
UN
CO

RR
EC

TE
D

PR
OO

F

A R T I C L E I N F O

Article history:
Received 3 November 2016
Received in revised form 29 December
2016
Accepted 2 January 2017
Available online xxx

Keywords:
Ozonation
Biodegradable dissolved organic car-
bon
Bromate
Spectroscopic indicator
Humic substances
Online fluorescence sensor

A B S T R A C T

This study examined the significance of changes of UV absorbance and fluorescence of dissolved organic matter (DOM)
as surrogate indicators for assessing the formation of bromate and biodegradable dissolved organic carbon (BDOC) dur-
ing the ozonation of surface water and wastewater effluent. Spectroscopic monitoring was carried out using benchtop
UV/Vis and fluorescence spectrophotometers and a newly developed miniature LED UV/fluorescence sensor capable of
rapidly measuring UVA280 and protein-like and humic-like fluorescence. With the increase of O3/DOC mass ratio, the
plots of BDOC formation were characterized of initial lag, transition slope and final plateau. With the decrease of UV
absorbance and fluorescence, BDOC concentrations initially increased slowly and then rose more noticeably. Inflection
points in plots of BDOC versus changes of spectroscopic indicators were close to 35–45% loss of UVA254 or UVA280
and 75–85% loss of humic-like fluorescence. According to the data from size exclusion chromatography (SEC) with or-
ganic carbon detection and 2D synchronous correlation analyses, DOM fractions assigned to operationally defined large
biopolymers (apparent molecular weight, AMW>20 kDa) and medium AMW humic substances (AMW 5.5–20 kDa)
were transformed into medium-size building blocks (AMW 3–5.5 kDa) and other smaller AMW species (AMW<3 kDa)
associated with BDOC at increasing O3/DOC ratios. Appreciable bromate formation was observed only after the values of
UVA254, UVA280 and humic-like fluorescence in O3-treated samples were decreased by 45–55%, 50–60% and 86–92%
relative to their respective initial levels. No significant differences in plots of bromate concentrations versus decreases
of humic-like fluorescence were observed for surface water and wastewater effluent samples. This was in contrast with
the plots of bromate concentration versus UVA254 and UVA280 which exhibited sensitivity to varying initial bromide
concentrations in the investigated water matrixes. These results suggest that measurements of humic-like fluorescence
can provide a useful supplement to UVA indices for characterization of ozonation processes.
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1. Introduction

Ozonation has been widely used in drinking water and wastewater
treatment for disinfection and oxidation purposes (Reungoat et al.,
2012; von Gunten, 2003a, b; Zimmermann et al., 2011). Extensive
studies have shown that ozonation results in significant elimination
of adverse biological effects of many organic micropollutants (e.g.,
endocrine disrupting chemicals, antibiotics, and pharmaceuticals) as
well as removal of color, odor and taste (Dodd et al., 2009; Hollender
et al., 2009; Huber et al., 2005; Lee et al., 2012; Liu et al., 2012a;
Nakada et al., 2007; Peter and von Gunten, 2007).
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∗∗ Corresponding author.
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Ozone exposures required for disinfection and oxidation may re-
sult in the formation of undesirable organic and inorganic byprod-
ucts, including various disinfection byproducts (DBPs) and biodegrad-
able dissolved organic carbon (BDOC) (von Gunten, 2003b; Wert et
al., 2007). Ozonation has been shown to convert relatively refrac-
tory components of dissolved organic matter (DOM) into BDOC (e.g.,
aldehydes, carboxylic acids, ketones and etc.) without a significant de-
crease in overall dissolved organic carbon (DOC) concentration (Liu
et al., 2015; Nishijima et al., 2003; Wert et al., 2007). The ozona-
tion-derived BDOC in turn largely defines the biological stability of
ozonated water, as it can contribute to increases in bacterial regrowth
in drinking water distribution systems or wastewater effluent receiv-
ing waters (Escobar and Randall, 2001). As a result, ozonation is usu-
ally combined with a subsequent process of biological filtration to
consume BDOC before the treated water is conveyed into a distrib-
ution system or a receiving water body. In this context, characteriza-
tion of changes of molecular weights (MW) of DOM and evaluation
of BDOC formation may provide a better understanding of integrated
O3 biofiltration processes for DOC removal.

http://dx.doi.org/10.1016/j.watres.2017.01.009
0043-1354/© 2016 Published by Elsevier Ltd.
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In addition, ozonation of bromide-containing water or wastewater
leads to the formation of bromate (von Gunten and Oliveras, 1998).
Bromate is classified as a probable or likely human carcinogen, and
many countries have established the maximum allowable level of bro-
mate in drinking water at 10 μg/L (Butler et al., 2005). Unlike many
organic DBPs, bromate is relatively stable and is difficult to remove
using conventional treatment technologies (Butler et al., 2005; Nie et
al., 2014). Although ecological impacts of bromate formation during
wastewater ozonation are uncertain, the potential public health impli-
cations of bromate formation in potable water reuse scenarios utiliz-
ing ozonation could be significant. Hence it is of substantial interest to
develop tools for better predicting and controlling bromate concentra-
tions formed during both drinking water and wastewater ozonation.

