTS•+ was quantified based on the loss of 159 

absorbance of ABTS•+ at 405 nm (Chon et al. 2015). Second, a flow-injection analysis 160 

(FIA) system in which DOM is reacted with electrochemically-generated ABTS•+, 161 

followed by chronoamperometric –instead of a spectrophotometric– detection in an 162 

electrochemical flow-through detector to quantify of the extent of ABTS•+ reduction 163 

by DOM (Walpen et al. 2016). While both methods were shown to reliably determine 164 

EDC in water samples with low DOM concentrations, a systematic investigation of 165 

the capabilities of the methods to monitor chemical DOM oxidation was missing.  166 

The objective of this study was to provide a systematic assessment of the 167 

performances of the two analytical methods, subsequently abbreviated as SEC-EDC 168 

and FIA-EDC, to quantify decreases in the EDC of diverse DOM samples upon 169 

chemical oxidation. To this end, we treated water samples containing DOM with 170 
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different doses of ozone or chlorine and quantified the resulting losses in EDC using 171 

the two methods. To span a wide range of DOM characteristics, the treated samples 172 

included solutions prepared from three model DOM isolates and three real water 173 

samples collected in Switzerland and in Sweden. Based on the results, we evaluate the 174 

applicability of the two MEO methods in water treatment facilities to monitor DOM 175 

oxidation during chlorination and ozonation.  176 

2. Material and methods 177 

2.1 Chemicals 178 

The chemicals used in the study are listed in the Supplementary Material in 179 

Appendix A. 180 

2.2 DOM samples 181 

2.2.1 Model DOM isolates 182 

Three model DOM isolates were obtained from the International Humic 183 

Substances Society (St. Paul, Minnesota, USA) and used as received: Pony Lake 184 

Fulvic Acid (PLFA, 1R109F), Nordic Lake Aquatic Natural Organic Matter (NNOM, 185 

1R108N) and Suwannee River II Standard Fulvic Acid (SRFA, 2S101F). We selected 186 

these three isolates because they cover a range of physicochemical properties and 187 

have different origins. Detailed information on the isolates, including selected 188 

chemical characteristics (aromaticity and elemental composition), are provided in 189 

Table S1.  190 

Stock solutions of the DOM isolates were prepared by dissolving the material 191 

in unbuffered, ultrapure water (approximately 50 mgC·L-1). The exact concentration 192 

of each stock solution was determined by diluting aliquots 10- and 50-fold in 193 

phosphate buffer (5 mM phosphate buffer, pH 7; 0.1 M NaCl), measuring the 194 
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absorption coefficient at 254 nm (a254) using a spectrophotometer (Cary 100, Varian, 195 

USA) and calculating the DOC concentration from predetermined SUVA254 values 196 

(Table S2).  197 

2.2.2 Real water samples 198 

Three real water samples were included in this study to investigate chemical 199 

oxidation of DOM that have not been pre-extracted. The first sample was collected 200 

from the wastewater effluent (WWE after biological treatment (Bourgin et al. 2018)) 201 

of the wastewater treatment plant Neugut in Dübendorf, Switzerland. The other two 202 

samples were collected from the surfaces of Lake Sjököp (SLW) and Lake Vomb 203 

(VLW) in Sweden. We selected Lake Sjököp because it has high DOC 204 

concentrations, presumably due to organic matter input from a peatland surrounding 205 

the lake. In contrast, Lake Vomb is a drinking water source with low DOC 206 

concentrations. The exact sampling locations and selected physicochemical properties 207 

of the samples (pH, DOC, and SUVA254) are provided in Table S3. The water 208 

samples were filtered through pre-rinsed cellulose nitrate membranes (0.45-µm pore 209 

size; Sigma Aldrich, Switzerland) on the day they were collected to remove 210 

particulate organic matter and microorganisms. The samples were stored at 4 °C in 211 

the dark until use (within 10 days of sampling). The absorbance spectrum of the 212 

filtered real water samples did not change between sampling and analysis, suggesting 213 

minimal if any microbial degradation of the DOM during sample storage. 214 

2.3 Chemical oxidation of DOM 215 

We used a commercially available hypochlorite solution (6-14%) to prepare 216 

chlorine stock solutions (10 mM HOCl) in unbuffered, ultrapure water. The exact 217 

chlorine concentrations of the stocks were determined spectrophotometrically either 218 

by absorbance measurements at 290 nm (ε290= 350 M-1·cm-1 (Soulard et al. 1981)) or 219 
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by reaction with N,N-diethyl-p-phenylenediamine (DPD) followed by quantification 220 

of the oxidation product of DPD by absorbance measurement at λ = 515 nm 221 

(American Public Health Association, 2012). 222 

Ozone stock solutions of approximately 1.5 mM ozone were obtained with an 223 

ozone generator (Innovatec CMG 3-3 ozone generator (Rheinbach, Germany)) from 224 

pure oxygen. The generated ozone gas was sparged through unbuffered, ultrapure 225 

water cooled on ice. The exact ozone concentration in the resulting stock solutions 226 

was determined spectrophotometrically at 260 nm (ε260= 3200 M-1·cm-1 (von Sonntag 227 

and von Gunten 2012)) or by reaction with indigo (Bader and Hoigné 1981, von 228 

Sonntag and von Gunten 2012). 229 

Prior to the chemical oxidation with chlorine or ozone, the model DOM isolate 230 

stock solutions were diluted to 2.5 mgC·L-1 in phosphate buffer (final phosphate 231 

concentration: 10 mM; pH 7). The real water samples were diluted to 2.5 mgC·L-1 232 

with ultrapure water and subsequently adjusted to pH 7 using HCl (0.2 M; a final 233 

concentration of 24 and 45 µM of HCl was required for VLW and WWE, 234 

respectively). We oxidized the DOM solutions by adding a defined volume of the 235 

oxidant stock solutions to obtain the desired specific oxidant dose from 0 to 0.2 236 

