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Optimizing Micropollutant Removal by Ozonation; Interference of Effluent 
Organic Matter Fractions
K. van Gijna, J. Sohiera, R. Maasdama, H.A. de Wiltb, H.H.M. Rijnaarts a, and A.A.M. Langenhoff a

aDepartment of Environmental Technology, Wageningen University & Research, Wageningen, The Netherlands; bRoyal HaskoningDHV, 
Amersfoort, The Netherlands

ABSTRACT
Ozonation for micropollutant removal from wastewater treatment plant effluent is energy and cost- 
intensive because of competition between background organic matter and micropollutants. This 
study aims to elucidate the interference of different organic matter fractions during the ozonation 
of micropollutants. Wastewater treatment plant effluent was fractionated using membranes and 
XAD-8 resin. All membrane and resin fractions were spiked with 18 micropollutants (2 µg/L) and 
ozonated with 0.25, 0.5 and 1 g O3/g TOC. Results show that these fractions differ in their 
interference with the ozonation of micropollutants. Interference was lower in the smallest size 
fraction (<1 kDa) than in all other fractions for micropollutants with low and medium ozone 
reactivity. The hydrophobic neutrals and hydrophilics resin factions showed a high interference 
for ozonation of micropollutants with medium and high ozone reactivity, respectively. The four 
parameters that were analyzed (specific UV absorbance at 254 nm, fluorescence, chemical oxygen 
demand and nitrite) could not elucidate the differences in micropollutant removal. Still, we con-
clude that understanding the type of organic matter present in the matrix, is essential to optimize 
micropollutant ozonation and other tertiary micropollutant removal treatments.
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Introduction

All over the world, micropollutants (MPs) are detected 
in various types of water systems, such as surface water, 
groundwater and wastewater (Philip, Aravind, and 
Aravindakumar 2018; Yang et al. 2017). The presence 
of MPs in these water systems raises concerns regarding 
ecosystems and human health (Kidd et al. 2007; 
Krzeminski et al. 2019; Oaks et al. 2004; Polesel, Plósz, 
and Trapp 2015). Both human population and the con-
sumption of chemicals like pharmaceuticals are increas-
ing, hence the discharge of MPs into the environment 
will also increase. Therefore, the precautionary principle 
should be applied to reduce emissions of MPs into the 
environment (Kriebel et al. 2001).

Wastewater treatment plants (WWTPs) are suitable 
places to intercept and reduce emissions into the envir-
onment because they are important point sources of 
MPs. Conventional WWTPs remove part of the MPs 
present in wastewater via adsorption to sludge and bio-
logical degradation, but cannot remove all MPs (Eggen 
et al. 2014; Luo et al. 2014). Hydrophilic and bio- 
recalcitrant MPs can be removed in a tertiary treatment 
step, for instance, ozonation or activated carbon filtra-
tion (Boehler et al., 2012; Bourgin et al. 2018; Margot 

et al. 2013). However, these tertiary treatments are often 
associated with high energy use and high costs.

The high energy requirement for ozonation of 
WWTP effluent results from competition of other 
organic matter (OM) with MPs for reaction with 
ozone. All of the OM in WWTP effluent can react with 
ozone and MPs only form a small fraction of the total. In 
general, the total effluent organic matter (EfOM) con-
centrations (in the range of mg/L) are 103 to 106 times 
higher than target MP concentrations (in the range of 
ng – µg/L). Hence, required ozone doses are based on 
EfOM concentrations, using specific ozone dosages such 
as g O3/g TOC or g O3/g COD, and not on MP concen-
trations (Ekblad et al. 2018; Hansen et al. 2016a; Lee 
et al. 2013; Nilsson et al. 2017). Both TOC and COD are 
bulk parameters that mainly give information about the 
quantity of EfOM. However, also the type of OM in 
WWTP effluent strongly affects the reactivity of OM 
with ozone (P. Jin et al. 2016; Qi et al. 2018; 
Westerhoff et al. 1999). Still, EfOM composition and 
its interactions with the ozonation of MPs are poorly 
understood. Insight in these processes is key to improve 
the energy and cost efficiency for ozone treatment to 
remove MPs from WWTP effluent.
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In order to gain insight in the composition of EfOM, 
it can be fractionated by, for example, particle size using 
membranes, or by functional groups using resins. 
Additionally, fingerprinting methods such as LC-OCD 
or novel MS-based fingerprinting can be used to eluci-
date EfOM structure (Her et al. 2002; Qiu et al. 2020). 
Although, for fingerprinting techniques, it is not possi-
ble to collect different parts of the OM separately and 
conduct experiments regarding their specific behavior. 
Previous studies found that EfOM fractions have differ-
ent reactivity toward ozone. Gonzales, Peña, and 
Rosario-Ortiz (2012) showed that size fractions have 
different ozone reactivity and OH· formation potential. 
Resin fractionation experiments showed that hydropho-
bic-neutral and -acid compounds are removed during 
ozonation, while hydrophilic compounds are produced 
(P. Jin et al. 2016; Qi et al. 2018). Still, it is not clear if and 
if so how differences in ozone reactivity of EfOM frac-
tions affect the ozonation of MPs.

We hypothesize that the type of EfOM affects the 
efficiency of MP ozonation, whereas currently, only the 
quantity of EfOM is taken into account for the ozona-
tion of MPs in WWTP effluent. To investigate this 
hypothesis, WWTP effluent was fractionated using 
both membrane and resin-based fractionation methods. 
Produced fractions were diluted to a standardized TOC 
level to ensure that effects of the type were compared 
and not the quantity of the EfOM. Standardized frac-
tions were spiked with a mix of MPs and ozonated with 
four different ozone doses. In addition to the MP con-
centrations, several parameters were analyzed to under-
stand the differences in OM composition between the 
fractions: fluorescence, specific UV absorbance at 
254 nm (SUVA), chemical oxygen demand (COD) and 
nitrite. Additionally, the size fractions were analyzed 
using liquid chromatography coupled to organic carbon 
detection (LC-OCD) to give more insight in their com-
position, since these fractions provided the most inter-
esting results. The results are discussed in the context of 
improving MP removal by ozonation of WWTP 
effluent.

Materials and methods

Wastewater treatment plant effluent

A volume of 5 L of WWTP effluent was collected from 
the WWTP in Bennekom, the Netherlands. This WWTP 
is designed for organic carbon and biological nutrient 
removal and treats approximately 1,000 m3/h municipal 
wastewater per hour (35.000 P.E.). The effluent was 
collected on a dry day to minimize dilution by rainfall 
and stored in a glass Schott bottle, wrapped in aluminum 

foil at 4 °C until further use. The WWTP effluent was 
used for the membrane experiment 1 week after sam-
pling and for the resin experiment 3 months after 
sampling.

