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• A hydrodynamic and water quality
model is developed for disinfection by-
products.

• Haloacetonitriles formation potential
(HAN-FP) is measured for the Illinois
River.

• Bothwastewater- and non-wastewater-
derived sources of HAN-FP are consid-
ered.

• HAN-FP concentration can be elevated
under lowflowsdue towastewater con-
tributions.

• HAN-FP concentration can be elevated
under high flows due to watershed
runoff.
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Population growth and urbanization have led to the increasing presence of treated wastewater effluents in
downstreamdrinkingwater sources. Drinkingwater sources influenced by organicmatter fromupstreamwaste-
water treatment plant (WWTP) effluents are thought prone to the formation of haloacetonitriles (HANs), a group
of nitrogenous disinfection by-products (DBPs) that can exhibit higher toxicity than currently regulated carbona-
ceous DBPs. We develop a framework for studying the HAN formation potential (HAN-FP) considering the
WWTP and non-WWTP related sources of HAN precursors, and apply this framework to a representative
WWTP-impacted river, the Illinois River, USA. A spatiotemporally-resolved river hydrodynamic and water qual-
itymodel is developed using HEC-RAS to quantify the contribution ofWWTP versus non-WWTP sources of HAN-
FP precursors. Results show that non-WWTP sources of HAN-FP are considerable, accounting for up to 78% of
HAN-FP concentration. Moreover, the contribution of the two sources varies due to streamflow discharge vari-
ability. During lower flows, the contribution of WWTPs drives the high concentration of HAN-FP and during
higher flows, the contribution of non-WWTP sources becomes dominant. As a result, a high risk of HAN-FP
may exist persistently (HAN-FP concentration is always larger than 9.7 μg/L in this study), not only during low
flows but also during high flows due to both wastewater- and non-wastewater-derived HAN-FP sources.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Access to cleanwater is vital for both drinking andhygienepurposes.
Disinfection of publicwater supplies plays a pivotal role to inactivate the
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pathogens. Chlorine-based disinfectants are widely used, but reactions
with natural organic matter (NOM) and inorganic compounds can
form carcinogenic disinfection byproducts (DBPs) (Richardson and
Postigo, 2015). Carbonaceous-DBPs (C-DBPs) include regulated trihalo-
methanes (THMs) and haloacetic acids (HAAs) (USEPA, 2010), but rep-
resent only a few of the more than 700 types of DBPs reported to occur
in drinking waters (Thun et al., 2017). The relative importance of non-
regulated DBPs remains debatable and research has been focusing on
how different organic matter precursors influence concentrations of
DBPs present in drinkingwater and their individual, or aggregate, toxic-
ity (Diana et al., 2019). Most studies evaluate relative toxicity within
drinking water treatment plants after different treatment processes
are employed, but significantly less research is available regarding the
dynamics and relative watershed sources of precursors responsible for
forming non-regulated DBPs.

Many of the more toxic unregulated emerging DBPs appear to be
nitrogenous DBPs (N-DBPs). Even though N-DBP concentrations are
generally lower than C-DBPs, they can have a higher contribution to
the cytotoxicity of drinking water than C-DBPs (Plewa et al., 2017;
Shah and Mitch, 2012). After considering the concentration and
toxicity of 11 groups of commonly detected DBPs (haloacetic acids, tri-
halomethanes, haloamides, haloaromatics, haloacetonitriles, haloacids,
halodiacids, haloketones, halonitromethanes, haloaldehydes, and
haloakenes), haloacetonitriles (HANs) emerge as having a higher risk
than the other 10 DBP groups (Muellner et al., 2007; Plewa et al.,
2017). Surveys have shown that the source waters impacted by waste-
water and algal bloom are more prone to form N-DBPs (Dotson et al.,
2009) as the formation of N-DBPs is related to the dissolved organic
nitrogen (DON) concentration (Chen and Westerhoff, 2010). Water
treatment plants have been shifting from use of free chlorine to
chloramination to reduce the regulated DBPs, but chloramination
tends to increase the formation of N-DBPs (Bond et al., 2011). With dy-
namic influences of wastewater discharges, shifts in disinfection prac-
tices increasing occurrence of algal blooms, and other watershed
changes due to population growth or climate change, a need exists to
better understand the dynamics of the more potentially toxic N-DBP
precursors in freshwater resources serving as drinking water sources.

Potable water reuse is one of the responses to the increasing pres-
sure on freshwater resources. While planned water reuse is an emerg-
ing endeavor that is integrated into water resources management
(Darbandsari et al., 2020), unplanned water reuse (or de-facto reuse)
in which source water is impacted by wastewater treatment plant
(WWTP) effluents, is receiving attention in its human health impacts
(NRC, 2012). Rice et al. (2013) used the drinking water treatment
plant (DWTP) andWWTP databases across the US to provide an update
to the 1980 nationwide EPA survey of de facto water reuse percentage
(Swayne et al., 1980). Rice et al. (2013) showed that during the past
three decades, de facto wastewater reuse has increased in more than
two-thirds of the 25 most wastewater-impacted DWTPs; and that
under low flow conditions, de facto reuse percentage ranges from 7%
to 100%. Later, Rice and Westerhoff (2015) expanded the de facto
reuse analysis to 1210 DWTPs across the US and found that in 32
DWTPs, during the low flow conditions, at least 50% of their intake
water is treated wastewater effluents from the upstream.