molHOCl·molC
-1 for chlorine and from 0 to 0.5 molozone·molC

-1 for ozone. We stored the 237 

ozonated samples at room temperature for 24 h and stored the chlorinated samples in 238 

the dark for 48 h at room temperature, to ensure complete reaction of the respective 239 

oxidant prior to sample analyses. Complete reaction was confirmed by control 240 

measurements of the residuals of the respective oxidant. All experiments were carried 241 

out in the presence of t-BuOH (100 mM). In ozonation experiments, t-BuOH served 242 

to quench hydroxyl radicals, which are formed during ozone decay (von Sonntag and 243 
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von Gunten 2012). To match the solution matrix of the ozonation experiments, 244 

chlorination experiments were also run in the presence of 100 mM t-BuOH. 245 

2.4 Quantification of EDC of DOM samples 246 

Figure 1 shows a scheme of the two analytical system setups to quantify 247 

EDC, SEC-EDC and FIA-EDC. The components and the sample analysis principles 248 

of the two systems are described in the following.  249 

2.4.1. SEC-EDC system 250 

The SEC-EDC system was briefly described in a previous publication (Chon 251 

et al. 2015). In this system, DOM samples (volume: 2.5 mL) were analyzed using a 252 

high performance liquid chromatography system (Ultimate 3000, Thermo Fisher 253 

Scientific) connected to a SEC column (8 mm x 300 mm, Toyopearl HW50S, Tosoh 254 

Bioscience, Japan) packed with macroporous hydroxylated methacrylic polymer 255 

beads with a mean bead diameter of 35 µm. The eluent consisted of 50 mM borate at 256 

pH 7.8 with a flow rate of 0.2 mL·min-1. The SEC column had an exclusion limit of 257 

80’000 Da (Tosoh Bioscience, 2018). Following SEC, the solution passed through a 258 

UV detector (PDA 3000, Thermo Fisher Scientific). The SEC column was used to 259 

separate DOM from dissolved ions in the injected solution that may affect the reaction 260 

of DOM with ABTS•+ in the post-SEC reaction. The solution was then passed through 261 

a mixing tee, in which the ABTS•+ reactant solution was mixed in at a flow rate of 50 262 

µL·min-1. The ABTS•+ reactant solution was delivered pneumatically (PC10, Dionex, 263 

USA) from a reservoir to the mixing tee and was prepared by adding sodium 264 

hypochlorite sub-stoichiometrically to ABTS (Chon et al. 2015, Pinkernell 2000). The 265 

combined SEC-effluent and the reactant solution had a pH of 7.8 and were passed 266 

through a knitted polytetrafluoroethylene (PTFE) reaction coil (Dionex, USA; internal 267 

volume of 750 µL, corresponding to a delay time of 3 min), in which ABTS•+ was 268 
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reduced by electron transfer from electron-donating moieties of the DOM. The extent 269 

of ABTS•+ reduction was subsequently quantified spectrophotometrically in a flow-270 

through cell (path length: 1 cm, UltiMate 3100 VWD UV-detector, Thermo Fisher 271 

Scientific) in which the absorbance at 405 nm was continuously recorded. ABTS•+ has 272 

a strong absorbance at 405 nm, whereas the reduced species, ABTS, shows negligible 273 

absorbance at this wavelength (Pinkernell et al. 1997). 274 

The EDC was calculated from the absorbance loss peaks at 405 nm as follows 275 

(eq. 1): 276 

EDC = − �
��

∙ 
�� ∙ 
�����
��������,���������d�

!���∙"
#   Eq. 1 277 

where mC is the mass of carbon injected, qV is total volumetric flow rate 278 

passing through the detector (2.5·10-3 L·min-1), ε405 is the molar absorption coefficient 279 

of ABTS•+ at 405 nm (ε405 = 31’600 M-1
·cm-1) (Pinkernell et al. 1997), l is the optical 280 

path length of the flow cell (1 cm), A405 is the absorbance measured at 405 nm, and 281 

A405, baseline is the baseline absorbance measured at 405 nm (i.e., the absorbance in the 282 

absence of a sample). The term in parenthesis on the right side of equation 1 converts 283 

the ABTS•+ absorbance loss peak to moles of electrons donated by the injected DOM 284 

sample to ABTS•+. This conversion from a concentration dependent reading (i.e., 285 

absorbance) to an absolute amount of substance converted (i.e., ABTS•+ reduced) is 286 

well established for spectrophotometric detections on flow injection analysis systems 287 

and is considered to also apply to the SEC-EDC system studied herein. 288 

(Figure 1) 289 

2.4.2 FIA-EDC system 290 

We used a previously described FIA system (Walpen et al. 2016) to quantify 291 

EDC values of DOM samples (Figure 1). Briefly, DOM samples were sequentially 292 
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loaded through a 11-port/10-position selector valve into a sample loop (volume 100 293 

µL) of a 10-port/2-position injector valve, from which they were injected into a 294 

buffered carrier stream (pH 7, 100 mM phosphate; qcarrier = 75 µL·min-1). The carrier 295 

stream was delivered to a mixing tee where it was continuously mixed with the 296 

reagent stream (qreagent = 15 µL·min-1). The reagent stream contained 297 

electrochemically produced ABTS•+ (450 µM) and was weakly buffered to pH 4 (1 298 

mM acetate, 100 mM KCl) at which ABTS•+ was stable (note that the stability of 299 

ABTS•+ decreases with increasing pH (Walpen et al. 2016)). The combined carrier 300 

and reagent solutions were then delivered through a knitted PTFE reaction coil 301 

(Biotech, Sweden) with an internal volume of 2 mL, corresponding to a reaction time 302 

of 22 min. The extent of reduction of ABTS•+ by DOM was quantified 303 

amperometrically in an electrochemical flow cell with a glassy carbon working 304 

electrode (ALS, Japan). The working electrode in the detector was polarized to the EH 305 

measured in the solution in the absence of injected samples (i.e., the open-circuit 306 

potential defined by the ABTS•+/ABTS couple in solution; EH= +0.71 ± 0.01 V), 307 

resulting in background currents <10 nA. Electron transfer from DOM to ABTS•+ 308 

lowered the ratio of ABTS•+ to ABTS and hence the EH of the solution relative to the 309 