Micropollutants

The MP mix used for this study contained 18 MPs 
dissolved in methanol: 2.4D, 4 & 5 methylbenzotriazole, 
BAM, bentazone, benzotriazole, carbamazepine, chlor-
idazon, desphenyl-chloridazon, dimetridazole, furose-
mide, iopamidol, irbesartan, mecoprop, metoprolol, 
propranolol, sotalol, sulfamethoxazole and trimetho-
prim (Table A1, Appendix A). The MPs are organized 
in three classes based on their ozone reactivity: class I – 
high ozone reactivity (kO3 > 104 M−1 s−1), class II – 
medium ozone reactivity (102 > kO3 > 104 M−1 s−1) 
and class III – low ozone reactivity (kO3 < 102 M−1 

s−1) (Table A2 in Appendix A). Note that, to the authors' 
best knowledge, kO3 values for four of the used MPs 
(Bentazone, Chloridazon, Desphenyl-Chloridazon and 
2.4 D) are not available in the literature. Therefore, 
these four MPs were placed in the three classes solely 
based on the removal observed in our study, and inter-
pretation of their classification should be done with 
caution.

Fractionation

Two fractionation methods were used: fractionation 
with membranes to separate fractions based on particle 
size and fractionation with XAD-8 resin to separate 
fractions based on functional groups. Cross-flow filtra-
tion using three hollow fiber membranes with 
a molecular weight cutoff of 1.08, 11.4 and 99.8 kDa 
was used to separate the effluent sample into four size 
fractions. In addition to the size fractions, a sample of 
unaltered effluent (later referred to as ‘Total’) and efflu-
ent that was passed through a 0.45 µm membrane (later 
referred to as ‘Filter’) were included in the experiment. 
Two liter of 0.45 µm filtered effluent was circulated 
through the cross-flow setup (Figure A1, Appendix A). 
For each of the following steps, the effluent was circu-
lated until at least 200 mL of permeate was collected. 
First, the permeate was collected of the 1.08 kDa mem-
brane (F4). Second, the 1.08 kDa membrane was 
replaced with the 11.4 kDa membrane, and the permeate 
was collected (F3). Finally, the permeate from the 99.8 
kDa membrane was collected (F2) and the remaining 
liquid in the circulating setup was collected (F1) (Figure 
A2, Appendix A).

The resin fractionation procedure was adjusted from 
Imai et al. (2002) and Qi et al. (2018) (Figure A3, 
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Appendix A). Fractionation using XAD-8 resin com-
bined with acidity adjustments was used to fractionate 
the effluent sample into four resin fractions: hydrophi-
lics (HI), hydrophobic acids (HOA), hydrophobic neu-
trals (HON) and hydrophobic bases (HOB). In addition 
to the resin fractions, a sample of non-fractionated 
effluent (‘Total’) was included in the experiment. First, 
3.1 g of XAD-8 resin (wet weight) was washed subse-
quently with demi water, 0.1 M KOH and 0.1 M HCl to 
reduce background OM release from the resin. The 
washed resin was placed in a 50 mL syringe and flushed 
with 20 mL of demi water, which was collected as a blank 
for the experiments. Next, 400 mL of 0.45 µm filtered 
effluent sample was eluted through the resin and col-
lected as the first eluate for later use. The resin was 
washed with 200 mL 0.1 M HCl in demi water and 
the second eluate was collected (HOB). The first eluate 
was adjusted to pH 2, flushed through the resin again 
and collected as HI. The resin was washed with 200 mL 
of 0.1 M KOH and collected (HOA). Finally, the resin 
was washed with 100 mL of methanol. The methanol 
was evaporated in a flow cabinet overnight after which 
the non-evaporated organics were dissolved in 200 mL 
MQ water (HON). After fractionation, all resin fractions 
were adjusted to pH 7. All pH adjustments mentioned 
above were done with 1 M HCl or 1 M KOH in demi 
water.

Ozonation experiment

Prior to the ozonation, all fractions were diluted to 
a TOC concentration of 3.7 mg/L. For each fraction, 
27 μL of MP mix was added to a glass beaker the 
methanol was evaporated under a gentle flow of nitro-
gen gas in a flow cabinet for half an hour. After all, 
methanol was evaporated, the diluted fractions were 
added to the glass beakers with MPs to reach final MP 
concentrations of approximately 2 µg/L per MP and the 
beakers were shaken to dissolve the MPs.

Each diluted and spiked fraction was split into four 
equal parts of 40 mL and each part was transferred into 
a 50 mL Greiner tube. The spiked fractions were ozo-
nated at different doses: 0, 0.25, 0.5 and 1 g O3/g TOC. 
The ozone was added using an ozone stock (as described 
in (Zucker et al. 2016)) with a concentration of approxi-
mately 45 mg O3/L. Ozone stock was prepared by guid-
ing pure oxygen gas through an Anseros COM-AD 
ozone generator and into a cooled modified Schott bottle 
(Figure A3, Appendix A). After saturating the ozone 
stock, it was transferred from the Schott bottle into 
a clean glass beaker and from there pipetted into the 
samples. A beaker with ozone stock was used to pipet no 
more than 6 times to limit the effect of evaporation of 

ozone from the ozone stock. The first and sixth pipetting 
was used to measure ozone concentration with the 
indigo method, in order to calculate the exact amount 
of ozone dosed (Table B3, Appendix B).

Analyses

Ozone concentration in the ozone stock was analyzed 
using the indigo method based on Bader and Hoigné 
(1985). For each measurement, 1 mL of indigo trisulfo-
nate stock (0.97 mM) and 0.5 mL of H3PO4 stock 
(1.5 mM) were added to a 25 mL volumetric flask. 
1 mL of ozone stock was added and the flask was shaken 
briefly to let the ozone react with the indigo. Afterward, 
the volumetric flask was filled up to 25 mL with MQ 
water and absorbance was measured at 600 nm. 
Similarly, a reference was made without ozone stock. 
Using the reference, ozone concentration was calculated 
using Equation 1: 

½O3� ¼
Vf ΔA
fbVt

mg=L½ � ½1�

where [O3] is the ozone concentration in solution (mg/ 
L), Vf is the volume of the volumetric flask, ΔA is 
difference in absorbance between the reference indigo 
solution and the indigo reference with ozone stock 
added, f is the ratio between absorbance change and 
ozone concentration (ε/O3 in L/cm/mg), b is the path 
length of the cuvette in cm and Vt is the volume of the 
individual sample (ozone stock) added to Vf .

MPs were analyzed using liquid chromatography 
coupled to high-resolution accurate-mass mass spectro-
metry (LC-HRAM-MS). The LC consisted of an 
Ultimate 3000 coupled through a Hesi II electrospray 
source to a QExactive Orbitrap MS (Thermo Scientific, 
San Jose, CA, USA). Sample volumes of 50 μL were 
injected onto a phenyl-hexyl column, oven temperature 
at 35 °C. Elution flow was set to 0.3 mL/min with a gra-
dient of the following two eluents (A): UPLC-MS quality 
water with 1% formic acid (v/v) and (B): UPLC-MS 
quality acetonitrile with 1% formic acid (v/v), both 
UHPLC grade, purchased from Actu-All (The 
Netherlands). The gradient applied was: 0–0.5 min 
stable at 0% B, 0.5–13 min linear increase of eluent to 
80% B, 13–16 min stable at 80% B, 16–17 min linear 
decrease to 0% B, 17–23 min stable at 0% 
B. Micropollutants were detected in positive ionization 
and negative mode using electrospray. Full-scan win-
dows were applied for each MP. The following MS con-
ditions were applied: spray voltage 3.5 kV, sheath and 
sweep gas flowrates 48 and 2, respectively, capillary 
temperature 256 °C, aux gas heater temperature 413 °C 
and resolution 70000. MS was calibrated for each series 
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according to manufacturer protocol using a Pierce™ LTQ 
Velos ESI Positive Ion Calibration Solution (Thermo 
Scientific). Peak identification and quantification were 
done with Thermo Xcalibur (version 2.2) software.