By using a de facto reuse percentage or the dilution factor, re-
searchers have tried to map the hotspots where the water quality is
highly affected by the contaminants of emerging concern originated
from WWTP effluents (Karakurt et al., 2019; Nguyen et al., 2018; Rice
and Westerhoff, 2017; Siddiqui et al., 2020). Good and VanBriesen
(2019) studied the contribution of wastewater effluent of coal-fired
power plants on an important in-organic precursor (i.e., bromide ion)
that becomes oxidized by chlorine and incorporated into DBPs. They
used the median flow of the rivers and identified locations that may
be at risk of increased higher brominated DBP. However, this approach
does not identify backgroundwatershed patterns or the locations prone
to increased DBP formation potential (DBP-FP) as a result of non-
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wastewater sources. Kolb et al. (2020) utilized a simple regression
model that predicts the total THM concentrations based on bromide
and UV254 to determine the impact of elevated bromide concentration
as a result of coal power plant effluent in the Monongahela River
basin. Using the average UV254, they assessed the impact of flow dis-
charge variability on bromide concentration and consequently on the
THM concentration. Weisman et al. (2019) studied the de facto reuse
percentage and the formation of two regulated DBPs (THMs and
HAAs) in the Shenandoah River basin and found that there is a correla-
tion between the DBP formation and increased de facto reuse percent-
age, especially when exceeding an annual de facto reuse level of 1%.
However, to the authors' best knowledge, no study has focused on
HANs to understand the contribution of wastewater- and non-
wastewater-derived HAN precursors in a large river basin.

HAN-FP of water resources can increase as a result of the presence of
wastewater effluent discharges (Iqbal et al., 2020; Roccaro et al., 2014).
The concentration of HAN-FP in wastewater effluents depends onmany
factors and some reported values across the world are 6.1–38.8 μg/L in
Australia (Doederer et al., 2014), 16.5 μg/L in Greece (Kozari et al.,
2020), and 17–47 μg/L in Thailand (Phatthalung and Musikavong,
2019). The HAN-FP can also originate from non-wastewater sources
(Chow et al., 2011; Zhang and Liang, 2019) but the contribution of the
different sources has not been quantitatively assessed in the literature.
In this study, we aim to develop a framework for modeling dynamics
of HAN-FP in rivers, which considers both wastewater- and non-
wastewater-derived sources using as the case study a highly wastewa-
ter impacted watershed (i.e., Illinois River basin). A spatially- and
temporally-resolved water quality model is developed in Hydrologic
Engineering Center River Analysis System (HEC-RAS) software to incor-
porate the information of WWTPs in the basin. Using the HAN-FP and
water quality parameters of 10 samples from four stations (the urban
headwater, two tributaries, and one downstream station for validation)
for 4months (from September toDecember 2019), the non-wastewater
HAN-FP sources are estimated as a function of flowdischarge and incor-
porated into the model. The contribution of wastewater- and non-
wastewater-derived HAN-FP is analyzed for different flow conditions.

2. Materials and methods

A flowchart of the framework proposed for this study is presented in
Fig. 1. The proposed framework is designed in three steps. In the first
step the collection of data and inputs and in the second step the devel-
opment of the models are shown, respectively. The third step is about
the applications of the developed model that are mostly explained in
Results section.

2.1. Study area and sampling locations

The Illinois River, a major tributary of the Mississippi River, is se-
lected as the study area. With a length of 465 km, the Illinois River's
headwater is located in the Chicago Metropolitan Area and it joins the
Mississippi River near Grafton, Illinois (see Fig. 2). The Illinois River
was originally isolated from the Great Lakes basin, but due to the
construction of nearly level channels and changing the flow direction
in the Chicago River, they have been connected for over a century
(Bellrose et al., 1966). TheCity of Chicago (population about2.7million),
as part of the ChicagoMetropolitan Area (population about 9.5 million),
is located upstream of the Illinois River. Lake Michigan is the source of
water for the Chicago Metropolitan Area.

With the assistance of the U.S. Geological Survey, water samples
were collected from four sampling locations and shipped on ice to
University at Buffalo for analysis (details in Section 2.3). The sampling
locations were selected from the list of the current stations so that the
measurements of discharge on the day of sampling are available. The
land use and land cover of the watersheds upstream of the sampling
locations, as explained in the following and shown in Fig. 2, were the
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Fig. 1. The flowchart of the framework developed in this study.
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most important criteria for their selection. The Des Plaines River at
Route 53 at Joliet, IL is the most upstream station among the four sta-
tions and 73% of its watershed is developed and urbanized land use.
The Kankakee River near Wilmington and the Fox River at Ottawa sta-
tions are in twomajor tributaries and their land use is mainly crop, pas-
ture, and forest, which are similar to the land use and land cover of other
tributaries. The Illinois River at Henry is themost downstream sampling
station; although its watershed includes the upstream Chicago urban
regions, it has mainly agricultural and natural land use: only 21% of
urban developed land and 79% non-developed land cover due to the
high percentage of agricultural and natural land use in other tributaries.
Overall, 71% of land use and land cover in the Illinois River watershed is
cropland and pasture, 12% is forest, and 14% is urban developed land use
(Fig. 2, See Table S1 for more details).

Each site was sampled 2–3 times over 4 months from September to
December in 2019. Overall, 10 samples were gathered and Table S2
shows the sampling dates and the water quality parameters of each
sample.

2.2. Information on location and characteristics of WWTPs

The EPA CleanWatersheds Needs Survey (CWNS) 2012, released in
May 2016, provided theWWTP facility information including design ca-
pacity, National Pollutant Discharge Permit (NPDES) number, level of
treatment (primary, secondary, or advanced treatment), and locations
of wastewater outfalls to surface water (USEPA, 2016). In this study,
there are 299 WWTPs with a total design capacity of 2743 million gal-
lons per day (MGD), approximately equal to 120 m3/s, that discharge
into surface waters in the Illinois River basin. Approximately 55% of
the 299 WWTPs have a relatively small treatment capacity below
1 MGD (See Table S3 for flow range).