The formation of BDOC and bromate, as well as the elimina-
tion of micropollutants, are directly related to the ozone exposure (

); that is, the time-dependent ozone concentration inte-

grated over exposure time. An optimization of the ozone exposure is
necessary to maximize the effect of oxidation and minimize the forma-
tion of undesired DBPs, especially BrO3

−. However, for wastewater
effluents, it is difficult to measure a dissolved O3 residual during the
initial O3 demand stage (Gerrity et al., 2012; Wert et al., 2009). Ad-
ditionally, direct analyses of BDOC and bromate are time-consuming
and expensive. Therefore, the development of surrogate parameters
for frequent online monitoring to enable more automated controls of
ozone dosage is warranted. For example, the California Department of
Public Health recently published a revised set of draft regulations for
groundwater replenishment, which requires full advanced treatment
facilities to identify at least one surrogate parameter that can be moni-
tored continuously (Chon et al., 2015; Gerrity et al., 2012).

A number of studies have examined the performance of spectro-
scopic indicators, such as color, differential UV absorbance (UVA)
and/or total fluorescence, and shown that such indicators were cor-
related with the removal efficiencies of organic micropollutants dur-
ing ozonation (Gerrity et al., 2012; Li et al., 2016b; Liu et al., 2012b;
Nanaboina and Korshin, 2010; Wert et al., 2009). Recently, Chon et
al. (2015) applied the concept of electron donating capacity of DOM
combined with UVA254 measurements to evaluate the degradation of
micropollutants and the formation of bromate. Other studies have as-
sessed the use of UVA254 and related indices to quantify the forma-
tion of individual ozonation byproducts associated with BDOC (Liu et
al., 2012a).

Measurements of UV absorbance at 280 nm by means of UV light
emitting diodes (LEDs) provide an attractive, energy-efficient alter-
native to conventional UVA254 monitoring (Bridgeman et al., 2015;
Tedetti et al., 2013). UVA280 has previously been found to corre-
late well with DOM molecular weight and aromaticity and exhibit
lower spectral overlap than UVA254 with inorganic species such as
NO3

− and NO2
− that may interfere with measurements in many wa-

ters (Chin et al., 1994). In addition, measurements of DOM fluores-
cence at selected excitation and emission wavelengths provide a use-
ful complement to UVA280 since fluorescence detection can also be
implemented using LEDs and can enable more selective monitoring
of chemically reactive protein-like and humic-like DOM components
(Fimmen et al., 2007; Henderson et al., 2009). We recently demon-
strated the use of a miniaturized LED UV/fluorescence sensor – ca-
pable of online measurement of UVA280, as well as protein-like and
humic-like fluorescence – to predict DBP formation during chlorina-
tion (Li et al., 2016a).

The present study employs a sensor of this type to determine
whether UVA280 and fluorescence indices may be used to develop
correlations with BDOC and bromate formed during the ozonation of

surface water and wastewater. To this end, degradation of DOM chro-
mophores and fluorophores, MW changes, and formation of BDOC
and bromate were examined during ozonation of a set of surface water
and wastewater matrixes with varying initial bromide concentrations.

2. Material and methods

2.1. Water matrixes and reagents

Three water matrixes were used in the experiments described be-
low. Secondary municipal wastewater effluent samples were taken
from the West Point Treatment Plant in King County, WA (WWTP-I
on Dec 14th, 2015 and WWTP-II on Feb 28th, 2016). This plant uses
high-rate oxygen activated sludge technology without denitrification.
The surface water was sampled from Lake Pleasant, which is a brown
water eutrophic lake in Bothell, WA. Basic water characteristics of
these waters are shown in Table 1. All the water samples were im-
mediately filtered through a 0.45 μm membrane upon collection and
stored at 4 °C before use.

The following chemicals were used in this study: sodium bromide
(Sigma-Aldrich, >99%), sodium bromate (Sigma-Aldrich, >99%),
polyethylene glycol standards (Alfa Aesar), methylamine solution
(Sigma-Aldrich, 40 wt % in H2O), and potassium indigotrisulfonate
(Sigma-Aldrich).