Fluorescence intensity analyses were based on Jin 
et al. (2019). A Perkin Elmer Luminescence 
Spectrometer LS50B was used to scan the following 
ranges: emission from λem 280–550 nm with 0.5 nm 
intervals and excitation from λex 220–480 nm with 
10 nm intervals. The slit width for both emission and 
excitation was 5 nm and the scanning speed was 
1300 nm/min. Region integration was done based on 
Chen et al. (2003), to calculate the fluorescence in five 
regions: Region I indicating tyrosine like proteins (ex 
220–250 nm, em 280–325 nm), Region II indicating 
tryptophan like proteins (ex 220–250 nm, em 325–380 
nm), Region III indicating fulvic-like compounds (ex 
220–250 nm, em 380–550 nm), Region IV indicating 
microbial by-products (ex 250–400 nm, em 
280–3380 nm) and Region V indicating humic-like 
compounds (ex 250–400 nm, em 380–550 nm) (Figure 
A4, appendix A). The StaRdom package in R was used to 
remove and interpolate the Rayleigh scattering bands for 
the emission excitation matrices.

Total organic carbon (TOC) was analyzed with the 
non-purgeable organic carbon method on a TNM-L 
TOC analyzer (Shimadzu). Ultraviolet absorbance at 
254 nm (UV254) was analyzed using an Infinite M200 
Pro multimode plate reader (Tecan). Specific ultraviolet 
absorbance (SUVA) was calculated by dividing the 
UV254 values by the TOC values. Chemical oxygen 
demand (COD) and nitrite concentrations were ana-
lyzed with dr. Hach-Lange kits, LCK 1414 and LCK 
341, respectively. Size fractions were analyzed using LC- 
OCD to quantify biopolymers, chromatographic DOC, 

hydrophobic organic carbon, humic acids, low molecu-
lar weight acids and low molecular weight neutrals. The 
LC-OCD used a Toyopearl HW-50S column and was 
coupled with both a UV and an organic nitrogen detec-
tor (Figure A5, Appendix A).

Results and discussion

Fractionation

To investigate the effect of differences in organic matter 
type in WWTP effluent on the ozonation of MPs, the 
effluent was fractionated with two methods: membrane 
based fractionation to produce four size fractions 
(Figure 1A) and XAD-8 resin-based fractionation to 
produce four functional group based fractions 
(Figure 1B).

Fractionation with membranes produced four size 
fractions with larger (F1) to smaller (F4) EfOM. Due to 
the used fractionation process, smaller molecules can 
still be present in the larger fractions. The TOC of F1 
was highest, followed by F2, F4 and F3 (Figure 1A). This 
is different compared to Gonzales, Peña, and Rosario- 
Ortiz (2012) who found that for each of the four efflu-
ents they fractionated, 75% of the DOC was present in 
the fraction smaller than 10 kDa. In our case, the sum of 
F3 and F4 is only 46% of the ‘Total’ TOC. This difference 
could be due to the use of different effluents or due to the 
different type of membrane separation that was applied. 
We used cross-flow filtration whereas Gonzales, Peña, 
and Rosario-Ortiz (2012) used dead-end filtration. 
Cross-flow filtration results in less fouling of the mem-
brane resulting in the high TOC recovery rate of 97%. 
The disadvantage of the technique is that part of the 
small particles or molecules can end up in the larger 

Figure 1. Composition of complete wastewater treatment plant effluent: size fractions (A) and resin fractions (B). The TOC of the resin 
fraction HOB was lower than the TOC of the blank, therefore this fraction is not included in the figure.
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fractions, resulting in a slight overestimation of the large 
fractions and underestimation of the small fractions.

Fractionation with resin also produced four fractions: 
hydrophilics (HI), hydrophobic acids (HOA), hydro-
phobic neutrals (HON) and hydrophobic bases (HOB). 
The TOC of the HOB fraction was lower than the TOC 
of the blank, therefore this fraction is not included in 
further analysis. The HI fractions were the largest based 
on TOC, followed by the HON fraction and the HOA 
fraction (Figure 1B). Other studies using resin fractiona-
tion found similar effluent compositions (Imai et al. 
2002; P. Jin et al. 2016; Qi et al. 2018; Zhang et al. 
2008). One difference we found, is that the HON frac-
tion had a higher TOC than the HOA fraction, whereas 
the other studies found the opposite. This difference 
could be explained by variation between effluents from 
different WWTPs was added. The TOC recovery of the 
resin fractionation was close to 100% (102%), similar to 
that of P. Jin et al. (2016), which indicates that OM was 
not lost or released from the resins. This means that the 
used washing, sorption and desorption steps onto and 
from the resin were appropriate to prevent loss of OM 
during the fractionation process.

Micropollutant removal

The smallest size fraction (F4) showed the highest MP 
removal compared to the other size fractions (Figure 2). 
This higher removal was only observed for class I and 
class II MPs, but not for the MPs with low ozone 

reactivity in class III. The five MPs in class III 
(Benzotriazole, Irbesartan, 2.4D, BAM and Iopamidol) 
showed similar removal in all size fractions. This shows 
that the OM in F4 is less reactive with ozone than most 
MPs, resulting in high removal of class I and class II MPs 
in this fraction. Only class III MPs are less reactive with 
ozone than the OM in F4, resulting in similar removal 
behavior of these compounds in all size fractions.

The resin fraction HI showed lower removal of class 
III MPs compared to the other resin fractions and simi-
lar removal of class II and class III compounds (Figure 
3). This indicates that OM from the HI fraction inter-
feres more with the removal of MPs with low kO3 (<102 

M−1 s−1). The resin fraction HON showed lower removal 
of class II MPs than all other resin fractions and lower 
removal of class III MPs than the resin fractions ‘Total’ 
and HOA. The HON fraction interferes more with the 
ozonation of class II MPs than other resin fractions.

MP removal in the ‘Total’ sample was consistently 
higher in the resin experiment than in the membrane 
experiment. This was not expected because the ‘Total’ 
sample was taken from the same batch for both experi-
ments. This can be explained by the difference in storage 
time of the water prior to the experiments, which was 
longer for the resin fractionation than for the membrane 
fractionation experiments, as discussed further in para-
graph 3.3.

Observed differences in interference of MP ozonation 
were not consistent for all analyzed MPs. Grouping the 
MPs in classes based on their kO3 values shows that 

Figure 2. Heatmap with micropollutant removal (%) at three different ozone doses (0.14, 0.45 and 0.93 g O3/g TOC) in the size fractions. 
Micropollutants were divided in three classes: class I – high ozone reactivity (kO3 > 104 M−1 s−1), class II – medium ozone reactivity (102 

> kO3 > 104 M−1 s−1) and class III – low ozone reactivity (kO3 < 102 M−1 s−1). The color scale is from red (0% removal) to green (100% 
removal). For micropollutants with an *, kO3 values were not found in literature so the division of these compounds into the classes is 
solely based on the results of our study.
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EfOM fractions interfere only with MPs in specific 
classes. To illustrate, differences in interference of the 
smallest size fraction (F4) were only observed for class 
I and class II MPs, while interference in F4 was similar to 
interference in the fraction ‘Total’ for class III MPs 
(Figure 2). Additionally, differences in interference 
observed in the resin fractions HON and HI were only 
observed for class II and class III MPs, respectively 
(Figure 3). This means that the interference of OM 
during ozonation of MPs does not only depend on the 
type of OM, but also on the ozone reactivity of the MPs 
themselves.