EH applied to the working electrode. The EH offset led to the oxidation of ABTS and 310 

hence oxidative current peaks. 311 

To calibrate the current response of the electrochemical detector, we injected 312 

solutions containing the redox standard ascorbate (EDCascorbate= 2.00 mole-·molascorbate
-313 

1 (Walpen et al. 2018)) at concentrations of 10, 5, 1 and 0 µM. The calibration curve 314 

of oxidative current peak area versus number of electrons donated by ascorbate to 315 

ABTS•+ was used to convert the measured oxidative current responses of DOM 316 

samples to EDC values according to the following equation: 317 
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EDC = − �
��

∙ $%&��'()��*�+��'()��*�
∙ 
�,�-� − ,.+/0"120�d-   Eq. 2 318 

where mC is the mass of carbon injected, aascorbate (C·molascorbate
-1) is the slope 319 

of the linear calibration curve of the area of the oxidative current peaks from the 320 

injections of ascorbate standards (see above), I is the oxidative current in response to 321 

an injected sample, and Ibaseline is the oxidative current baseline (i.e., the oxidative 322 

current in the absence of an injected sample). 323 

The ABTS•+ reagent solution was prepared by direct electrochemical oxidation 324 

of an ABTS solution (total ABTS concentration of 750 µM, pH 4 (1 mM acetate)) in 325 

an electrochemical cell with a glassy carbon cylinder as working electrode polarized 326 

to a reduction potential of EH= 0.82 V until the concentration of ABTS•+ reached 450 327 

µM (Walpen et al. 2016). 328 

All electrochemical analyses were controlled with an electrochemical analyzer 329 

(630D, CH Instruments, Austin, TX, USA). All reduction potentials (EH) were 330 

measured against Ag/AgCl reference electrodes but are reported relative to the 331 

standard hydrogen electrode. 332 

We conducted the FIA measurements and prepared the reagent and redox 333 

standard stock solutions inside an anoxic glove box (N2 atmosphere, O2 < 2.3 ppm) 334 

with anoxic water. Water and buffer solutions were sparged with N2 for two hours 335 

before transferring them into the glove box. The DOM samples were sparged for 15 336 

min with N2 prior to being transferred into the glove box. The DOM samples were 337 

diluted outside the glovebox two- to four-fold in concentrated phosphate buffer (200 338 

mM) in order to match the carrier buffer (100 mM phosphate).  339 
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3. Results and discussion  340 

3.1 Performance assessment of the SEC-EDC system 341 

3.1.1. Size separation of DOM on the SEC column 342 

We assessed size separation of the three model DOM isolates (i.e., SRFA, 343 

NNOM and PLFA) on the SEC column in the SEC-EDC system by continuously 344 

monitoring the absorbance of the SEC column eluates at 254 nm. Figure 2 shows 345 

representative area-normalized absorbance traces that resulted from the injections of 346 

the three DOM isolates (injection volumes of 2.5 mL of solutions with DOM 347 

concentrations of 2 mgC·L-1). All three DOM isolates eluted between 30 or 35 and 65 348 

min after injection in the form of broad peaks. SRFA and NNOM started to elute from 349 

the SEC column approximately 30 min, whereas PLFA eluted at approximately 35 350 

min after injection. This finding suggests that the largest molecules in PLFA were 351 

smaller than those in SRFA and NNOM. The broad chromatographic peaks of all 352 

three DOM isolates are consistent with the wide molecular size distributions of DOM 353 

(Chin et al. 1994, Huber et al. 2011) and demonstrated their separation on the SEC. A 354 

detailed discussion of the separation is provided in the Supplementary Material in 355 

which we compare the SEC-EDC system to a previously published SEC system 356 

(Huber et al. 2011).  357 

(Figure 2) 358 

3.1.2. Linearity in the response on SEC-EDC system 359 

The SEC-EDC system quantifies the oxidation states of injected DOM by 360 

determining the extent to which electron-donating moieties in the DOM reduce 361 

ABTS•+ to ABTS, which results in a solution absorbance loss at 405 nm. We 362 

established linearity in the absorbance loss at 405 nm with increasing injected 363 
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concentrations of the model DOM isolates. Figure 3a shows the baseline-corrected 364 

absorbance loss peaks, which increased in size as the injected amount of SRFA 365 

increased from 1.25 to 7.5 µgC (i.e., 2.5 mL of SRFA solution standards with 366 

concentrations from 0.5 to 3.0 mgC·L-1). Similarly, injections of increasing amounts 367 

of NNOM and PLFA resulted in increasing sizes of the absorbance loss peaks (Figure 368 

S2 and S3 (SM) for PLFA and NNOM, respectively). For all three DOM isolates, the 369 

areas of the absorbance loss peaks increased linearly with increasing injected amounts 370 

of DOM (Figures 3b for SRFA and S2 and S3 for PLFA and NNOM, respectively; 371 

the R2-values of linear regression fits were 0.994, 0.985 and 0.992 for SRFA, PLFA 372 

and NNOM, respectively).  373 

We converted the areas of the absorbance loss peaks to number of electrons 374 

transferred to ABTS•+ and, subsequently, to the EDC of SRFA, NNOM, and PLFA 375 

(Equation 1). The obtained EDC values were positively correlated to the EDC for the 376 

same DOM isolates reported determined by MEO (Aeschbacher et al. 2012). At the 377 

same time, the EDC values quantified by SEC-EDC were approximately 43% of the 378 

values determined by MEO (Figure S4). These smaller values reflected the relatively 379 

short reaction time of 3 min between DOM and ABTS•+ in the reaction coil of the 380 

SEC-EDC system. It has previously been demonstrated that EDC values increase with 381 

increasing reaction times between DOM and ABTS•+ in a reaction coil and that 382 

reaction times >20 min are needed to approach EDC values obtained by MEO 383 

(Walpen et al. 2016). While the reaction time on the SEC-EDC system can be 384 

increased by increasing the length of the reaction coil (or by decreasing the 385 

volumetric flow rate), such measures would increase the time for analysis per sample. 386 