2.2. Ozonation batch experiments

Five semi-batch ozonation experiments were performed at room
temperature (25 ± 2 °C) with the three water matrixes mentioned
above to explore the formation of BDOC and bromate and evolution
of spectroscopic indices during exposure to ozone. For the WWTP-I
water matrix (DOC 5.82 mg/L), three semi-batch experiments were
undertaken with spiked bromide concentrations of 50 μg/L
(WWTP-A, 322.9 μg/L total Br−), 100 μg/L (WWTP-B, 373.8 μg/L
total Br−) and 200 μg/L Br− (WWTP-C, 491.6 μg/L total Br−) respec-
tively, to explore effects of initial Br− concentration. For the WWTP-II
water matrix (DOC 6.93 mg/L), one ozonation semi-batch experiment
was performed using a 100 μg/L Br− spike (WWTP-D, 301.5 μg/L to-
tal Br−) as a comparison with the WWTP-I experiments. Because Lake
Pleasant water had a high DOC concentration (14.87 mg/L), the wa-
ter was diluted 2.5 times with Milli-Q water and spiked with 100 μg/L
Br− (LP, 5.98 mg/L DOC and 116.1 μg/L total Br−).

Ozone was generated by an oxygen-fed ozonator (IN USA
AC-2025; Norwood, MA, USA). The feed gas stream containing
ozone

Table 1
Basic characteristics of water matrixes.

Parameters WWTP-I WWTP-II Lake Pleasant

pH 6.92 6.95 7.48a

DOC (mg/L) 5.82 6.93 14.87
UV254 (cm−1) 0.130 0.139 0.727
UV280 (cm−1) 0.100 0.108 0.545
Conductivity (μs/cm) 480 652 314
Br− (μg/L)b 267.8 201.5 36.7

a The pH values of 2.5 times diluted lake Pleasant water were about 7.
b The values listed here are the native background Br− concentrations for each water
matrix. Initial Br− concentrations during ozonation batch experiments, using samples
of each water matrix fortified with additional bromide, were as follows: 322.9 μg/L for
WWTP-A, 373.8 μg/L for WWTP-B, 491.6 μg/L for WWTP-C, 301.5 μg/L for
WWTP-D, and 116.1 μg/L for LP.
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was bubbled through 200 mL WWTP effluent or 250 mL LP water
samples contained in a 500 mL borosilicate glass gas-washing bot-
tle using a sintered glass gas diffuser at a flow rate of ∼550 ml/min.
In each batch experiment, the ozone doses were varied as a function
of ozonation times which were 0, 2, 5, 10, 15, 20, 25∗, 30, 40, 50∗,
60, 100, 180 and 300∗∗s (∗ specific for LP series and ∗∗ specific for
WWTP series). The residual O3 concentrations in ozonated samples
were immediately measured according to the standard indigo method
(Bader and Hoigné, 1981), where 1 mL of ozonated sample was im-
mediately spiked into glass vials containing 9 mL indigo solution, and
then analyzed for residual absorbance at 600 nm by UV–Vis spec-
troscopy. The remainder of the ozonated sample volumes was trans-
ferred into 250 mL glass bottles with caps. UVA and fluorescence in-
dicators were measured at least 2 h after ozonation, allowing the resid-
ual ozone to naturally decay without adding any quenching agent.
Then the samples were stored at 4 °C before other analyses, which
were done within 5 days for each batch.

Compared with directly spiking aliquots of ozone stock (Chon et
al., 2015; Gerrity et al., 2012), the semi-batch ozonation experiment
has no dilution effect on the samples, which facilitates the measure-
ment of BDOC. However, the determination of ozone dose becomes
another important issue, as the rate of ozone mass transferred into wa-
ter phase may change as a function of time. As shown in Fig. S1, the
transferred/absorbed ozone concentrations as a function of time were
calculated based on measurements of the differential O3 concentra-
tions between the feed gas and off-gas streams, where the gaseous O3
concentrations were measured by the modified indigo method (Chiou
et al., 1995).

2.3. Batch biodegradation experiments

BDOC measurements were performed by quantifying the gross
amount of DOC degraded by an inoculum of suspended activated
sludge over a predetermined period of time (Escobar and Randall,
2001). In this study, a requisite amount of activated sludge from a
WWTP was initially acclimated with glucose for 3 days. The accli-
mated activated sludge was washed by centrifugation and resuspended
in deionized water 5 times prior to harvesting for BDOC measure-
ments. Then 50 mL centrifuge tubes were filled with 40 ml water sam-
ples and spiked with 1 mL of the harvested activated sludge. The
BDOC tests were conducted in duplicate and compared with results
obtained using Milli-Q water as a blank control. A 200 mg/L dry bio-
mass concentration was used in the tests. This dose was determined by
weighing the biomass collected from ten test tubes after BDOC exper-
iments; the biomass was dried at 105 °C before weighing. The inoc-
ulated centrifuge tubes were placed in an incubated shaker at 90 rpm
and 25 °C for a period of 4 h, following which the samples were cen-
trifuged and the supernatants filtered through a 0.45 μm PTFE filter
for subsequent DOC and molecular weight analysis. The measured
BDOC reflects the rapidly biodegradable fraction of BDOC that can
be effectively removed by biofiltration; this fraction is thus referred to
as BDOCrapid henceforth (Black and Berube, 2014).