Uncertainties introduced in the different experimen-
tal steps were less than 5% for the individual steps. TOC 
recoveries of the fractionation steps were 100% (102% 
and 97%), which means that OM loss during the frac-
tionation procedures was negligible. For the ozonation 
step, the standard deviation in the measured ozone dose 
was always less than 5% of the applied dose (Table B3, 
Appendix B). Finally, the average R2 of the standard 
curves for MP measurements were close to 1 (0.996 for 
membrane and 0.994 for the resin fractions), illustrating 
that the MP quantification is reliable. Finally, the differ-
ent ozone doses served as replicates for each other in the 
ozonation and analysis steps and confirm the observed 
differences between the fractions.

Generally, only the quantity of EfOM is used as 
indication for the interference of EfOM with MP ozona-
tion. To illustrate, EfOM quantity (DOC) is often used 

to determine the required ozone dose (Hansen et al. 
2016a; Lee et al. 2013; Nilsson et al. 2017). Our results 
show that also the type of EfOM is important to consider 
for the ozonation of MPs. For example, class I and class 
II MP removal was over 3 times higher in the smallest 
membrane fraction (F4) compared to the membrane 
fraction ‘Total’ (Figure 2). Furthermore, in the resin 
fractions, class III MP removal was 1.3 lower for HON 
and 2 times lower for HI, when compared to the ‘Total’. 
This shows that, at the same DOC concentration, differ-
ent types of OM have different interference with MP 
ozonation. Therefore, additional research is needed into 
the variations of EfOM type in WWTP effluents, for 
example, spatial and temporal variation, and their effect 
on MP ozonation.

Understanding of the complex EfOM in effluents can 
confirm which OM fractions and characteristics inter-
fere with the ozonation of which MPs. For example, 
WWTP effluent can be screened for the type and char-
acteristics of EfOM to decide whether the effluent is 
suitable for ozone treatment, or other treatment should 
be considered. Moreover, insight in the characteristics of 
highly interfering EfOM can be used to develop online 
sensors to control ozone dosing and prevent over- and 
underdosing. Finally, this insight can aid the optimiza-
tion of treatments preceding ozonation treatment, e.g. 
conventional WWTPs or small specialized treatment 
modules. A pre-treatment that reduces the most inter-
fering OM fractions and characteristics, will result in 

Figure 3. Heatmap with micropollutant removal (%) at three different ozone doses (0.14, 0.45 and 0.93 g O3/g TOC) in the resin 
fractions. Micropollutants were divided in three classes: class I – high ozone reactivity (kO3 > 104 M−1 s−1), class II – medium ozone 
reactivity (102 > kO3 > 104 M−1 s−1) and class III – low ozone reactivity (kO3 < 102 M−1 s−1). The color scale is from red (0% removal) to 
green (100% removal). For micropollutants with an *, kO3 values were not found in literature so the division of these compounds into 
the classes is solely based on the results of our study.
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a lower energy and cost demand for the ozone 
treatment.

Organic matter characteristics

Three parameters were used to characterize the EfOM in 
the analyzed fractions: specific UV absorbance at 
254 nm (SUVA) as indication for double bonds and 
aromatic compounds, fluorescence as indication for 
humic- and fulvic-like organics and protein-like com-
pounds (Carstea et al. 2016), and COD as indication for 
total oxidizable potential in the samples. In addition to 
the three EfOM parameters, we analyzed nitrite because 
it can scavenge ozone and affect MP removal (Nilsson 
et al. 2017). We aim to use these analyses to get insight in 
the compositional differences of the fractions.

SUVA
SUVA correlated well to the applied ozone dose, 

showing a decrease with increase in ozone dose in all 
fractions (Figure 4). This indicates that SUVA values are 
a strong tool to monitor and screen ozone reactions, 
which is in line with other studies (Bahr et al. 2007; 
Westerhoff et al. 1999; Wittmer et al. 2015). The size 
fraction ‘Total’ showed 1.8 times higher SUVA values 
than the resin fraction ‘Total’. The most likely reason for 
this was instabilities in the TOC measurement, used for 
the dilutions of the fractions, as explained further in 
paragraph 3.4.

Similar SUVA values of 2.4 ± 0.14 L/mg TOC/m were 
found in most size fractions at the zero ozone doses. The 
smallest fraction, F4 with compounds smaller than 1 
kDa, was the only exception to this and showed 
a lower SUVA of 0.19 L/mg TOC/m. Another study 
that used membranes to fractionated four different 
WWTP effluent found similar SUVA values, but did 

not find lower SUVA values in their smaller than 1 
kDa fractions (Gonzales, Peña, and Rosario-Ortiz 
2012). This indicates that the nature of the smaller 
than 1 kDa fraction in our study is very different from 
the respective fractions of (Gonzales, Peña, and Rosario- 
Ortiz 2012). An explanation for this could be different 
source waters for the WWTPs from which the effluents 
were taken.

The resin fractions ‘Total’, HI and HOA showed 
similar SUVA values around 1.3 L/mg TOC/m. The 
HON fraction showed a lower SUVA of 0.39 L/mg 
TOC/m and also hardly any decrease in SUVA with 
increasing ozone dose. Qi et al. (2018) also found that 
SUVA of the HON fraction does not change after ozo-
nation. This indicates that UV254 absorbing compounds, 
for example, aromatic compounds, in the HON fraction 
of WWTP effluents generally are not reactive with 
ozone, unlike most other UV254 absorbing EfOM 
(Stapf, Miehe, and Jekel 2016).

Fluorescence
The highest fluorescence was found in region III and 

region V in most samples (Figure 5). These regions 
indicate the presence of humic- and fulvic-like com-
pounds, respectively (Chen et al. 2003). None of the 
analyzed samples showed fluorescence around in region 
I, and little fluorescence was observed in regions II and 
IV, this indicates the absence of protein-like compounds 
(Carstea et al. 2016). A clear decrease in fluorescence 
with increasing ozone dose was found in both the size 
fractions and the resin fractions (Figure B6, B7 and B8 in 
Appendix B).

Approximately 1.2 times higher fluorescence values 
were found in the resin fraction ‘Total’ compared to the 
size fraction ‘Total’. This difference could be caused by 
lower SUVA values in the size fractions (Figure 5). 

Figure 4. SUVA measurements in different effluent organic matter fractions at four ozone doses for the size fractions (A) and resin 
fractions (B).
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Lower SUVA causes a lower inner filter effect and there-
fore higher fluorescence values in the resin fractions. 
The inner filter effect is absorption of part of the emitted 
fluorescence during fluorescence measurement by par-
ticles or molecules in the sample. This causes the mea-
sured fluorescence to be lower than the actual 
fluorescence of a sample. The inner filter effect is stron-
ger in samples with high absorption values (Kubista 
et al. 1994).