The NPDES permit regulates the minimum removal standards of mu-
nicipal effluents before discharging into surface waters which include a
five-day biochemical oxygen demand (BOD5) concentration (30-day av-
erage), total suspended solids (TSS) removal, pH, and level of treatment.
The level of treatment of effluents is considered to be providing when
the effluents meet the required standards of BOD5 with greater than
45 mg/L (primary treatment), greater than 30 mg/L but less than or
equal to 45 mg/L (advanced primary treatment), less than or equal to
3

30 mg/L (secondary treatment), greater than 10 mg/L but less than or
equal to 20mg/L (advanced treatment I), or less than 10mg/L (advanced
treatment II) (USEPA, 2016). Any level of treatment with nutrient re-
moval indicates a higher quality of treated effluents in the removal of ni-
trogen andphosphorus. Approximately 40% of the 299WWTPs (n=119)
employ secondary treatment (the minimum level of treatment required
by NPDES before discharging into surface waters). Only one-fourth of
the WWTPs (n=75) are equipped with unit processes to remove nutri-
ents from about 85% of the total design capacity (or 2326MGD) ofWWTP
effluents in the Illinois River basin (Table S4). Krasner et al. (2009) con-
ducted a nationwide survey to assess the impact ofwastewater treatment
processes, specifically whether nitrification is practiced, on the DBP for-
mation potential of the effluents: the median, 25th percentile, and 75th
percentile of the HAN-FP for nitrified effluents is 13.0 μg/L, 12.0 μg/L,
and 19.0 μg/L, respectively; the corresponding values for non-nitrified
effluents are 28.5 μg/L, 18.3 μg/L, and 32.8 μg/L, respectively (See
Table S5). We used these values to estimate the HAN-FP loading from
WWTP effluents in water quality modeling.

2.3. Ancillary water quality analysis

Aliquots of the unfiltered sample were used to measure turbidity
(NTU) using a Hach 2100Q portable turbidimeter (Hach Company,
USA). Other water quality parameters and DBP formation potential
were measured after filtration. Upon arrival, samples were filtered
immediately through pre-combusted 0.7 μm glass fiber filters, stored at
4 °C, and analyzed within one week. The concentration of ammonia
(NH3, mgN/L) nitrogen was measured by Hach salicylate colorimetric
method (Hach Company, 2015). The concentrations of nitrate (NO3

−,
mgN/L), nitrite (NO2

−, mgN/L), chloride (Cl−, mg/L), and bromide (Br−,
mg/L) were measured by an ICS − 1000 ion chromatography system
(Dionex, Sunnyvale, CA). Dissolved organic carbon (DOC,mgC/L) and dis-
solved total nitrogen (TN, mgN/L) were analyzed by a TOC-L/TN analyzer
(Shimadzu Corp., Kyoto, Japan). The concentration of dissolved organic
nitrogen (DON,mgN/L)wasobtainedby subtracting the sumof ammonia,
nitrite, and nitrate concentrations from the total nitrogen concentration.
UV absorbance at 254 nm (UVA254, cm−1) was measured using a Cary
60 UV–Vis Spectrophotometer (Agilent Technologies, CA, USA). Sample
pH was measured using a SevenCompact pH/Ion meter (Mettler Toledo,



Fig. 2. The Illinois River basin and its land use and land cover percentage, the locations of theWWTPs, and the sampling locations forwater qualitymeasurements. Thewatershed IDs in the
land use percentage graph are corresponding to the sampling location IDs as indicated on themap. TheMississippi River at Grafton, IL station is the outlet of thewhole Illinois River basin.
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Columbus, OH). The detection limits for the aforementionedwater quality
parameters are as follows: turbidity (0.05 NTU), NH3 (0.03 mgN/L), NO3

−

(0.02 mgN/L), NO2
− (0.02 mgN/L), Cl− (0.02 mg/L), Br− (0.03 mg/L), TN

(0.1 mgN/L), and DOC (0.1 mgC/L).

2.4. HAN-FP measurement

The DBP-FP test followed a previously published protocol (Chen and
Westerhoff, 2010; Krasner et al., 2009). Sampleswere buffered at pH 7.2
with 10mMphosphate buffer. The chlorine dose applied to each sample
was determined based on the DOC and NH3-N levels in the sample in
order to ensure the presence of chlorine residual after 24 h: NaOCl
(mgCl2/L)= 3 ×DOC (mgC/L)+ 8 ×NH3 (mgN/L)+ 10. After chlorine
addition, samples were kept in the dark at room temperature for 24 h,
after which residual chlorine was quenched by 0.5 g/L of sodium thio-
sulfate. Samples before and after the FP tests were analyzed for four
HANs (dichloroacetonitrile (DCAN), bromochloroacetonitrile (BCAN),
dibromoacetonitrile (DBAN), and trichloroacetonitrile (TCAN)). The
DBP-FP was calculated as follows:

FP ¼ CAfter−CBefore ð1Þ

where Cafter and Cbefore are theDBP concentrations (μg/L)measured after
and before the FP test, respectively.

Samples (30 mL) were spiked with the internal standard 1,2-
dibromopropane (10 μg/L), mixed with 10 g sodium sulfate, and then
4

solvent-extracted using 2mL tert-butylmethyl ether (MtBE). The extracts
were analyzed by a gas chromatography-electron capture detector (GC-
ECD, Agilent 7890B\\63Ni ECD) with an HP-5 column using a previously
developed method (Xu et al., 2020, 2019). Briefly, 3 μL of MtBE extract
was injected in splitless mode at 150 °C; column temperature was held
at 26 °C for 9 min, and then raised to 60 °C at 25 °C/min and held for
1 min, and then raised to 100 °C at 20 °C/min and held for 1 min, and
then raised to 250 °C at 70 °C/min and held for 1 min; ECD temperature
was 290 °C, and the makeup gas was a mixture of methane and argon
with a flow rate of 18.8 mL/min. The minimum detection limit is
0.1 μg/L for HANs.
2.5. A spatially- and temporally-resolved water quality model

In this section, the components of the river hydrodynamic andwater
quality modeling are described. Two main scenarios are considered for
simulating HAN-FP in the river: (i) considering only WWTPs as the
sources of HAN-FP and (ii) incorporating the estimated non-WWTP
sources in addition to WWTPs into the modeling. The development of
this water quality model enables us to estimate the contribution of the
WWTPs in the HAN-FP at any time and location by dividing the concen-
tration of theHAN-FP in the first scenario by that in the second scenario.
We also investigate the relationship between the de facto water reuse
percentages which is defined as total upstream WWTP discharge by
the streamflow discharge at any location.
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2.5.1. River hydrodynamic modeling
The U.S. Army Corps of Engineers (USACE) Hydrologic Engineering