2.4. UV absorbance and fluorescence analysis

A HORIBA Aqualog spectrometer was used to simultaneously
measure fluorescence EEM (Ex 220–450 nm/Em 245–825 nm) and
UV absorbance spectra (220–450 nm). The samples' EEMs were au-
tomatically corrected for Raman scattering by subtracting the EEM
of the water blank from the EEM of any surface water or wastewater
sample. Inner filter effects were corrected using the instrument's soft-
ware that utilized applicable absorbance data.

The prototype LED UV/fluorescence sensor described in more de-
tail in (Li et al., 2016a) uses a UV LED (280 ± 5 nm) as a light source
and a photodiode to measure the intensity of light passing the cuvette.
For fluorescence detection, the sensor uses blue light sensitive photo-
diodes combined with bandpass filters (330–355 nm and 415–490 nm)
positioned at 90° relative to the excitation beam to detect the pro-
tein-like and humic-like fluorescence, respectively. Inner filter effects
in fluorescence signals detected by the sensor were corrected using the
UVA280 values.

2.5. Molecular weight analysis

Analyses of DOC molecular weight distributions were performed
by means of size exclusion chromatography with online carbon de-
tection (SEC-OCD). These measurements utilized a DIONEX Ulti-
mate3000 high-pressure liquid chromatography (HPLC) system cou-
pled with an online organic carbon detector (Turbo Sievers 900
Portable TOC Analyzer, GE). A TOSOH Bioscience Toyopearl
HW-50S size exclusion column was installed to separate DOM com-
ponents with varying apparent MWs. The injection volume was
100 μL, and the column was eluted with 1 mL/min phosphate buffer
(1.5 g/L Na2HPO4 * 2 H2O + 2.5 g/L KH2PO4). Polyethylene glycol
standards (PEG 20 kDa, 10 kDa, 6 kDa, 4 kDa, 1.5 kDa, 600 Da and
200 Da) from Alfa Aesar were used as apparent molecular weight
(AMW) references. The SEC-OCD chromatograms for samples from
each ozonation experiment were also processed with Shige software
developed by Noda and Ozaki (2005) for 2D correlation analysis – the
goal of which was to ascertain potentially small variations of various
spectra resulting from external perturbations, e.g., DOM ozonation in
this study (supporting information Fig. S4).

2.6. Bromide and bromate analysis

Bromide concentrations were determined by means of IC-ICP-MS,
using a PerkinElmer Series 200 HPLC coupled with a PerkinElmer
SCIEX ELAN DRC-e ICP/MS Spectrometer. These analyses were
done in accord with prior investigators (Shi and Adams, 2009).

Bromate concentrations were determined by means of ion chro-
matography with MS/MS detection, using a Shimadzu Prominence
LC-20 series HPLC system coupled with an API 4000 QTrap hybrid
triple quadrupole/linear ion trap mass spectrometer (AB SCIEX) op-
erating with negative mode electrospray ionization. Separations were
performed using an ion exchange column (2 × 250 mm Dionex IonPac
AS-16 w/2 × 50 mm AG-16 guard column) under isocratic conditions,
with a mobile phase comprising 20% of a 1 mol/L aqueous methy-
lamine solution and 80% of acetonitrile, at a flow rate of 0.25 mL/min
and injection volume of 100 μL. The mass parameters used in multiple
reaction monitoring mode for BrO3

− identification and quantification
were 128.9 → 113.0 and 126.9 → 110.8. Method detection and quan-
tification limits for BrO3

− were 0.03 and 0.1 μg/L, respectively.

3. Results and discussion

3.1. Degradation of chromophores

Absorbance spectra of water and wastewater ozonated at varying
O3/DOC ratios normalized by the original samples’ absorbance spec-
tra are shown in Fig. 1 and Fig. S2. At all wavelengths >230 nm, these
spectra showed a monotonic decrease of absorbance associated with
the increase of ozone dosage. Consistent with previous results (Chon
et al., 2015; Gerrity et al., 2012), the normalized absorbance spectra
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Fig. 1. Changes in the absorbance spectra of WWTP effluent as a function of O3/DOC
ratio normalized by the absorbance prior to treatment.

were relatively flat in the wavelength range >250 nm. The flat re-
gion in the normalized absorbance spectra could be separated into
sub-ranges below ∼350 nm and above ∼370 nm. At low ozone doses
(O3/DOC < 0.4), the observed variations of the normalized absorbance
at λ < 350 nm were less pronounced than those of the relative resid-
ual absorbance at λ > 370 nm, and such relationships then reversed
at the higher O3/DOC ratios. This phenomenon indicates that the
chromophores comprise at least two kinetically distinct functional-
ities during ozonation (Nanaboina and Korshin, 2010). Due to its
relatively high absolute value, the UV absorbance in the range of

250–300 nm presents a more convenient option for online monitoring
than absorbance at λ > 300 nm.