Most non-ozonized size fractions showed similar 
fluorescence intensities (Figure 5). The smallest size 
fraction (F4) is the only exception and shows almost 
no fluorescence. For the resin fractions at zero ozone 
doses, ‘Total’ and HI showed similar fluorescence inten-
sities. Organic matter in the HOA fraction showed lower 
fluorescence, mainly at the humic-like compounds peak, 
and the HON fraction showed lower fulvic- and humic- 
like content than the ‘Total’ and the HI. The low fluor-
escence intensities in size fraction F4 and resin fractions 
HON and HOA indicate that these three fractions con-
tain less fulvic- and humic-like compounds than the 
other studied fractions.

We observed a decrease in SUVA with increasing 
ozone dose in almost all fractions (Figure 4). This should 
also have resulted in a decrease in inner filter effect and 
therefore an increase in fluorescence. However, the oppo-
site was found: a decrease in fluorescence with increasing 
ozone dose (Figure B7, Appendix B). This indicates that 
fluorescent groups are faster depleted than UV254 absorb-
ing groups and therefore either less abundant or more 
reactive with ozone than UV254 absorbing groups.

COD
COD decreased with ozone dose for all size and resin 

fractions except for the size fraction ‘Filter’ (Figure 6). 

The observed decrease in COD was similar to the abso-
lute ozone concentration dosed (0.5, 1.6 and 3.3 mg O3 

/L relating to the low medium and high doses, respec-
tively). Approximately 2.3 times lower COD values in 
the resin fraction ‘Total’ than in the size fraction ‘Total’. 
This is probably due to instabilities in the NPOC mea-
surement used for the dilutions as explained in para-
graph 3.3 – SUVA.

A more than three times higher COD was measured 
in the size fraction ‘Filter’ at the highest ozone dose 
compared to the zero ozone dose. This COD value of 
35 mg O2/L was confirmed by duplicate measurements 
at different days by different people, and cannot be 
explained. Therefore, this value is not presented in 
Figure 6.

COD measured in the resin fraction HON was 
approximately two times higher than in the ‘Total’, HI 
and HOA fractions, indicating that the HON fraction 
contains many unsaturated groups that have higher 
COD. This is because more saturated organic molecules, 
with less double bonds, have higher COD values than 
unsaturated groups. The low saturation in the HON 
fraction is confirmed by the low SUVA values of this 
fraction (Figure 4), as SUVA mainly detects saturated 
bonds, for example, in aromatic groups.

Nitrite
A rapid decrease of nitrite concentrations was 

observed with increasing ozone dose in the size fractions 
(Figure 7). In all size fractions except ‘Filter’, nitrite was 
removed by ozonation to below the detection limit of 
0.051 mg NO2/L at the highest ozone doses. 
Surprisingly, nitrite concentrations in the smallest size 
fraction (F4) were below the detection limit at the zero 
ozone dose. We did not expect that the naturally present 

Figure 5. Fluorescence measurements in the size fractions (A) and resin fractions (B) without ozone addition.
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nitrite would be rejected by the membrane with cutoff 
1.08 kDa since nitrite molecules are more than 20 times 
smaller (0.046 kDa). Possibly, nitrite was rejected due to 
interactions of nitrite with positively charged 
compounds.

There are compounds that have a stronger affinity for 
ozone than nitrite. At the lowest ozone dose of 0.14 g O3 

/g TOC or 0.5 mg O3/L, not all nitrite was removed from 
the fractions, even though 0.05 mg O3/L would theore-
tically be sufficient for the complete oxidation of the 
nitrite that was present. This indicates that ozone reacts 
first with other compounds in the effluent, before 

reacting with nitrite. These other compounds are most 
likely organic because a decrease in SUVA was also 
observed at the lowest ozone dose (Figure 4). 
Moreover, reduction in MP concentrations was also 
observed at the lowest ozone dose (Figures 2 and 
Figure 3). After reaction with these other compounds, 
nitrite is completely removed, as was observed at the two 
highest ozone doses.

Nitrite levels in all of the resin fractions were below 
the detection limit of 0.05 mg NO2/L. We assume that 
this lack of nitrite in the resin fractions is caused by 
longer storage time of the effluent before use. Samples 
for the resin and membrane fractionation experiments 
were taken from the same batch that was stored at 4 °C. 
The resin experiment was done three months after the 
membrane experiment, during this time, biological 
nitrification depleted all nitrite in the resin fractionation 
samples.

LC-OCD
The size fractions were further analyzed using LC- 

OCD to quantify biopolymers, chromatographic DOC, 
hydrophobic organic carbon, humic acids, low molecu-
lar weight acids and low molecular weight neutrals 
(Figure B9, Appendix B). No trends in any of these 
components with increasing ozone dose were observed. 
The smallest size fraction F4 showed the most differ-
ences with the other analyzed fractions at the zero ozone 
doses. This fraction contained very few biopolymers: 
28 µg C/L in F4 compared to 310 ± 85 µg C/L for the 
other size fractions, very few humic acids: 41 µg C/L in 
F4 compared to 1890 ± 208 µg C/L for the other size 
fractions and many low molecular weight neutrals: 
2560 µg C/L in F4 compared to 650 ± 98 µg C/L for 
the other size fractions. Biopolymers and humic acids 
are large molecules that were retained by the 1 kDa 

Figure 6. COD measurements in different effluent organic matter fractions at four ozone doses for the size fractions (A) and resin 
fractions (B). For the size fractions, several samples were measured twice to confirm the stability of the analysis, averages are 
presented.

Figure 7. Nitrite measurements in different size fractions at four 
ozone doses. Results for the resin fractions are not shown 
because they were all below the detection limit of 0.05 mg 
NO2/L.
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membrane, while the small low molecular weight neu-
trals could easier pass through (Huber et al. 2011). The 
hydrophobic organic carbon was approximately 12% of 
the total DOC of the unfractionated effluent, which is 
typical for EfOM (Huber et al. 2011).

Relations between MP removal and EfOM 
characteristics

The size fraction F4 and the resin fraction HON showed 
the largest differences in MP removal and concentra-
tions of the other parameters at zero ozone doses com-
pared to the other fractions. The size fraction ‘Total’ and 
the resin fraction ‘Total’ showed consistent differences 
in the measured parameters, which was not expected 
because they were taken from the same effluent. These 
three fractions are further analyzed below combining all 
measured parameters to give more insight in their con-
stituents. Finally, we analyze which of the measured 
parameters can be used to explain the observed differ-
ences in MP removal.

Totals
We expected both ‘Total’ samples to behave similarly 

because both samples were taken from the same batch of 
effluent, stored in a 4 °C room. The size fraction ‘Total’ 
showed more than three times higher fluorescence and 
SUVA values and more than two times lower COD 
values than the resin fraction ‘Total’. We did not expect 
these differences because both ‘Total’ samples were 
taken from the same batch. We expect that these differ-
ences are due to the difference in storage time before the 
experiments as also discussed in paragraph 3.3.