Center River Analysis System (HEC-RAS) software (USACE, 2016) was
used for developing a one-dimensional unsteady river hydrodynamic
model. Streamflowdynamics are simulated based on the Illinois River hy-
drodynamic model previously developed by Zhu et al. (2018). There are
48 tributaries considered in themodel in addition to the urban headwater
upstream of the Des Plaines River, including the Chicago Area Waterway
System, which is incorporated as the upstream boundary condition. The
upstream boundary condition was obtained from the USGS gauge at the
Des Plaines River at Route 53 at Joliet (USGS 05537980), while the down-
stream boundary condition was obtained from the USGS gauge at the
Mississippi River at Grafton, IL (USGS 05587450). Fifteen tributaries that
correspond to 73% of the Illinois River basin are monitored by USGS
gauges, while the other ungagged tributaries' flow discharges are calcu-
lated by the drainage area ratio method as explained by Zhu et al.
(2018). The model was modified by implementing new boundary condi-
tions for all tributaries and calibrated for the simulation period of
September–December 2019 using the USGS gaging stations along the
river. Using the output time interval of 15 min, the Manning's roughness
coefficient was calibrated with the automated calibration option in HEC-
RAS for each river segment that is the river channel between two USGS
gauges.

2.5.2. Water quality modeling
The water quality module in HEC-RAS utilizes an explicit numerical

method to solve the 1D advection-dispersion equation with first-order
growth/decay as follows (USACE, 2016):

∂C
∂t

þ U
∂C
∂x

¼ D
∂2C
∂x2

þ KC ð2Þ

where C is the HAN-FP concentration (μg/L), t is time (s), U (m/s) is the
average advective velocity of the river flow in x direction (along the
river), D is the dispersion coefficient (m2/s) that is intrinsically calcu-
lated in the model based on characteristics of the flow and geometric
quantities of the channel, and K is the growth/decay rate constant
representing the transformation of the HAN-FP (input in the model in
day−1). Because typical drinking water treatment processes are effec-
tive in removing particulate DBP precursors, the dissolved fraction is
the primary focus of this study. Accordingly, the settling process was
not considered for HAN formation potential. However, it is worth men-
tioning that the dissolved HAN precursors can interact with colloidal
and particulate matter that is subjected to settling. Biogeochemical pro-
cesses of the precursor of DBPs are generally highly dependent on the
sources the organic matter (Lee and Hur, 2014) and they sometimes
can have opposite outcomes. For example, the biodegradation within
the timescale relevant to the hydraulic residence time of the modeling
domain (a couple of weeks) had no significant change in the HAN-FP
of the sourcewater from forests (Chowet al., 2013);while themicrobial
biodegradation before disinfection is considered as an effective strategy
to reduce the HAN-FP in drinking water treatment plants (Zhang et al.,
2019). As for thephoto-transformation, photolysis is shown to not affect
the HAN-FP of the source water from the forest (Tsai et al., 2015) or
even it can significantly increase HAN-FP in source water (Chow et al.,
2013), while the solar radiation can significantly decrease the HAN-FP
of reclaimed wastewater (Qian-Yuan et al., 2016). Different types of
N-DBPs also have divergent responses to solar radiation. For example,
while DCAN-FP is significantly reduced in wastewater effluent and a
mixture of treated wastewater and surface water (Wu et al., 2018; Xu
et al., 2020), the trichloronitromethane (TCNM) FP is actually increased
in the mixture of treated wastewater and surface water (Wu et al.,
2018). As a result of this divergent evidence, we decided to assume that
the total HAN-FP does not decay or grow and neglected the transforma-
tion of different precursors of HANs to each other.
5

The boundary conditions, i.e. the HAN-FP concentrations in the trib-
utaries, are a crucial input for the water quality model. The boundary
conditionswere set as two scenarios to evaluate the relative importance
of WWTP and non-WWTP sources. In the first scenario, only WWTP
sources of HAN-FP were considered, while in the second scenario, the
non-WWTP sources were also estimated and incorporated into the
model. The non-WWTP sources of HAN-FP are the surface water runoff
or leachate from different land covers including irrigation runoff from
agricultural lands, surface runoff from forests and grasslands that trans-
ports the natural organic matter and the precursors of HAN-FP into the
waterways (Chow et al., 2011; Eckard et al., 2020). The next section ex-
plains how the WWTP and non-WWTP sources were estimated.

2.5.3. Estimation of the wastewater and non-wastewater sources of HAN-
FP

Since the individual tributary watersheds are considerably smaller
than the mainstem of the Illinois River, we assume that modeling
HAN-FP within the tributaries can be done using a simple mass balance
equation. The mass balance approach simply assumes that the summa-
tion of WWTP and non-WWTP loadings of HAN-FP divided by the
streamflow discharge at the tributary outlet is equal to the HAN-FP con-
centration at the tributary outlet. This mass balance approach is used to
estimate the non-WWTP loadings of HAN-FP in the tributaries, assum-
ing that we know the estimation of HAN-FP loading from WWTPs
(Section 2.2) as well as the total loadings based on samplings. About
94% of theWWTPs in the Illinois River basin (281 out of 299) are located
within one of the 48 tributaries or the urban headwater upstream of the
Des Plaines River. Eighteen other WWTPs are located very close to the
main Illinois River while not within any distinguishable tributaries;
therefore, their effluent is assumed to be directly released into the Illi-
nois River in the closest water quality computational cell.