Fig. 2 illustrates that UVA254 and UVA280 represented as a func-
tion of O3/DOC ratio or ozonation time exhibit similar changes. With
the increase of O3/DOC ratio, the UVA indices decreased steeply at
low O3/DOC ratios (<0.5 mg O3/mg DOC) and then decreased more
gradually at higher O3/DOC ratios. When presented vs. ozonation
time, the normalized residual UVA indices decreased more steeply
at the initial ozonation stage (<40 s) and more gradually for longer
ozonation times. This phenomenon could be explained by the con-
tributions of kinetically different groups of chromophores and also
changes of the ozone transfer rate which varied as a function of time
(Fig. S1). The O3/DOC ratios related to such inflection points were
in the range of 0.4–0.6 mg O3/mg DOC. At these O3/DOC ratios,
UVA254 and UVA280 were decreased by about 45–60%. Given that
the observed changes of the absorbance of ozonated water were sim-
ilar for the two examined wavelengths, it can be concluded that mea-
surements at 280 nm – a practically implementable LED emission
wavelength feasible for online applications – may represent an excel-
lent alternative to UVA254 measurements in the context of evaluation
of ozonation efficiency as well as DBP formation during chlorination
(Li et al., 2016a).

3.2. Degradation of fluorophores

Representative fluorescence excitation-emission matrixes (EEM)
of untreated wastewater and surface water samples are shown in Fig.
3. Generally, the fluorescence peaks with Em < 380 nm are ascribed
to protein-like fluorescence while the fluorescence peaks with
Em > 380 nm are ascribed to humic-like fluorescence associated with
fluorophores comprising aromatic rings substituted with various elec

Fig. 2. Decreases of the normalized residual UVA indices as a function of O3/DOC ratio (or ozonation time – inserts): (a) UVA254 and (b) UVA280.

Fig. 3. EEM spectra of (a) WWTP-I, (b) WWTP-II, and (c) LP. The circles on the left of each graph represent protein-like fluorescence that the LED sensor measures, while the
circles on the right of each graph represent humic-like fluorescence that the LED sensor measures.
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tron-donating functional groups (Barsotti et al., 2016; Li et al., 2013,
2015).

The examined wastewater samples showed the presence of two
protein-like fluorescence peaks (Em ∼ 350 nm) and two humic-like
fluorescence peaks (Em ∼ 430 nm), while the EEM of Lake Pleas-
ant water was dominated by two humic-like fluorescence peaks
(Em ∼ 450 nm). The comparison of the fluorescence data obtained
with the LED sensor and the lab benchtop spectrometer (Table S1)
indicates a very good convergence of these results and thus confirms
the good sensitivity and accuracy of the LED sensor for use in online
monitoring applications. However, the sensitivity of the LED sensor
to humic-like fluorescence is much higher than to protein-like fluores-
cence, mainly due to the fluorescence integration area, the transmit-
tance efficiency of the sensor's bandpass filter, and the response sensi-
tivity of photodiodes to UV light. Due to the relatively weak contribu-
tion of protein-like fluorescence in Lake Pleasant samples, measure-
ments of humic-like fluorescence are mainly discussed hereafter.

Fig. 4 illustrates the degradation of humic-like fluorophores dur-
ing ozonation. The humic-like fluorescence decreased very steeply at
the initial stage of ozonation time (<25 s) and then reached to a dis-
tinguishable flat region at high ozone time. Like for UVA254 and
UVA280, the decrease of humic-like fluorescence as a function of
O3/DOC ratio could also be divided into two stages; however, more
than 80% of the humic-like fluorescence was lost in the initial stage –
much higher than for the UVA indices. The O3/DOC ratios related to
such inflection points between these two stages were in the range of
0.3–0.4.

3.3. Formation of BDOC

Fig. 5a presents the formation of BDOCrapid as a function of
O3/DOC ratio or ozonation time. These data demonstrate that the for-
mation of BDOCrapid increased gradually at O3/DOC ratios <0.4 and
while it increased more steeply for O3/DOC ratios 0.4–0.7. Above
the latter transitional range of O3/DOC ratios, BDOCrapid formation
leveled off with distinguishable plateaus at higher O3/DOC ratios,
suggesting that the remaining DOM is relatively refractory and re-
quires more O3 to be converted to the biodegradable form. Similar
patterns of BDOC formation at low O3 doses were observed in prior
studies. For instance, Win et al. (2000) found that the biodegrad-
ability of DOM was not appreciably affected by ozonation until a
threshold of ozone dose was reached. Liu et al. (2015) reported that

Fig. 4. Decrease of the normalized humic-like fluorescence (H/H0) as a function of
O3/DOC ratio or ozonation time (insert) in different ozonation experiments.