Also, we subsequently report and discuss decreases in the EDC of DOM during 387 

chemical oxidation in relative instead of in absolute terms by normalizing EDC of 388 
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treated samples to the EDC of the respective untreated DOM sample (see sections 3.3 389 

and 3.4). This normalization allows comparing the two analytical methods with 390 

regards to the trends in the EDC values of treated samples. 391 

The absorbance loss peaks in Figure 3a and Figures S2a and S3a indicate 392 

that the limit of quantification (LOQ) for EDC on the SEC-EDC system was below 393 

1.25 µgC. At an injection volume of 2.5 mL, this amount corresponds to solutions 394 

with a concentration of 0.5 mgC·L-1. We therefore expected that the sensitivity of the 395 

SEC-EDC system was sufficiently high to allow quantifying changes in DOM redox 396 

states during chemical oxidation in real water samples, as demonstrated in section 3.4.  397 

(Figure 3) 398 

3.2 Performance assessment of the FIA-EDC system 399 

In the FIA-EDC system, the DOM sample is directly injected into a carrier 400 

stream, which is continuously mixed with a reagent solution containing ABTS•+. 401 

Reduction of ABTS•+ to ABTS by DOM in the reaction coil lowers the 402 

EH(ABTS•+/ABTS) in solution relative to the EH applied to the working electrode of 403 

the electrochemical flow-through detector, thereby giving rise to an oxidative current 404 

response. Figure 3c shows oxidative current peaks that resulted from successive 405 

injections of increasing amounts of SRFA into the FIA-EDC system. Both the peak 406 

heights (not shown) and areas (Figure 3d) increased linearly with increasing injected 407 

amounts of SRFA.  408 

To quantify the absolute EDC value of SRFA from this data, we calibrated the 409 

FIA system using the oxidative current responses obtained from injecting different 410 

amounts of the redox standard ascorbate with EDC= 2.00 mole-·molascorbate
-1 (current 411 

responses also shown in Figure 3c). This calibration was necessary because the 412 
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working electrode in the electrochemical flow cell only senses the solution in close 413 

proximity to its surface. Using equation 2, we converted the linear regression line in 414 

Figure 3d to an EDC of SRFA of 5.75 ± 0.19 mmole-·gC
-1. This value and the EDC 415 

values of PLFA (2.15 ± 0.06 mole-·gC
-1) and NNOM (4.15 ± 0.13 mole-·gC

-1) 416 

quantified on the FIA-EDC system were in very good agreement with the EDC of the 417 

same DOM isolates previously quantified by MEO at pH 7 and an applied reduction 418 

potential of EH= 0.71 V (Aeschbacher et al. 2012) (see Figure S4). The good 419 

agreement of EDC quantified by FIA-EDC and MEO show that the 22 min reaction 420 

time of the model DOM isolates with ABTS•+ in the reaction coil of the FIA-EDC 421 

system was sufficiently long to approach the EDC determined in MEO with an 422 

approximate reaction time of 40 min (Aeschbacher et al. 2012).  423 

We previously determined a limit of quantification (LOQ) on the FIA-EDC 424 

system of approximately 10 to 50 ngC for model DOM isolates (depending on their 425 

EDC) (Walpen et al. 2016). This LOQ range is in good agreement with the oxidative 426 

current peak in Figure 3c in response to the smallest injected amount of SRFA of 190 427 

ngC (well above the LOQ). With an injection volume of 100 µL, the LOQ of 10 to 50 428 

ngC corresponds to solutions with DOM concentrations of 0.1 to 0.5 mgC·L-1. This 429 

range is at the lower end of DOM concentrations for many natural water samples, 430 

suggesting that the FIA-EDC system allows quantifying changes in DOM redox states 431 

during chemical oxidation of natural DOM water samples, as demonstrated in section 432 

3.4. 433 

3.3 Effects of ozonation and chlorination on redox states of model DOM isolates 434 

Figure S5 shows the changes in the absolute EDC values of the model DOM 435 

isolates upon treatment with ozone and chlorine, as quantified by FIA-EDC. In the 436 

following discussion, we report the EDC of DOM treated at a specific oxidant dose 437 
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relative to the EDC of the respective untreated DOM (EDC0) (i.e., EDC·(EDC0)
-1). 438 

This normalization allows comparing results from the SEC-EDC and FIA-EDC 439 

systems, despite the different absolute EDC that these systems quantify for the same 440 

DOM sample (Figure S4). 441 

3.3.1 Effect of ozonation on EDC of model DOM isolates 442 

We exposed all three model DOM isolates to increasing specific ozone doses 443 

(from 0.05 to 0.5 molozone·molC
-1), followed by quantifying the resulting changes in 444 

EDC of the treated DOM samples. On both the SEC-EDC and FIA-EDC systems, the 445 

EDC·(EDC0)
-1 of the treated DOM decreased with increasing specific ozone doses 446 

(Figure 4a, b). At the highest specific ozone dose of 0.5 molozone·molC
-1, the EDC 447 

values had decreased to between 20 and 5% of the EDC of the untreated DOM 448 

samples. The pronounced decreases in EDC·(EDC0)
-1 demonstrate that reaction of the 449 

added ozone with the DOM resulted in the loss of electron-donating moieties, most 450 

likely activated aromatic moieties, including phenols. These results are consistent 451 

with previous studies which reported that ozonation of DOM samples decreased their 452 

EDC (Chon et al. 2013, Wenk et al. 2013). 453 

The decrease in EDC·(EDC0)
-1 with increasing specific ozone doses was 454 

approximately linear at the lower doses but leveled off at non-zero values for higher 455 

ozone doses (Figure 4a, b). Per unit of ozone added, more electron-donating moieties 456 

in the DOM were therefore lost at the lower than at the higher specific ozone doses. 457 