After knowing theWWTP sources, the followingmass balance equa-
tionwas used to calculate the non-WWTP sources. The load (L) of HAN-
FP in a specific tributary is the summation of loads of FP from WWTP
and non-WWTP sources as follows:

LTrib ¼ LWWTPs þ Lnon−WWTPs ð3Þ

where LTrib is the total load of the HAN-FP (g/s) at the outlet where the
tributary joins the mainstem Illinois River; LWWTPs and Lnon−WWTPs are
the loads fromWWTP and non-WWTP sources within the tributary, re-
spectively. Given that loading is the multiplication of discharge (Q,
m3/s) and HAN-FP concentration (C, μg/L), Eq. (3) can be rewritten as
follows:

QTrib � CTrib ¼ ∑ QWWTPi
� CWWTPi

� �þ Qnon−WWTP � Cnon−WWTP ð4Þ

where the total discharge (QTrib) and the HAN-FP concentration (CTrib)
of the tributary can be measured where the tributary joins the Illinois
River; the discharge (QWWTPi

) and the HAN-FP concentration (CWWTPi
)

of ith WWTP that are known as discussed in Section 2.2; and the non-
WWTP streamflow (Qnon−WWTP) is the remaining flow in the tributary
that is not originated from WWTPs (QTrib − QWWTPs). Thus Eq. (4) can
be rearranged to the following to calculate the HAN-FP weighted-
average concentration of non-WWTP sources (Cnon−WWTP):

Cnon−WWTP ¼ QTrib � CTrib−QWWTPs � CWWTPs

Qnon−WWTP
ð5Þ

The non-WWTP sources are most likely related to the non-point
sources. Since an increase in river streamflow is often a result of
increased surface runoff that can alter the delivery of non-point sources
to the river (Borisover et al., 2011; Li et al., 2019; Yin et al., 2021),
we tried to correlate Cnon−WWTP with Qnon−WWTP, i.e. Cnon−WWTP = f
(Qnon−WWTP). Hence, it is assumed that Cnon−WWTP is a function of the
river flow discharge, and we used regression analysis to estimate this
function.



Table 1
Model calibration results of the hydrodynamic model at nine USGS stations.

Gauge number River Km Station name (Illinois River at) Station ID number Data NSE RSR PBIAS

1 60.43 Seneca, IL USGS 05543010 Stage 0.97 0.17 0
2 69.54 Marseilles, IL USGS 05543500 Stage 0.97 0.17 0
2 69.54 Marseilles, IL USGS 05543500 Flow 0.97 0.17 1
3 150.81 Henry, IL USGS 05558300 Stage 0.91 0.30 0
3 150.81 Henry, IL USGS 05558300 Flow 0.97 0.18 1
4 232.10 Kingston Mines, IL USGS 05568500 Stage 0.94 0.24 0
4 232.10 Kingston Mines, IL USGS 05568500 Flow 0.84 0.41 −1
5 246.18 Copperas Creek, IL USGS 05568615 Stage 0.94 0.25 0
6 351.41 Meredosia, IL USGS 05585500 Stage 0.92 0.28 0
7 367.52 Valley City, IL USGS 05586100 Stage 0.89 0.34 0
7 367.52 Valley City, IL USGS 05586100 Flow 0.56 0.66 11
8 376.05 Florence, IL USGS 05586300 Stage 0.94 0.25 0
9 431.41 Hardin, IL USGS 05587060 Stage 0.98 0.13 0
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2.5.4. Training a simple model considering flow variability
The riverine pollutants that have both point and non-point sources,

e.g. nutrients, can be modeled in watersheds as a function of discharge.
This empirical modeling approach uses formulae in a way that allows
not only the simulation of the concentration of the pollutant but
also the specification of the contribution of different sources. Load
Apportionment Model (LAM) is one of the well-known models
developed by Bowes et al. (2008), which is composed of two power
functions for modeling the concentration of a substance as a function
of streamflow discharge. The first function represents the concentration
due to point sources (i.e. WWTP sources in this study) and the second
power function represents the concentration due to non-point sources
(i.e. non-WWTP sources). The formulation of the LAM models is as
follows (Bowes et al., 2008):

CIR ¼ aQb
IR þ cQd

IR ð6Þ

where CIR is the concentration of HAN-FP (μg/L) andQ is the streamflow
of the Illinois River (m3/s). The constraints in the training of this equa-
tion are b < 0 (since the points sources are supposed to dilute as the
streamflow increases) and d > 0 (as the streamflow increases, the con-
tribution of non-point sources also increases). This model was applied
to train a simple management model so that decisions can be made
quickly without running the spatially- and temporally-resolved water
quality model.

3. Results and discussion

3.1. River hydrodynamic modeling

The unsteady and spatially-varied hydrodynamic model of the
Illinois River was calibrated using the stage data of 9 USGS gauges as
presented in Table 1. To assess the performance of the model, Nash-
Sutcliffe Efficiency (NSE), the ratio of root-mean-squared-error to the
standard deviation of measured data (RSR), and percent bias (PBIAS),
as well as graphical analysis, are employed (See Text S1 for details).
Moriasi et al. (2007) reviewed reported ranges of performance statistics
for watershed hydrologic modeling and established a comprehensive
guideline for evaluating simulation results regarding streamflow, sedi-
ment, and nutrients in the monthly time step. Based on this monthly
guideline, an NSE > 0.75, RSR ≤ 0.50, and PBIAS ≤ ±10 would indicate
a “very good” performance of the streamflow modeling.

Considering that the calculated values in Table 1 are based on a time
step of 15minwhich ismuch smaller than amonthly time step, the per-
formance of all gauges falls in the “very good” performance rating
except for the streamflow at the station USGS 05586100 Illinois River
at Valley City, IL. With a PBIAS of 11, the streamflow simulation in this
station falls in the “good” performance rating category while for the
NSE and RSR metrics, the station falls only in the “satisfactory” perfor-
mance rating when using the strict metrics of Moriasi et al. (2007).
6

For daily and intra-daily time steps, the monthly time step guide-
lines can be relaxed. For example, Kalin et al. (2010) have adapted sim-
ilar guidelines to daily time step modeling. The NSE performance
criteria of the Illinois River at Valley City, IL falls in the “good” perfor-
mance rating (0.50 ≤ NSE < 0.70) using the daily time step guidelines
provided by Kalin et al. (2010).