Fig. 5. Formation of BDOCrapid as a function of (a) O3/DOC ratio or ozonation time (in-
sert), (b) decrease of UVA254 or UVA280 (insert) and (c) decrease of LED humic-like
fluorescence.

there was no significant formation of aldehydes and carboxylic acids
that comprise a large part of the assimilable organic carbon (AOC) in
ozonated wastewater (DOC 7.8 mg/L) with O3 dose less than 2 mg/
L. The plateau in BDOCrapid formation at higher O3/DOC ratios is
also consistent with prior observations (Siddiqui et al., 1997; Treguer
et al., 2010). When represented as a function of the decrease of UV
absorbance and fluorescence (Fig. 5b and c), the BDOCrapid concen-
trations increased slowly in the initial stage and then rose more no-
ticeably. The inflection points in these plots corresponding to the de
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crease of UVA indices and fluorescence were close to 35–45%, and
75–85%, respectively.

The degradation of DOM during ozonation can occur through ei-
ther direct reaction with O3, or with •OH radical generated during O3
decomposition (von Gunten, 2003a; Wert et al., 2009). During the ini-
tial ozone demand stage (Fig. S3), ozone reacts directly and selec-
tively with electron-rich moieties, e.g., aromatic chromophores or flu-
orophores (Chon et al., 2015; Wert et al., 2009; Wu et al., 2016), re-
sulting in the rapid decreases of UV absorbance and fluorescence sig-
nals (Figs. 2 and 4). Prior research based on ozonation experiments
(DOC 1.2–1.4 mg/L, O3 2 mg/L) performed with and without OH
scavengers confirmed that direct ozone reactions are mainly respon-
sible for the formation of small organic compounds contributing to
AOC during the initial ozone demand stage (Hammes et al., 2006).
However, such AOC molecules might not be produced substantially at
very low ozone dose (Liu et al., 2015). In the present work, it is pos-
sible that the initial selective attacks of O3 on electron-rich moieties
were not sufficient to break down the large MW DOM fractions into
small molecules associated with AOC, leading to the apparent lag in
formation of BDOCrapid at O3/DOC ratios <0.4 The presence of small
quantities of inorganic constituents that might exert rapid O3 demand
at low O3 doses (e.g., NO2

−) also cannot be ruled out. With greater O3
doses, increasing exposure to O3 and OH may have led to more ex-
tensive breakdown of aromatic structures and other electron-rich tar-
gets through direct reactions with O3 and indirect reactions involving
the much less selective OH (Legrini et al., 1993; von Gunten, 2003a).
At O3/DOC ratios above 0.4–0.7, the observed decrease in formation
of BDOCrapid may be attributable to accumulation of more O3 and
OH-recalcitrant products (e.g., acetic and oxalic acids) (Hammes et

al., 2006; Ramseier and Gunten, 2009). The synergistic effect of O3
and OH radical contributed to the sufficient decomposition of large
MW DOM and the prominent formation of AOCs.

3.4. Evolution of DOM molecular weight during ozonation

Fig. 6 shows the evolution of SEC-OCD chromatograms of
WWTP effluent and Lake Pleasant water during ozonation. In SEC ex-
periments, DOM fractions with higher apparent MW have lower elu-
tion times (Fig. S4). Using peak assignments introduced in prior re-
search (Huber et al., 2011) to denote major features observed in the
data shown in Fig. 6, both WWTP effluent and Lake Pleasant wa-
ter had a biopolymer-like peak of large AMW (peak a1 and peak
b1, 20–30 min, AMW > 20 kDa). The WWTP effluent exhibited sev-
eral peaks in the medium AMW range (peak a2, humic-like peak,
30–36 min, AMW of 14–5.5 kDa; peak a3, peak of building blocks,
36–40 min, AMW of 5.5–3 kDa) and two well-resolved peaks located
at lower AMW values (peak a4, peak of low MW acids, 40–48 min,
AMW of 3–0.8 kDa; peak a5, peak of low MW neutrals, 50–60 min,
AMW < 800 Da). SEC-OCD data for Lake Pleasant water exhibited
a prominent peak b2 (humic-like peak, 28–36 min, AMW of
20–5.5 kDa) with a shoulder b3 (building blocks, 36–40 min, AMW
of 5.5–3 kDa). These peaks located in the range of medium AMW typ-
ically attributed to humic substances were responsible for a large por-
tion of DOC in untreated Lake Pleasant water. The SEC-OCD of Lake
Pleasant water also had two weaker peaks located in the range of small
AMW (peak b4 and peak b5), which are designated as low MW acids
and neutrals.