This dose dependency in the EDC indicated that a small fraction of the electron-458 

donating moieties was resistant to reaction with ozone and thus remained in the DOM 459 

even at the highest tested ozone doses. 460 

(Figure 4) 461 

 462 
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3.3.2 Effect of chlorination on EDC of model DOM isolates 463 

Consistent with the results of ozonation, analysis of chlorinated model DOM 464 

isolates on both the SEC-EDC and the FIA-EDC systems showed decreasing 465 

EDC·(EDC0)
-1 for the three DOM isolates with increasing specific HOCl doses 466 

(Figure 4c, d). This finding is consistent with earlier work which used MEO and 467 

more concentrated DOM solutions to show that chlorination of three model DOM 468 

isolates decreased their EDC (Wenk et al. 2013). At the highest chlorine dose of 0.2 469 

molHOCl·(molC)-1, only the responses to injections of SRFA, the model DOM with the 470 

highest initial EDC, were sufficiently large on both the SEC-EDC and FIA-EDC 471 

systems to allow for an accurate quantification of residual EDC.  472 

On both analysis systems, the EDC·(EDC0)
-1 of all three model DOM isolates 473 

appeared to decrease in a more linear fashion with increasing specific HOCl dose as 474 

compared to the decreases in EDC·(EDC0)
-1 during ozonation. The more linear 475 

decrease in EDC·(EDC0)
-1 during chlorination may have reflected increasing extents 476 

of chlorination of phenolic moieties in the DOM with increasing specific HOCl doses 477 

(Gallard and von Gunten 2002, Wenk et al. 2013). Such (poly)chlorinated phenolic 478 

moieties form by electrophilic attack of HOCl on the phenolic moiety of the DOM. 479 

The attack initially starts at the ortho- and para-position of the phenols, and continues 480 

with a gradual increased chlorination of the phenol moieties in the DOM. It can be 481 

expected that formed (poly)-chloro-phenols are less oxidizable by ABTS•+ and thus 482 

led to decreasing EDC·(EDC0)
-1. 483 
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3.4 Effects of ozonation and chlorination on redox states of real water DOM 484 

samples 485 

3.4.1 Quantification of EDC of DOM in real water samples  486 

We first quantified the absolute EDC values of the DOM in the three real 487 

water samples (at concentrations of 2.5, 2.5 and 3.85 mgC·L-1 for SLW, VLW and 488 

WWE, respectively) using the FIA-EDC system. The specific EDC values decreased 489 

in the order SLW (4.86 mmole-·(gC)-1) > WWE (3.72 mmole-·(gC)-1) > VLW (1.17 490 

mmole-·(gC)-1). The high EDC value of SLW likely reflects that the lake from which 491 

the sample was collected contained (poly)phenolic DOM from the nearby peatland. 492 

We previously showed that DOM from peatlands has exceptionally high EDC as 493 

compared to aquatic and terrestrial model DOM isolates (Walpen et al. 2018, Walpen 494 

et al. 2016). By contrast, VLW had a lower EDC than any other DOM we previously 495 

analyzed ((Aeschbacher et al. 2012)Walpen et al. 2018, Walpen et al. 2016). This 496 

finding suggests that the DOM of VLW had a very low concentration of oxidizable, 497 

activated aromatic moieties consistent also with its very low SUVA254 value (Table 498 

S3) as compared to previously analyzed aquatic model DOM isolates (Walpen et al. 499 

2016). While the SUVA254 of WWE was even smaller than that of VLW, it had a 500 

much higher EDC, indicating that this DOM had a comparatively high content of 501 

hydroxylated aromatic rings.  502 

3.4.2 Effect of ozonation on EDC in real water samples 503 

Ozonation of real water samples showed decreasing EDC·(EDC0)
-1 on both 504 

the SEC-EDC and the FIA-EDC systems for increasing specific ozone doses (Figure 505 

5a, b). This finding implies that (i) ozonation resulted in a loss of electron-donating 506 

moieties also in DOM in real water samples (and not only from model DOM isolates 507 
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dissolved in the laboratory, as shown in sections 3.3.1 and 3.3.2) and (ii) both systems 508 

can be used to measure these losses. Similar to the observation for model DOM 509 

isolates, the EDC·(EDC0)
-1 decreased linearly with increasing specific ozone doses at 510 

low doses but leveled off at higher doses.  511 

On the SEC-EDC system, the EDC·(EDC0)
-1 of WWE and VLW decreased to 512 

<20% for the sample with the highest specific ozone dose. The abatement of these 513 

moieties appeared less efficient in SLW, for which EDC·(EDC0)
-1 decreased to only 514 

about 40% for the highest ozone dose. Analyses of the same samples on the FIA-EDC 515 

system showed comparable relative EDC decreases with increasing specific ozone 516 

doses for SLW and WWE. However, the measured decreases in EDC for VLW upon 517 

ozonation were much smaller on the FIA-EDC system. We will discuss potential 518 

causes for this apparent discrepancy between the two analytical systems in section 519 

3.5. 520 

(Figure 5) 521 

3.4.3 Effect of chlorination on EDC in real water samples 522 

Similar to the effects of ozonation, SEC-EDC and FIA-EDC analyses of the 523 

chlorinated real water samples showed decreasing EDC·(EDC0)
-1 with increasing 524 

specific HOCl doses (Figure 5c, d), demonstrating that (i) HOCl removed electron 525 

donating moieties in the DOM of all three real water samples and (ii) that both 526 

analytical systems were capable of monitoring HOCl-induced oxidation of DOM in 527 

real water samples. With the exception of VLW on the FIA-EDC system, the 528 

decreases in EDC·(EDC0)
-1 as a function of the specific HOCl doses again appeared 529 

to be more linear than the decreases in EDC·(EDC0)
-1 with increasing specific ozone 530 

doses. Over the entire range of specific HOCl doses, both analytical systems showed 531 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 23

that chlorination resulted in higher EDC decreases for VLW and WWE than for SLW, 532 

suggesting that the latter contained a higher fraction of the total electron donating 533 