The simulated and observed stages in two stations (USGS 05558300
and 05586300), as well as the simulated and observed streamflow dis-
charges at two stations (USGS 05543500 and 05568500), are illustrated
in Fig. 3 (See Fig. S1 for the location of the stations on map). The simu-
lation starts from September 1, 2019, with a relatively low flow
followed by two high flow events in October and November, and
then the system experiences less flow variability towards the end
of December. Flow duration curves that express the percent of the
time that streamflow discharge exceeds a particular discharge are
used for the analysis of high and low flows. Using the flow duration
curve analysis for the Des Plaines River at Route 53 at Joliet (River
km = 1.4), Illinois River at Henry (River km = 150.8), and Illinois
River at Valley City (River km = 367.5), two days are chosen to rep-
resent relatively high and low flows. With the flow duration of 3.6%,
1.0%, and 26.5%, respectively at the three chosen gauges, October 1,
2019, is chosen as the representative of the high flow situation.
This means that the flow discharge is so high that for example, only
1.0% of the time the Henry station has recorded higher flows.
December 20, 2019, is chosen as the representative of the low flow
with flow duration discharge of 77.0%, 59.6%, and 51.3% at the afore-
mentioned gauges, respectively.

3.2. Water quality modeling and estimation of non-wastewater sources of
HAN-FP

Estimates of non-WWTP sources were conducted using linear re-
gression analysis of the non-WWTP HAN-FP and the non-WWTP
streamflow discharge estimated in the three tributaries (one urban
headwater upstream of Des Plaines River, and two major non-
urbanized tributaries upstream of Fox River and Kankakee River). The
initial analysis showed that the behavior of the Fox River and Kankakee
River watersheds are similar to each other, but very different from the
Des Plaines River watershed where urban/developed land cover domi-
nates the land area (See Fig. 2 and Table S1). Regression analysis results
for the estimation of the non-WWTP sources of HAN-FP are shown in
Fig. 4. Based on data in Fig. 4a, a linear relationship was established
between the non-WWTP streamflow and non-WWTP HAN-FP in
the two non-urban tributaries. However, Fig. 4b shows no meaning-
ful relationship within the Des Plaines River urban headwater, par-
tially because there are only three observations available for this
station and the HAN-FP data are highly variable. The regression anal-
ysis resulted in Eq. (7) for estimation of the non-WWTP sources of
HAN-FP in the non-urbanized tributaries of the Illinois River as a
function of their corresponding non-WWTP streamflow discharge.



Fig. 3. Comparison of the measured and simulated results for (a) river stage (meter above sea level, m.a.s.l) at USGS gaging stations (05558300 and 05586300) and (b) streamflow
discharge (m3/s) at USGS gaging stations (05543500 and 05568500) on the Illinois River during Sep. 01–Dec. 31, 2019.
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While for the urban headwater upstream of the Des Plaines River, the
average value of the estimated non-WWTP HAN-FP which is equal to
10.68 μg/L is used.

Cnon−WWTP ¼ 7:21þ 0:0223Qnon−WWTP for the 48 tributaries
10:68 for the urban headwater

�

ð7Þ

where Cnon−WWTP (μg/L) is expressed as a function of Qnon−WWTP (m3/s).
The Illinois River atHenry station, as themost downstreamsampling

station and located near the middle of the river, was used for validation
of theHAN-FP simulations. In thefirst scenario, onlyWWTPs are consid-
ered as the sources of HAN-FP. Modeling was conducted using the me-
dian as well as the first and third quartile (Q1 and Q3, See Table S5) of
HAN-FP concentration in the WWTP effluents. As shown in Fig. 5a, the
Fig. 4. Estimation of non-wastewater sources of HAN-FP in the Illinois River basin by establishin
FP concentration: (a) Using themeasurements in two tributaries (Fox River at Ottawa, IL and Ka
Route 53 at Joliet, IL.
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simulated values using the median HAN-FP of WWTPs are well below
the measured values. While the measured HAN-FP at this station on
October 24 and November 22, 2019, is respectively equal to 10.82 and
11.28 μg/L, the simulated value only using the median of HAN-FP con-
centration in WWTP effluents is respectively equal to 4.97 and
4.07 μg/L, i.e., a mean absolute error of 6.53 μg/L (See Text S2). Although
using the third quartile (Q3) value for the HAN-FP in WWTP effluents
reduces the mean absolute error to 4.79 μg/L, it is still about 43% under-
estimation of the measured values. In contrast, the simulation after
incorporation of the estimated non-WWTP sources of HAN-FP signifi-
cantly improved (Fig. 5b). The mean absolute error value is reduced to
0.55 μg/L (Table S7).

The longitudinal profiles of HAN-FP along the river on the two se-
lected high-flow and low-flow days (October 1 and December 20,
2019; see Section 3.1.) using the two scenarios: (i) only considering
g a relationship between the non-WWTPdischarge and the non-wastewater-derivedHAN-
nkakee River nearWilmington, IL); (b) Using themeasurements of theDes Plaines River at



Fig. 5. The results of simulation of HAN-FP at the validation station, Illinois River at Henry, IL between September 01 and December 31, 2019. Two scenarios are used (a) theWWTPs are
considered as the only sources of HAN-FP, simulations are conducted for themedian (Q2) of the HAN-FP inWWTP effluents aswell as thefirst and third quartile (Q1 andQ3), (b) the non-
wastewater sources of HAN-FP are also estimated and considered in addition to the median values (Q2) of HAN-FP for WWTP effluents.