The evolution of apparent DOM molecular weights is indicated by
the red arrows in Fig. 6. It is also visualized using 2D synchronous
correlation contours (Fig. S5). At increasing ozone dosages, the large
MW biopolymer-like peaks (a1 and b1) and medium MW humic-like

Fig. 6. Evolution of SEC-OCD chromatograms of the ozonated wastewater and surface
water as a function of O3/DOC ratio: (a) WWTP-I effluent (WWTP-A) and (b) Lake
Pleasant water (LP).

peaks (a2 and b2) decreased while the concentration of building
blocks and low MW acids and neutrals increased, suggesting that the
larger AMW DOM components were transformed into smaller AMW
species during ozonation. The newly formed medium building blocks
and small MW DOM species were easily biodegraded and mainly con-
tributed to the BDOCrapid (Fig. S6). The SEC-OCD results also con-
firmed that the decomposition of biopolymer-like or humic-like peaks
was not prominent (<20%) during the initial ozonation stage, despite
the substantial losses of UVA and fluorescence (Fig. S7).

3.5. Formation of bromate

Fig. 7a–b depict bromate yields expressed as mol ratios of Br asso-
ciated with BrO3

− to initial Br− ([BrO3
−]/[Br−], in % mol/mol) plotted

as a function of O3/DOC ratio or ozonation time. The observed rela-
tionships exhibit the presence of two phases of bromate formation, as
marked by the dash line. During the initial phase (O3/DOC ratios < 0.4
or ozonation time < 25 s), bromate yields were low ([BrO3

−]/
[Br−] < 2%) and effects of initial Br− concentrations on this phase
were minor. This is in agreement with the data of previous studies
(Chon et al., 2015; Soltermann et al., 2016), which observed a neg-
ligible bromate yield (≤3%) for O3/DOC ratios < 0.4–0.6 mg O3/mg
DOC.

This phenomenon can be ascribed to specific features of the for-
mation pathway of bromate, which is generated via a complex mech-
anism involving ozone and hydroxyl radical (Fischbacher et al., 2015;
von Gunten and Oliveras, 1998). During the initial phase of bromate
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Fig. 7. Bromate formation yields ([BrO3
−]/[Br−], mol/mol in %) represented as a function of (a) O3/DOC ratio, (b) ozonation time, (c) decrease of UVA254 or UVA280 (insert) and

(d) decrease of LED humic-like fluorescence.

formation (O3/DOC ratios < 0.4, ozonation time < 25 s), O3 is rapidly
consumed by electron-rich moieties (Buffle et al., 2006; Lee et al.,
2013) whose consumption is consistent with the rapid decrease of hu-
mic-like fluorescence (Fig. 4), thus leaving little residual O3 for reac-
tion with Br− (Fig. S3). In the second phase, in which measured resid-
ual ozone concentrations exceeded 1 mg/L (Fig. S3), bromide could
be readily oxidized to bromate, with its yields increasing with the
ozone doses, and different water matrixes had a significant effect on
the bromate yields measured as a function of O3/DOC ratio or ozona-
tion time.

When plotted versus O3/DOC ratio, the bromate formation across
different water matrixes was similar for each matrix when presented in
terms of bromate concentration in μg/L (Fig. S8), but different when
represented in terms of bromate yield units (Fig. 7). That is, the lower
initial bromide concentration in Lake Pleasant water led to higher mo-
lar bromate yields compared to those for the higher-bromide WWTP
effluent samples at the same ozone doses. Compared with the data of
the previous study (Chon et al., 2015), the bromate formation yields
of WWTP effluent samples at the corresponding O3/DOC ratios in the
present work were lower, possibly due to the higher initial Br− con-
centrations in this study (Br− 300–500 μg/L for DOC 5.8–6.9 mg/L vs.
Br− 39–86 μg/L for DOC 5.3–7.3 mg/L). Therefore, the O3/DOC ra-
tio might not always be an optimal indicator for estimation of bromate
formation across different water matrixes.

Fig. 7c-d presents the normalized bromate yields ([BrO3
−]/[Br−],

mol/mol) as a function of relative changes in the spectroscopic pa-
rameters UVA254, UVA280 and humic-like fluorescence. In agree-
ment with one previous study (Chon et al., 2015), the plots of bro-
mate yields vs. spectroscopic indicators overlapped for all data sets
obtained in the ozonation experiments, although the DOM properties
and initial Br− concentrations were different. Similarly to the observa

tions discussed above, changes in the bromate yields could be fur-
ther divided into two stages characterized by significantly different
slopes vs. corresponding spectroscopic index. The inflection points
related to the appreciable formation of BrO3

− were in the range of
45–55%, 50–60% and 86–92% losses of UVA254, UVA280, and hu-
mic-like fluorescence, respectively. Unlike O3/DOC ratios, the plots
of [BrO3

−]/[Br−] as a function of the spectroscopic indicators in the
second phase had relatively small differences for the data obtained for
Lake Pleasant and WWTP effluent samples, suggesting that the spec-
troscopic indices may be more suitable as a surrogate parameter for
bromate formation in waters of varying composition.