moieties that did not readily react with HOCl.  534 

The two analytical systems showed a large difference in the decreases in 535 

EDC·(EDC0)
-1 for VLW (Figure 5c, d). On the SEC-EDC system, the EDC of VLW 536 

decreased continuously with increasing specific HOCl dose to approximately 15% of 537 

its initial value at the highest tested chlorine dose of 0.2 molHOCl·(molC)-1. Conversely, 538 

the EDC values of the same samples measured on the FIA-EDC system decreased 539 

more readily with increasing HOCl doses to negative values (i.e., the electrochemical 540 

cell yielded reductive instead of oxidative current responses) above a specific HOCl 541 

dose of 0.04 molHOCl·(molC)-1. Furthermore, the errors in replicate analyses were 542 

larger, as shown by the relatively large error bars on the VLW data. These apparent 543 

differences in the results generated by the two analytical systems will be discussed in 544 

section 3.5. 545 

3.5 Comparison of results from SEC-EDC and FIA-EDC systems 546 

3.5.1 Analyses of ozonated and chlorinated model DOM isolates  547 

To compare the results obtained from the two analytical systems, we plotted 548 

the decreases in EDC·(EDC0)
-1 of the three model DOM isolates during ozonation 549 

and chlorination determined by FIA-EDC (y-axis) versus the EDC·(EDC0)
-1 decreases 550 

of the same samples determined by SEC-EDC (x-axis). Figure 6a shows that the 551 

results from the two analysis systems were in very good agreement for ozonated 552 

model DOM isolates (i.e., the data scattered around the 1:1 line). This finding implies 553 

that ozonation of the model DOM isolates resulted in similar relative decreases in the 554 

contents of DOM moieties that readily donate electrons to ABTS•+ during the 3 min in 555 
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the reaction coil of the SEC-EDC system and of the moieties that reacted with 556 

ABTS•+ over 25 min in the reaction coil of the FIA-EDC system.  557 

While the results from the two systems were also in good overall agreement 558 

for chlorinated model DOM isolates (Figure 6b), the data of SRFA and PLFA 559 

showed more systematic deviations from the 1:1 line. In the case of SRFA, the 560 

slightly smaller decreases in EDC·(EDC0)
-1 on the FIA-EDC than the SEC-EDC 561 

system may have resulted from the longer reaction time of the DOM with ABTS•+ in 562 

the FIA-EDC system. Chlorination of SRFA likely formed chlorinated phenolic 563 

moieties, which had slower reactivities with ABTS•+ than the corresponding non-564 

chlorinated moieties. Monochlorinated phenols, which are formed for small chlorine 565 

doses, may have been oxidized by ABTS•+ in the FIA-EDC system with longer 566 

reaction times but not in the SEC-EDC system with shorter reaction times, which 567 

explain the observed larger decreases in EDC·(EDC0)
-1 on the SEC-EDC than the 568 

FIA-EDC system. With higher chlorine doses, where (poly)-chlorinated phenols may 569 

be formed, there is no reaction with ABTS•+ anymore, and both systems measured 570 

low EDC·(EDC0)
-1. By increasing the length of the reaction coil and therefore the 571 

reaction time of ABTS•+ with DOM in the SEC-EDC system this potential cause for 572 

the deviation could possibly be eliminated.  573 

The slightly smaller decreases in EDC·(EDC0)
-1 of chlorinated PLFA on the 574 

SEC-EDC than the FIA-EDC system (Figure 6b) may indicate that PLFA contains a 575 

larger fraction of electron donating moieties that are only slowly oxidized by ABTS•+. 576 

 577 

 578 
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(Figure 6) 579 

3.5.2 Analyses of ozonated and chlorinated real water samples  580 

Similar to the model DOM isolates, analysis of the ozonated and chlorinated 581 

SLW and WWE samples on the SEC-EDC and the FIA-EDC systems showed very 582 

similar changes in EDC·(EDC0)
-1 (Figure 6c, d). The agreement between results from 583 

the two systems was again very good for the ozonated samples (Figure 6c). Slight 584 

deviations of data points from the 1:1 line for the chlorinated SLW and WWE 585 

(Figure 6d) likely resulted from shorter ABTS•+ reaction times in the SEC-EDC than 586 

the FIA-EDC system, as rationalized above for SRFA (Figure 6b).  587 

An overall good agreement could be observed for three model DOM isolates 588 

and two real water samples. Only the analysis of ozonated and chlorinated DOM in 589 

VLW showed larger differences between the two systems. The decreases in 590 

EDC·(EDC0)
-1 of VLW with increasing oxidant dose were smaller on the FIA-EDC 591 

than on the SEC-EDC system for ozonated samples (Figure 6c) but larger for the 592 

chlorinated samples (Figure 6d). While the cause for this apparent discrepancy 593 

between the systems (as well as the very different responses on the systems) remains 594 

unidentified, a number of factors likely contributed. First, the DOM in VLW had an 595 

exceptionally low EDC, resulting in comparatively small spectrophotometric and 596 

amperometric responses close to the LOQ on the SEC-EDC and FIA-EDC systems, 597 

respectively. These small responses further decreased with increasing chemical 598 

oxidation. Second, it is conceivable that inorganic ions in VLW samples interfered 599 

with the electrochemical detection on the FIA-EDC system but not with the 600 

spectrophotometric detection on the SEC-EDC system. Finally, it remains a 601 

possibility that the differences in the reaction times in the reaction coils of the SEC-602 
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EDC and the FIA-EDC system contributed to the apparent discrepancy in the results 603 

obtained by the two systems.  604 

3.6 Implications for water treatment and process research  605 

3.6.1 Monitoring chemical oxidation of DOM in water treatment facilities  606 

The SEC-EDC and the FIA-EDC systems are capable of detecting changes in 607 

the concentrations of electron-donating moieties in DOM, both in samples prepared 608 

from model DOM isolates as well as in real water samples, during its chemical 609 

oxidation by ozone and chlorine.  The sensitivity of analyses on both systems is 610 

sufficiently high to be applicable to samples in water treatment facilities with very 611 

low DOC concentrations (0.5 - 1 mgC·L-1). Furthermore, both systems allow for 612 

automated sample analyses. The presented analytical systems therefore overcome the 613 

two major analytical challenges of mediated electrochemical oxidation, the approach 614 

previously used to monitor chemical DOM oxidation (Wenk et al. 2013: insufficient 615 

sensitivity for low DOM samples and manual sample injection. With the previously 616 

applied method, quantification of EDC by MEO required approximately four-fold 617 

higher DOM concentrations (i.e., 10 mgC·L-1) and, at the same time, sample volumes 618 

of 5 to 7 mL, corresponding to 50 to 70 µgC per analysis. Both the SEC-EDC and the 619 