H. Khorasani, J. Xu, T. Nguyen et al. Science of the Total Environment 792 (2021) 148355
the WWTP as the sources of HAN-FP, and (ii) incorporating the esti-
mated non-WWTP sources in addition to the WWTPs, are presented
in Fig. 6. The contribution of the WWTPs in the HAN-FP along the
river is also estimated by dividing the simulated HAN-FP in the first sce-
nario by that in the second scenario. The average contribution of
WWTPs to the HAN-FP along the river in the high-flow situation is
15% which is increased to 42% in a low-flow situation. Also, as can be
seen in the low-flow situation that the contribution ofWWTPs is gener-
ally deriving the HAN-FP concentration, the WWTPs contribution is
about 100% at the urban upstream and then gradually reduces to
about 24% in the downstream boundary of the model domain. This im-
plies that even during the low-flow situation, as much as 76% of the
HAN-FP export from the Illinois River to the Mississippi River, is
Fig. 6. The longitudinal profile of the simulatedHAN-FP along the Illinois River (a) at noonOctob
which is a relatively dry and low-flow period. The mean observed HAN-FP at Henry station is
shows the contribution of theWWTPs during high flow (October 01) and low flow (December
simulations used two scenarios: (i) considering onlyWWTPs as sources of HAN-FP and using th
(ii) incorporating the estimatednon-WWTP sources into themodel in addition to themedian of
at its distance from the upstream boundary.
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estimated to be originated from non-WWTP sources. While in the
high flow situation, the contribution of the WWTPs is reduced to 41%
in the upstream river segments and reaches values as low as about 4%
in the mid-sections of the river (i.e., 96% of the HAN-FP in the mid-
sections can be originated from non-WWTP sources). However, due to
the complexity of thewatershedwith temporal dynamics in streamflow
rates for each of the different tributaries, the contribution of theWWTPs
exhibits a slight increase towards the downstream of the Illinois River
and reaches 22% in the downstream boundary. Table 2 summarizes ad-
ditional details regarding the HAN-FP simulated values and estimated
average contributions of theWWTPs. From data in Table 2, the average
concentration of HAN-FP along the river does not greatly vary between
upstream (13.16 μg/L) to downstream (10.94 μg/L). The estimated
er 01, 2019, which is a relativelywet and high-flowperiod (b) at noon December 20, 2019,
just added for reference and the sampling is not done in the aforementioned days. Panel c
20) along the Illinois River. The x-axis is the distance from themost upstream location. The
emedian (Q2) and the first and third quartile (Q1 and Q3) of the HAN-FP of WWTPs, and
WWTP sources. Themeanmeasured value of HAN-FP at the Illinois River atHenry is shown



Table 2
The HAN-FP simulation results in 6 stations along the Illinois River. The average, the standard deviation, and the minimum andmaximum simulated values of the simulated HAN-FP in 4
months from September to December 2019 as well as the average contribution of the WWTPs are presented.

No. Station name River km Average HAN-FP ± STDEV
(min – max) (μg/L)

Average percentage contribution
of WWTPs towards HAN-FP

1 Des Plaines River at Road 53 at Joliet, IL 1.43 13.16 ± 3.17
(10.26–31.60)

63%

2 Illinois River at Marseilles, IL 69.53 12.25 ± 1.28
(10.48–21.35)

35%

3 Illinois River at Henry, IL 150.80 11.58 ± 0.81
(10.18–17.19)

25%

4 Illinois River at Copperas Creek, IL 246.17 11.37 ± 0.85
(10.05–16.72)

25%

5 Illinois River at Meredosia, IL 351.41 11.03 ± 0.77
(9.90–15.72)

22%

6 Mississippi River at Grafton, IL 466.17 10.94 ± 0.75
(9.71–15.00)

22%

H. Khorasani, J. Xu, T. Nguyen et al. Science of the Total Environment 792 (2021) 148355
average contribution of WWTPs is 63% at the upstreamwhile it quickly
decreases to below 50% in the second station and reaches the value of
22% in downstream. It shows that for the majority of the Illinois River
length, the non-WWTP sources are major contributors to HAN-FP.
Fig. 7. Investigation of the relationship between de facto water reuse percentage and
(a) the estimated contribution of WWTPs in HAN-FP, and (b) simulated HAN-FP along
the Illinois River. The average calculations are considering the whole simulation period
which is between September 01 and December 31, 2019. The high flow and low flow
calculations are respectively corresponding to October 01 and December 20, 2019 (See
Section 3.1 for the dates and Table 2 for selected stations along the river).
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3.3. The relation between de facto reuse percentage and contribution of
WWTPs in the total concentration of HAN-FP

The spatially- and temporally-resolved hydrodynamic model
captures the unsteadiness of dynamic flows and permits calculation
of the de facto water reuse percentage at any given time along the
river. The de facto water reuse percentage has been previously
used to locate the hotspots where the WWTP impact can be high in
water resources (Nguyen et al., 2018). For HAN-FP, however, our re-
sults show that non-WWTP sources also contributed a significant
portion of the HAN-FP in the Illinois River especially during high
flow periods. The comparison of the de facto reuse percentage and
the contribution of the WWTPs to the concentration of the HAN-FP
as well as the comparison of the de facto reuse percentage with the
simulated HAN-FP along the Illinois River are presented in Fig. 7
(See Table 2 for selected stations).

As shown in Fig. 7a, the Pearson correlation coefficients between de
facto water reuse percentage and the estimated contribution ofWWTPs
in HAN-FP for the average, during high flow on October 1, 2019, and
during low flow on December 20, 2019, are all very close to unity. This
strong correlation between the two indicators shows that the de facto
water reuse percentage can be used as an indicator of the contribution
of the WWTPs into the HAN-FP along the river. From Fig. 7b, the rela-
tionship between de facto water reuse percentage and the HAN-FP is
not always positively correlated.While there is a positive correlation be-
tween de facto water reuse percentage and the HAN-FP during the low
flow situation as well as the average of the simulation period. However,
the correlation coefficient during the high flow period is not significant
(p-value = 0.54 ≮ 0.05). This observation is very important because it
implies that de facto reuse percentage cannot be used as a predictor of
HAN-FP concentration during high-flow periods.
3.4. The impact of flow discharge variability on HAN-FP