Size fraction F4
Higher removal of class I and II MP’s was observed in 

the smallest size fraction (F4) compared to the other 
fractions. This indicates that the EfOM in this fraction 
interferes less with ozonation of ozone reactive MPs 
than the EfOM in other fractions. Organic matter in 
F4 also showed very low fluorescence, SUVA and nitrite, 
while the OM in this fraction had similar COD levels as 
other size fractions. LC-OCD analysis showed that this 
fraction contains mainly low molecular weight neutrals 
and no humic acids or biopolymers. The lack of humic 
compounds is confirmed by the SUVA and fluorescence 
measurements. Low SUVA values indicate the absence 
of aromatic groups, which are unsaturated (Westerhoff 
et al. 1999). Because F4 has similar overall saturation as 
other size fractions, but a lower aromaticity content, this 
fraction must contain other types of unsaturated groups, 
such as alkenes.

Another study that used membrane fractionation on 
four different effluents found that the EfOM fraction <1 
kDa has a higher ozone reaction coefficient than the 

other fractions of <10 kDa, <5 kDa and <3 kDa 
(Gonzales, Peña, and Rosario-Ortiz 2012). Our study 
shows a high MP removal in the <1 kDa fraction (F4). 
This indicates that the highly reactive EfOM in this 
fraction stimulates MP ozonation. However, the SUVA 
values of the <1 kDa in our study were lower than those 
of Gonzales, Peña, and Rosario-Ortiz (2012), 0.2 and 
1.8 ± 0.22 L/mg C/m, respectively. This indicates that 
the OM in the <1kDa fraction in our study was different 
from that in the respective fractions of Gonzales, Peña, 
and Rosario-Ortiz (2012).

Resin fraction HON
The OM in the resin fraction HON has low fluores-

cence and SUVA, and high COD values. SUVA in the 
HON fraction also did not decrease with increasing 
ozone dose as was seen in the other fractions. Despite 
this, we did not observe high MP removal in the HON 
fraction, which was expected because of the low fluores-
cence and SUVA values. The high COD values indicate 
that OM in this fraction contains OM with a lower level 
of saturation, which matches with the low SUVA values. 
Another study that ozonated and fractionated WWTP 
effluent also found low and stable SUVA values in the 
HON fraction (Qi et al. 2018). P. Jin et al. (2016) found 
a more than twofold decrease in UV254 absorbance at 
their lowest ozone dose of 0.42 g O3/g TOC and stable 
SUVA with higher ozone doses. This shows that the 
HON fraction is made up of a very different type of 
OM than the other fractions, while it only shows slight 
differences in MP removal.

Explaining parameters
Because the smallest size fraction (F4) showed low 

interference with the ozonation of MPs and low SUVA, 
fluorescence and nitrite values, all three parameters can 
be used to explain the low interference in this fraction. 
This indicates that effluents with low fluorescence, 
SUVA and nitrite values need less ozone to reach the 
same MP removal. Moreover, other studies find that 
UV254 absorbing compounds and nitrite are highly 
reactive with ozone and are therefore likely to interfere 
with MP ozonation (Nilsson et al. 2017; Stapf, Miehe, 
and Jekel 2016). On the other hand, all resin fractions 
showed nitrite levels below detection limit and MP 
removal in these fractions was not as high as in F4 of 
the size fractions. Therefore, our results indicate that 
the OM characteristics have a larger effect on MP 
ozonation than nitrite concentrations. Furthermore, 
fluorescence values in the resin fraction ‘Total’ were 
approximately two times higher than fluorescence 
values in the size fraction ‘Total’, whereas MP removal 
was higher in the resin fraction ‘Total’. This indicates 
that fluorescence is not a suitable parameter to explain 
the observed differences in MP removal. Finally, low 
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SUVA correlates with high MP removal in most sam-
ples. The only exception to this rule is the resin fraction 
HON, that had low SUVA values and did not have 
lower MP removal other resin fractions. Therefore, 
we conclude that none of the measured parameters 
are sufficient to predict all variation in MP removal 
by ozonation.

Conclusions

In general, the quantity of organic matter is important 
for ozonation of micropollutants. Our study shows that 
micropollutant removal is also affected by the type of 
organic matter (different organic matter fractions). 
Comparing all size fractions, the smallest size fraction 
(<1 kDa) had the lowest interference with the ozonation 
of micropollutants. For the resin fractions, hydrophobic 
neutrals and hydrophilics had higher interference than 
other resin fractions. This shows that size and resin 
fractionation give insight in the type of organic matter, 
which provides understanding in the interference of 
organic matter during micropollutant ozonation. 
Further research on effluents of various matrix compo-
sitions is needed to study the consistency of this inter-
ference in effluents of different origins.

The degree of interference by organic matter fractions 
depends on the ozone rate constants of individual 
micropollutants. For micropollutants with high and 
medium ozone rate constants, the smallest size fraction 
(<1 kDa) had low interference on their removal. This 
and other size fractions had the same interference for 
micropollutants with low ozone rate constants. The 
higher interference in the resin fractions hydrophobic 
neutrals and hydrophilics only occurred for micropollu-
tants with medium and high ozone rate constants, 
respectively. Therefore, when studying the interference 
of the type of organic matter on the ozonation of micro-
pollutants, micropollutants must be grouped based on 
their ozone rate constants.

The four parameters: specific UV absorbance at 
254 nm, fluorescence, chemical oxygen demand or 
nitrite were used to elucidate the composition of organic 
matter in the fractions. Still, these four parameters were 
insufficient to predict the differences in micropollutant 
removal in the various fractions. Therefore, other char-
acterization methods are needed to understand and pre-
dict the interference of organic matter with 
micropollutant ozonation. To conclude, understanding 
of the type of organic matter in wastewater is essential to 
optimize micropollutant ozonation from, for example, 
wastewater treatment plant effluent. Insight in the type 
of organic matter can be used to decide which effluents 
are suitable to implement ozonation and to determine 

the required ozone dose for specific effluents.

Acknowledgments

This work was funded by the Dutch “topsector water” and 
Royal HaskoningDHV. We would like to thank Wiebe de 
Vos and Bob Siemerink from the Membrane Science and 
Technology group at the Technical University of Twente (the 
Netherlands) for their help with the membrane fractionation 
and Gerlinde Vink from the Soil Chemistry and Chemical Soil 
Quality group at Wageningen University & Research (The 
Netherlands) for their help with the resin fractionation. We 
would also like to thank Uwe Hübner and Sona Fajnorova from 
the Urban Water Systems Engineering group at the Technical 
University of Münich (Germany) with their help on the ozone 
stock setup. Finally, we would like to thank Victor Ajao and 
Mieke Kersaan-Haan from Wetsus in Leeuwarden (The 
Netherlands), for their help with the LC-OCD analyses.

Funding

This work was supported by the TKI watertechnologie [-]; 
Royal HaskoningDHV [-].

ORCID

H.H.M. Rijnaarts http://orcid.org/0000-0001-6607-1256
A.A.M. Langenhoff http://orcid.org/0000-0002-9622-007X

Declaration of interests

The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

References

Bahr, C., J. Schumacher, M. Ernst, F. Luck, B. Heinzmann, and 
M. Jekel. 2007. “SUVA as Control Parameter for the 
Effective Ozonation of Organic Pollutants in Secondary 
Effluent.” In Water Science and Technology, vol. 55, 
267–74. IWA Publishing.