FIA-EDC systems require much smaller amounts of DOM (i.e., < 1 µgC; see sections 620 

3.1 and 3.2), which highlights their superior sensitivity over MEO and thus their 621 

applicability to real water samples with low DOC concentrations. In addition to their 622 

higher sensitivity, the SEC-EDC and FIA-EDC systems provide automated sample 623 

injection, whereas MEO requires manual sample addition to electrochemical cells. 624 

Taken together, both SEC-EDC and FIA-EDC have potential to become central 625 

analytical tools to determine changes in the concentrations and reactivity of electron-626 

donating moieties in DOM during chemical water treatment. 627 
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For routine EDC analysis in water treatment, we recommend using 628 

spectrophotometric rather than electrochemical detection to quantify ABTS•+ 629 

reduction by DOM. While spectrophotometric measurements are less sensitive, they 630 

are insensitive to variations in the conductivity of injected sample solutions and thus 631 

more robust than amperometric measurements. The use of an SEC column allows 632 

separating DOM from inorganic sample matrix constituents that may interfere with 633 

the analysis of the redox state of the DOM (e.g., VLW water). However, the use of an 634 

SEC column increases the analysis time (90 min) and thus decreases overall sample 635 

throughput. The frequency of sample injection and thus overall sample throughput on 636 

a FIA system is limited by sample peak broadening, which increases with the reaction 637 

time in the system. The FIA-EDC system used herein had a ten-minute injection 638 

interval and a total sample analysis time of 25 min. This is typically sufficient for 639 

oxidation processes in water treatment, because the dynamics of changes of raw water 640 

quality are in the order of hours to days. For applications that require more frequent 641 

sample injections, we recommend segmented-flow analysis coupled to 642 

spectrophotometric detection. Such systems would allow for a close-to-real time 643 

assessment of the chemical oxidant demand of specific water samples and of changes 644 

in the oxidation states of DOM during chemical oxidation.  645 

3.6.2 Mechanistic insights into chemical oxidation of DOM  646 

Changes in DOM oxidation state during ozonation and chlorination are 647 

currently inferred from decreases in the DOM absorbance, typically at 254 nm. While 648 

these absorbance measurements are a semi-quantitative measure of changes in the 649 

contents of aromatic moieties in the DOM, they do not provide (i) information on the 650 

contents of activated aromatic moieties that readily react with the chemical oxidants 651 

and (ii) further insights into the reaction pathways by which the oxidants react with 652 
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the activated aromatic moieties. This information is available when complementing 653 

absorbance measurements with EDC measurements. We plotted the decreases in the 654 

EDC·(EDC0)
-1 of the three model DOM isolates with increasing chemical oxidant 655 

doses versus the concurrent decreases in the absorbance at 254 nm, A254, normalized 656 

to the absorbance of the untreated sample, A254, 0 (Figure 7). Ozonation of the DOM 657 

isolates resulted in large decreases in both EDC·(EDC0)
-1 and A254·(A254, 0)

-1, 658 

consistent with the electrophilic addition of ozone to activated aromatic moieties 659 

under ring opening. Conversely, chlorination resulted in comparable decreases in 660 

EDC·(EDC0)
-1, while the decreases in A254·(A254, 0)

-1 were much smaller than 661 

determined for ozonation. This finding suggests that electron-donating activated 662 

aromatic moieties were oxidized under comparatively small losses of aromatic units 663 

in the model DOM. Similar distinct effects of ozonation and chlorination on DOM 664 

were also previously reported when using MEO to quantify EDC values (Wenk et al., 665 

2014). Figure 7 also shows that each of the two chemical treatments resulted in 666 

comparable trends of EDC·(EDC0)
-1versus A254·(A254, 0)

-1 decreases for the three 667 

different DOM isolates, suggesting that the observed distinct reactivity patterns of 668 

ozone and chlorine apply to DOM from different sources and with different 669 

physicochemical properties. A more detailed, mechanistic discussion of changes in 670 

EDC and A254 of the DOM upon ozonation and chlorination is part of a forthcoming 671 

publication (Önnby et al. 2018). 672 

(Figure 7) 673 

4. Conclusions 674 

This study presents two analytical approaches, SEC-EDC and FIA-EDC, to 675 

quantify changes in the EDC of DOM isolates and DOM in real water samples during 676 
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ozonation and chlorination over a range of specific oxidant doses. The major 677 

conclusions are:  678 

• The high sensitivity of SEC-EDC and FIA-EDC and linearity in the analytical 679 

response allows quantifying changes in the EDC values of DOM in aqueous 680 

solutions at concentrations as low as 1 mgC·L-1. The two analytical systems 681 

can thus be used to quantify the EDC of DOM in most water samples from 682 

natural and engineered systems that typically contain larger DOM contents.  683 

• For five out of the six DOM samples studied, analysis of the treated DOM 684 

samples on the two systems yielded comparable decreases in the relative EDC 685 

with increasing specific oxidant doses. The reduction of ABTS•+ by DOM can 686 

thus be quantified either spectrophotometrically or electrochemically. For one 687 

real water sample with an exceptionally low absolute EDC, the results of the 688 

two analytical systems deviated from each other and highlighted superior 689 

robustness of the spectrophotometric over the electrochemical detection.   690 

• Quantifying changes in the EDC of DOM during chemical oxidation, 691 

particularly when combined with monitoring changes in UV absorbance, 692 

provides a direct means to monitor loss of electron-donating aromatic moieties 693 

in DOM during chemical oxidation and provides insights into the distinct 694 

chemical pathways by which DOM is oxidized by different chemical oxidants. 695 

In water treatment facilities, monitoring of EDC will help to adjust oxidant 696 

doses to variations in the contents of activated aromatic moieties in the DOM 697 

and hence the oxidant demand. 698 
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Figure 1. Schematic designs of the two analytical system setups used to quantify the 
changes in the electron donating capacity (EDC) of model DOM isolates and real 
water samples during ozonation or chlorination: the SEC-EDC (top) is based on size 
exclusion chromatography (SEC) and the FIA-EDC (bottom) is based on flow-
injection analysis. 