With respect to the US EPA's MCL for BrO3
− in drinking water

of 10 μg/L, the breakthrough points related to removals of UVA254,
UVA280 and decrease of humic-like fluorescence were in the range
of 45–55%, 52–57%, and 86–90%, respectively (Fig. 8). In contrast
to the observations made for [BrO3

−]/[Br−] molar yields (Fig. 7), plots
of BrO3

− vs UVA254 and BrO3
− vs UVA280 diverged into distinct

groups of data for WWTP effluents and Lake Pleasant. Such diver-
gences were presumably due to differences in initial Br− concentra-
tions in the various matrixes, since BrO3

− yields were not normalized
to initial Br− levels in these plots. Additionally, chromophores in Lake
Pleasant water appeared to be much more susceptible to the oxidation
at higher O3 exposures than chromophores in WWTP effluents (Fig.
2). However, no significant divergences between the data for dissim-
ilar water matrixes were observed in plots of BrO3

− vs humic fluo-
rescence. In comparison to the ∼25% variation amongst UVA indices
in the various matrixes at higher O3 exposures, further decreases of
humic-like fluorescence were limited in a narrow range from 90% to
100%. The association of this narrow range of changes of humic-like
fluorescence with the generation of bromate is likely to have largely
eliminated any divergence attributable to differences in initial Br−
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Fig. 8. Bromate formation (μg/L) as a function of decreases of spectral indicators: (a)
UVA254 or UVA280 (insert) and (b) LED humic-like fluorescence.

concentration. A previous study also reported a sole correlation be-
tween a fluorescence index and several chlorinated DBPs regardless of
the water source and treatment, while the differential absorbance cor-
relations could be interfered by many species (Roccaro et al., 2009).
These results showed that fluorescence indices may have more advan-
tages than absorbance indices in actual water systems.

The plots of BrO3
− concentration (μg/L) versus decrease of humic

fluorescence (HS, in %) were fitted by MATLAB software (Fig. S9),
and an empirical equation applicable to the ranges of 6–7 mg/L DOC
and 100–500 μg/L Br− was obtained, as presented below:

The results of this study suggest that measurements of changes in
humic-like fluorescence of ozonated water are highly suitable for the
estimation of bromate formation in dissimilar water matrixes. The re-
sults in Fig. S10 further indicate that DOC concentration has relatively
little effect on the relationships between bromate formation and hu-
mic-like fluorescence. However, the robustness of such relationships
still needs to be explored in the future; for example, with respect to the
effects of pH, temperature, DOC and NH4

+ concentrations.
In the context of optimization of ozone dosage, the typical goal

is to maximize the effect of oxidation while simultaneously minimiz-
ing the formation of undesired byproducts. Gerrity et al. (2012) previ

ously reported that ∼50% reduction of UVA254 or ∼90% decrease of
total fluorescence were required to reach acceptable levels of pathogen
inactivation and sufficient elimination of many micropollutants. The
present work supports these findings and demonstrates possible ap-
proaches for assessing the potential formation of BDOC and bromate
during water and wastewater ozonation, especially for water having
bromide concentrations above 50 μg/L.

4. Conclusions

● When represented as a function of changes of spectroscopic indi-
cators such as UVA254, UVA280, and humic-like fluorescence,
BDOC concentrations initially increased slowly and then rose more
noticeably. The inflection points indicative of BDOC formation
threshold were located in the range of 35–45% loss of UVA254 or
UVA280 and 75–85% loss of humic-like fluorescence.

● SEC-OCD data showed that large biopolymer molecules in WWTP
effluent (apparent MW > 20 kDa) and medium-AMW humic sub-
stances in Lake Pleasant surface water (AMW 5.5–20 kDa) were
transformed into medium-AMW building blocks and small AMW
species associated with BDOC.

● When represented as a function of spectroscopic indicators, the in-
flection points that corresponded to the onset of bromate formation
were approximately 45–55%, 50–60% and 86–92% for decreases in
UVA254, UVA280 and humic fluorescence, respectively.

● An empirical equation modeling the relationship between bromate
concentrations (expressed in μg/L) and concomitant decreases of
humic-like fluorescence (%) was established based on the data
generated for wastewater effluent and surface water that had
100–500 μg/L Br−.

● The results suggest that measurements of UVA280 and humic-like
fluorescence complement conventional UVA254 measurements,
especially in the context of assessing the formation of BDOC and
bromate. The use of these spectroscopic parameters is expected to
be enhanced by the recent development of online/portable spec-
trometers that use LEDs as a light source.
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