Boehler, M., B. Zwickenpflug, J. Hollender, T. Ternes, A. Joss, 
and H. Siegrist. 2012. “Removal of Micropollutants in 
Municipal Wastewater Treatment Plants by 
Powder-activated Carbon.” Water Science and Technology 
66 (10): 2115–21. doi:10.2166/wst.2012.353

Bourgin, M., B. Beck, M. Boehler, E. Borowska, J. Fleiner, 
E. Salhi, . . . C. S. McArdell. 2018. “Evaluation of a 
Full-scale Wastewater Treatment Plant Upgraded with 
Ozonation and Biological Post-treatments: Abatement of 
Micropollutants, Formation of Transformation Products 
and Oxidation By-products.” Water Research 129:486–98. 
doi: 10.1016/j.watres.2017.10.036.

Carstea, E. M., J. Bridgeman, A. Baker, and D. M. Reynolds. 
2016. “Fluorescence Spectroscopy for Wastewater 
Monitoring: A Review.” Water Research 95:205–19. doi:  
10.1016/j.watres.2016.03.021.

OZONE: SCIENCE & ENGINEERING 11

https://doi.org/10.2166/wst.2012.353
https://doi.org/10.1016/j.watres.2017.10.036
https://doi.org/10.1016/j.watres.2016.03.021
https://doi.org/10.1016/j.watres.2016.03.021


Chen, W., P. Westerhoff, J. A. Leenheer, and K. Booksh. 2003. 
“Fluorescence Excitation-Emission Matrix Regional 
Integration to Quantify Spectra for Dissolved Organic 
Matter.” Environmental Science & Technology 37 (24): 
5701–10. doi:10.1021/es034354c

Eggen, R. I. L., J. Hollender, A. Joss, M. Schärer, and 
C. Stamm. 2014. “Reducing the Discharge of 
Micropollutants in the Aquatic Environment: The Benefits 
of Upgrading Wastewater Treatment Plants.” 
Environmental Science & Technology 48 (14): 7683–89. 
doi:10.1021/es500907n

Ekblad, M., P. Falås, H. El-Taliawy, F. Nilsson, K. Bester, 
M. Hagman, and M. Cimbritz. 2018. “Is Dissolved COD 
a Suitable Design Parameter for Ozone Oxidation of 
Organic Micropollutants in Wastewater?” Science of the 
Total Environment 658:449–56. doi: 10.1016/j. 
scitotenv.2018.12.085.

Gonzales, S., A. Peña, and F. L. Rosario-Ortiz. 2012. 
“Examining the Role of Effluent Organic Matter 
Components on the Decomposition of Ozone and 
Formation of Hydroxyl Radicals in Wastewater.” Ozone: 
Science and Engineering 34 (1): 42–48. doi:10.1080/ 
01919512.2011.637387

Hansen, A. M., T. E. C. Kraus, B. A. Pellerin, J. A. Fleck, 
B. D. Downing, and B. A. Bergamaschi. 2016a. “Optical 
Properties of Dissolved Organic Matter (DOM): Effects of 
Biological and Photolytic Degradation.” Limnology and 
Oceanography 61 (3): 1015–32. doi:10.1002/lno.10270

Hansen, K. M. S., A. Spiliotopoulou, R. K. Chhetri, M. Escolà 
Casas, K. Bester, and H. R. Andersen. 2016b. “Ozonation 
for Source Treatment of Pharmaceuticals in Hospital 
Wastewater - Ozone Lifetime and Required Ozone Dose.” 
Chemical Engineering Journal 290:507–14. doi: 10.1016/j. 
cej.2016.01.027.

Her, N., G. Amy, D. Foss, J. Cho, Y. Yoon, and P. Kosenka. 
2002. “Optimization of Method for Detecting and 
Characterizing NOM by HPLC-size Exclusion 
Chromatography with UV and On-line DOC Detection.” 
Environmental Science & Technology 36 (5): 1069–76. 
doi:10.1021/es015505j

Huber, S. A., A. Balz, M. Abert, and W. Pronk (2011). 
Characterisation of Aquatic Humic and Non-humic 
Matter with Size-exclusion Chromatography E Organic 
Carbon Detection E Organic Nitrogen Detection 
(LC-OCD-OND).

Imai, A., T. Fukushima, K. Matsushige, and Y.-H. Kim. 2002. 
“Organic Matter in Effluent.” Water Research 36 (4): 
859–70. doi:10.1016/S0043-1354(01)00283-4.

Jin, P., X. Jin, V. A. Bjerkelund, S. W. Østerhus, X. C. Wang, 
and L. Yang. 2016. “A Study on the Reactivity 
Characteristics of Dissolved Effluent Organic Matter 
(Efom) from Municipal Wastewater Treatment Plant dur-
ing Ozonation.” Water Research 88:643–52. doi: 10.1016/j. 
watres.2015.10.060.

Jin, X., W. Zhang, R. Hou, P. Jin, J. Song, and X. C. Wang. 
2019. “Tracking the Reactivity of Ozonation Towards 
Effluent Organic Matters from WWTP Using 
Two-dimensional Correlation Spectra.” Journal of 
Environmental Sciences 76:289–98. doi: 10.1016/j. 
jes.2018.05.012.

Kidd, K. A., P. J. Blanchfield, K. H. Mills, V. P. Palace, 
R. E. Evans, J. M. Lazorchak, and R. W. Flick. 2007. 

“Collapse of a Fish Population after Exposure to 
a Synthetic Estrogen.” Proceedings of the National 
Academy of Sciences 104 (21): 8897–901. doi:10.1073/ 
pnas.0609568104

Kriebel, D., J. Tickner, P. Epstein, J. Lemons, R. Levins, 
E. L. Loechler, . . . M. Stoto. 2001. “The Precautionary 
Principle in Environmental Science.” Environmental 
Health Perspectives 109 (9): 871–76. doi:10.1289/ 
ehp.01109871

Krzeminski, P., M. C. Tomei, P. Karaolia, A. Langenhoff, 
C. M. R. Almeida, E. Felis, . . . D. Fatta-Kassinos. 2019. 
“Performance of Secondary Wastewater Treatment 
Methods for the Removal of Contaminants of Emerging 
Concern Implicated in Crop Uptake and Antibiotic 
Resistance Spread: A Review.” Science of the Total 
Environment 648:1052–81.

Kubista, M., R. Sjöback, S. Eriksson, and B. Albinsson. 1994. 
“Experimental Correction for the Inner-filter Effect in 
Fluorescence Spectra.” The Analyst 119 (3): 417–19. 
doi:10.1039/AN9941900417

Lee, Y., D. Gerrity, M. Lee, A. E. Bogeat, E. Salhi, 
S. Gamage, . . . U. Von Gunten. 2013. “Prediction of 
Micropollutant Elimination during Ozonation of 
Municipal Wastewater Effluents: Use of Kinetic and Water 
Specific Information.” Environmental Science & Technology 
47 (11): 5872–81. doi:10.1021/es400781r

Luo, Y., W. Guo, H. H. Ngo, L. D. Nghiem, F. I. Hai, J. Zhang, 
X. C. Wang. 2014. “A Review on the Occurrence of 
Micropollutants in the Aquatic Environment and Their 
Fate and Removal during Wastewater Treatment.” Science 
of the Total Environment 473–474:619–41. doi: 10.1016/j. 
scitotenv.2013.12.065.