 

Figure 2. Absorbance measured at 254 nm for the three DOM isolates (SRFA, PLFA, 
and NNOM) eluting from the size exclusion chromatography (SEC) column on the 
SEC-EDC system. The concentrations of the analyzed DOM solutions were 2 mgC·L-1 
for all three DOM samples. The absorbance of each DOM is normalized to the total 
area of its elution peak.  

 

Figure 3. Linearity in the absorbance and oxidative current response on the SEC-
EDC and FIA-EDC systems, respectively, for injections of the model DOM isolate 
SRFA. (a) Increases in the heights of the absorbance loss peaks at 405 nm on the 
SEC-EDC system with increasing injected amounts of SRFA (injected carbon masses 
from mC= 1.25 to 7.5 µgC). The absorbance loss peaks resulted from the reduction of 
ABTS•+ by electron-donating (i.e., oxidizable) moieties in SRFA. (b) Linear increase 
in the areas under the negative absorbance peaks on the SEC-EDC system (shown in 
panel a) with increasing injected amounts of SRFA. (c) Oxidative current responses 
on the FIA-EDC system for injections of increasing amounts of SRFA (injected 
carbon masses from mC= 0.19 to 0.93 µgC) and of decreasing injected amounts of the 
redox standard ascorbate (electron donating capacity of EDC= 2.00 mole-·molascorbate

-

1) used to calibrate the FIA-EDC system response for absolute EDC quantification of 
DOM samples. (d) Linear increases in the areas of the oxidative current peaks (shown 
in panel c) with increasing amounts of SRFA injected into the FIA-EDC system. The 
linear regression curve corresponds to an EDC of SRFA of 5.75 ± 0.19 mmole- gC

-1. 
 

Figure 4. Changes in the electron donating capacities (EDC) of the DOM isolates 
SRFA (blue squares), PLFA (red circles), and NNOM (green triangles) upon chemical 
oxidation at different specific doses of (a, b) ozone and (c, d) chlorine (HOCl), 
analyzed on (a,c) the SEC-EDC system and (b, d) the FIA-EDC system. All EDC of 
DOM isolates reacted with a specific oxidant dose are reported relative to the EDC of 
the respective untreated DOM, EDC0. The DOM samples were chemically oxidized in 
pH 7 buffer (10 mM phosphate) and in the presence of t-BuOH (100 mM; for both 
ozonation and chlorination). The concentration of all three model DOM isolates was 
2.5 mgC·L-1 (corresponding to 0.208 mmolC·L-1). The EDC of PLFA and NNOM 
samples treated with the highest specific HOCl dose are not shown because their 
responses were too small to be accurately analyzed. 
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Figure 5. Changes in the relative electron donating capacities (EDC) of the DOM 
from natural and engineered aquatic systems, SLW (purple diamonds), VLW (orange 
triangles), and WWE (brown inverted triangles) upon chemical oxidation at different 
specific doses for (a, b) ozone and (c, d) chlorine (HOCl), analyzed on (a, c) the SEC-
EDC system and (b, d) the FIA-EDC system. All EDC of DOM samples reacted with 
a specific oxidant dose are reported relative to the EDC of the respective untreated 
DOM samples, EDC0. The DOM samples were chemically oxidized in pH 7 buffer 
(10 mM phosphate) and in the presence of t-BuOH (100 mM; for both ozonation and 
chlorination). The DOC concentration of all three real water samples was 2.5 mgC·L-1 
(i.e., 0.208 mmolC·L-1). 

Figure 6. Comparison of the relative decreases in the electron donating capacities 
(EDC) of DOM samples measured by the FIA-EDC system (y-axis) and the SEC-
EDC system (x-axis). All EDC of DOM samples reacted with a specific oxidant dose 
are reported relative to the EDC of the respective untreated DOM samples, EDC0. The 
decreases in EDC are shown for (a, b) model DOM isolates and (c, d) real water 
DOM during both (a, c) ozonation and (b, d) chlorination. The data is replotted from 
Figures 4 and 5 above. The grey dashed line represents the 1:1 line (i.e., same relative 
decreases in EDC for FIA-EDC and SEC-EDC).  
 

Figure 7. Changes in the relative electron donating capacities (EDC) of the DOM 
isolates SRFA (blue triangles), PLFA (red circles) and NNOM (green squares) 
quantified on the FIA-EDC system plotted versus the relative changes in the 
absorbance values at 254 nm (A254) of the same isolates during ozonation and 
chlorination with different specific oxidant doses (oxidant dose increases as indicated 
by the arrows in the figure). All EDC and A254 values of DOM samples treated with a 
specific oxidant dose are reported relative to the EDC and A254 values of the 
respective untreated DOM samples, EDC0 and A254, 0, respectively. 
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Highlights 

• Determination of electron-donating capacity (EDC) in DOM by two analytical 

methods 

• EDC is a quantitative measure of activated aromatic moieties in DOM, including 

phenols 

• High sensitivity of methods allows analysis of dilute DOM samples (<1 mgC·L-1) 

• Ozonation and chlorination results in dose- and oxidant-dependent EDC decreases 

• EDC provides a means to assess oxidant reactivity with DOM and adjust oxidant 

dosing 
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