Margot, J., C. Kienle, A. Magnet, M. Weil, L. Rossi, L. F. de 
Alencastro, D. A. Barry. 2013. “Treatment of 
Micropollutants in Municipal Wastewater: Ozone or 
Powdered Activated Carbon?” Science of the Total 
Environment 461–462:480–98. doi: 10.1016/j. 
scitotenv.2013.05.034.

Nilsson, F., M. Ekblad, J. la Cour Jansen, and 
K. Jönsson. 2017. “Removal of Pharmaceuticals with 
Ozone at 10 Swedish Wastewater Treatment Plants.” 
Water Practice and Technology 12 (4): 871–81. 
doi:10.2166/wpt.2017.087

Oaks, J. L., M. Gilbert, M. Z. Virani, R. T. Watson, 
C. U. Meteyer, B. A. Rideout, . . . A. Ahmed Khan. 2004. 
“Diclofenac Residues as the Cause of Vulture Population 
Decline in Pakistan.” Nature 427 (6975): 630–33. 
doi:10.1038/nature02317

Philip, J. M., U. K. Aravind, and C. T. Aravindakumar. 2018. 
“Emerging Contaminants in Indian Environmental 
Matrices – A Review.” Chemosphere 190:307–26. doi:  
10.1016/j.chemosphere.2017.09.120.

Polesel, F., B. G. Plósz, and S. Trapp. 2015. “From 
Consumption to Harvest: Environmental Fate Prediction 
of Excreted Ionizable Trace Organic Chemicals.” Water 
Research 84:85–98. doi: 10.1016/j.watres.2015.06.033.

Qi, W., H. Zhang, C. Hu, H. Liu, and J. Qu. 2018. “Effect of 
Ozonation on the Characteristics of Effluent Organic 
Matter Fractions and Subsequent Associations with 
Disinfection By-products Formation.” Science of the Total 
Environment 610–611:1057–64. doi: 10.1016/j. 
scitotenv.2017.08.194.

12 K. GIJN ET AL.

https://doi.org/10.1021/es034354c
https://doi.org/10.1021/es500907n
https://doi.org/10.1016/j.scitotenv.2018.12.085
https://doi.org/10.1016/j.scitotenv.2018.12.085
https://doi.org/10.1080/01919512.2011.637387
https://doi.org/10.1080/01919512.2011.637387
https://doi.org/10.1002/lno.10270
https://doi.org/10.1016/j.cej.2016.01.027
https://doi.org/10.1016/j.cej.2016.01.027
https://doi.org/10.1021/es015505j
https://doi.org/10.1016/S0043-1354(01)00283-4
https://doi.org/10.1016/j.watres.2015.10.060
https://doi.org/10.1016/j.watres.2015.10.060
https://doi.org/10.1016/j.jes.2018.05.012
https://doi.org/10.1016/j.jes.2018.05.012
https://doi.org/10.1073/pnas.0609568104
https://doi.org/10.1073/pnas.0609568104
https://doi.org/10.1289/ehp.01109871
https://doi.org/10.1289/ehp.01109871
https://doi.org/10.1039/AN9941900417
https://doi.org/10.1021/es400781r
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.scitotenv.2013.05.034
https://doi.org/10.1016/j.scitotenv.2013.05.034
https://doi.org/10.2166/wpt.2017.087
https://doi.org/10.1038/nature02317
https://doi.org/10.1016/j.chemosphere.2017.09.120
https://doi.org/10.1016/j.chemosphere.2017.09.120
https://doi.org/10.1016/j.watres.2015.06.033
https://doi.org/10.1016/j.scitotenv.2017.08.194
https://doi.org/10.1016/j.scitotenv.2017.08.194


Qiu, J., F. Lü, H. Zhang, W. Liu, J. Chen, Y. Deng, P. He. 2020. 
“UPLC Orbitrap MS/MS-based Fingerprints of Dissolved 
Organic Matter in Waste Leachate Driven by Waste Age.” 
Journal of Hazardous Materials 383:121205. doi: 10.1016/j. 
jhazmat.2019.121205.

Stapf, M., U. Miehe, and M. Jekel. 2016. “Application of 
Online UV Absorption Measurements for Ozone Process 
Control in Secondary Effluent with Variable Nitrite 
Concentration.” Water Research 104:111–18. doi: 10.1016/ 
j.watres.2016.08.010.

Westerhoff, P., G. Aiken, G. Amy, and J. Debroux. 1999. 
“Relationships between the Structure of Natural Organic 
Matter and Its Reactivity Towards Molecular Ozone and 
Hydroxyl Radicals.” Water Research 33 (10): 2265–76. 
doi:10.1016/S0043-1354(98)00447-3

Wittmer, A., A. Heisele, C. S. McArdell, M. Böhler, P. Longree, 
and H. Siegrist. 2015. “Decreased UV Absorbance as an 
Indicator of Micropollutant Removal Efficiency in 

Wastewater Treated with Ozone.” Water Science and 
Technology 71 (7): 980–85. doi:10.2166/wst.2015.053

Yang, Y., Y. S. Ok, K. H. Kim, E. E. Kwon, and Y. F. Tsang. 
2017, “Occurrences and Removal of Pharmaceuticals and 
Personal Care Products (Ppcps) in Drinking Water and 
Water/Sewage Treatment Plants: A Review.” Science of the 
Total Environment.

Zhang, H., J. Qu, H. Liu, and X. Zhao. 2008. “Isolation 
of Dissolved Organic Matter in Effluents from 
Sewage Treatment Plant and Evaluation of the 
Influences on Its DBPs Formation.” Separation and 
Purification Technology 64 (1): 31–37. doi:10.1016/j. 
seppur.2008.08.011

Zucker, I., D. Avisar, H. Mamane, M. Jekel, and U. Hübner. 
2016. “Determination of Oxidant Exposure during 
Ozonation of Secondary Effluent to Predict Contaminant 
Removal.” Water Research 100:508–16. doi: 10.1016/j. 
watres.2016.05.049.

OZONE: SCIENCE & ENGINEERING 13

https://doi.org/10.1016/j.jhazmat.2019.121205
https://doi.org/10.1016/j.jhazmat.2019.121205
https://doi.org/10.1016/j.watres.2016.08.010
https://doi.org/10.1016/j.watres.2016.08.010
https://doi.org/10.1016/S0043-1354(98)00447-3
https://doi.org/10.2166/wst.2015.053
https://doi.org/10.1016/j.seppur.2008.08.011
https://doi.org/10.1016/j.seppur.2008.08.011
https://doi.org/10.1016/j.watres.2016.05.049
https://doi.org/10.1016/j.watres.2016.05.049

	Abstract
	Introduction
	Materials and methods
	Wastewater treatment plant effluent
	Micropollutants
	Fractionation
	Ozonation experiment
	Analyses

	Results and discussion
	Fractionation
	Micropollutant removal
	Organic matter characteristics
	Relations between MP removal and EfOM characteristics

	Conclusions
	Acknowledgments
	Funding
	ORCID
	Declaration of interests
	References