In contrast to the steady-flow situations previously considered
(Karakurt et al., 2019), our model can examine the impact of flow vari-
ability on the HAN-FP in a complex system composed of WWTP and
non-WWTP sources. As shown in Fig. 8a, while the river discharge
varies considerably, ranging from below 200 m3/s to about 2000 m3/s,
HAN-FP concentration is relatively stable, varying between 10.18 μg/L
and 17.19 μg/L. This behavior can be attributed to the joint contribution
ofWWTP and non-WWTP sources to HAN-FP. Fig. 8b shows that the re-
lationship between simulated HAN-FP and flow (Illinois River at Henry
station) follows a sag curve; the highest HAN-FP concentrations are ob-
served close to both the highest and the lowest discharges. During the
low flows, the contribution of WWTP effluents in the river is high and
HAN-FP concentrations can be attributed to a higher de facto reuse per-
centage. As streamflow discharge increases, theWWTP effluents can be
diluted by the non-WWTP flow that has a lower HAN-FP concentration.



Fig. 8. The analysis of simulated streamflowdischarge and HAN-FP concentration in Illinois River at Henry, IL. Panel a, shows the time series of the simulated streamflow discharge and the
HAN-FP concentration. Panel b, shows the HAN-FP concentration plot against the streamflow discharge as well as the fitted Load Apportionment Model for this station.
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However, as streamflow discharge further increases, so does the non-
WWTP sources of HAN-FP concentration, and the total HAN-FP concen-
tration during very high flows can become equal to or greater than that
during low flows.

Using the simulated HAN-FP versus discharge data at the Henry sta-
tion, the LAM model for HAN-FP is found to be as follows:

CIR ¼ 52:76Q−0:3159
IR þ 0:1176Q0:5579

IR 143<Q<1975 ð8Þ

where CIR is the HAN-FP concentration at the Henry station (μg/L) and
QIR is the streamflow discharge (m3/s). The fitted function is shown in
Fig. 8b and its goodness of fit parameters are R2 = 0.24 and Root Mean
Square Error (RMSE) = 0.71. Based on Eq. (8) the HAN-FP at both ends
of the streamflow discharge range (Q = 143 or 1975 m3/s) is high, but
the estimated contribution of wastewater sources is 85% when Q =
143m3/s and decreases to 37%when Q=1975m3/s. Although the per-
formance of the model is not good due to the simplifying assumption
underlying the LAM model, Fig. 8b and Eq. (8) can show that there
may be a persistence risk of HAN-FP pollution at all flow discharges.

3.5. Assessment of WWTP improvement scenario

Considering that nitrification is one of themost important strategies
WWTPs can implement to reduce the HAN-FP of their effluents
(Krasner et al., 2009; Zeng and Mitch, 2016), a management scenario
analysis was performed by adding the nitrification units to the
WWTPs that currently do not implement nitrification to predict the im-
pact onHAN-FP in Illinois Rivers. ThemedianHAN-FP ofWWTPs that do
not have nitrification is 28.5 μg/L while it is equal to 13.0 μg/L for a
WWTP with a good nitrification unit. This implies that adding nitrifica-
tion units toWWTPs that do not have nitrification is equivalent to a 54%
reduction of HAN-FP loading fromWWTPwithout any change in the de
facto reuse percentage. The model was run assuming that all the
WWTPs have good nitrification and the outcomes of this scenario
along the river are presented in Table 3. Since most of the large
Table 3
Results of the management scenario of adding nitrification unit to all the WWTPs that do not h

No. Station name River km Ex

1 Des Plaines River at Road 53 at Joliet, IL 1.43 3.9
2 Illinois River at Marseilles, IL 69.53 4.2
3 Illinois River at Henry, IL 150.8 3.3
4 Illinois River at Copperas Creek, IL 246.17 3.3
5 Illinois River at Meredosia, IL 351.41 3.0
6 Mississippi River at Grafton, IL 466.17 3.1
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WWTPs near urban headwaters already have nitrification units (See
Fig. 2), the expected reduction in average HAN-FP concentration is not
substantial (generally below 5%). This is because the 84 WWTPs
(i.e., 28% of all WWTPs) that currently practice nitrification are fairly
large and account for 86% of the totalWWTP effluent discharge capacity.
As a result, adding a nitrification unit to the remaining 215WWTPs will
only incrementally reduce HAN-FP loading from 14% of the total flow of
WWTP discharges. However, the contribution of WWTPs in the total
HAN-FP will be reduced under this scenario, while the de facto reuse
percentage is not supposed to change.

4. Conclusions

An integrated framework for spatiotemporal modeling of HAN-FP is
developed and applied to the Illinois River basin using the HEC-RAS
software. For the first time, both the WWTP and non-WWTP sources
of HAN-FP are estimated and their contribution is analyzed. Considering
the non-WWTP sources is critical for capturing the HAN-FP concentra-
tions. De facto water reuse percentage can be a good predictor for the
HAN-FP concentration along the river on average and during low flow
events, but it is not applicable during high flow events where other wa-
tershed sources of HAN-FP dominate the precursor pool (e.g., runoff
from forested watersheds). Given the significance of non-WWTP
sources, adding nitrification units to the WWTPs that do not have a
good nitrification process in the Illinois River basin is not an efficient so-
lution to reduce HAN-FP concentration in the river. HAN-FP concentra-
tions can be high both during low flows and high flows. The high
concentration during low flows is due to WWTP sources, while the
high concentration during high flows is owed to non-WWTP sources.
This finding is important for consideration in the management of
wastewater-impacted rivers. In addition, this study contributes to the
formation of a paradigm for the management of nitrogenous DBPs by
showing that the importance of non-WWTP sources must be recog-
nized. In future works, using a larger database of sampling frequencies
and locations, the developed framework can be expanded to study the
ave a nitrification unit in the Illinois River basin.

pected HAN-FP reduction (%) Contribution of WWTPs in HAN-FP (%)

Before reduction After reduction

63.2 61.7
35.3 32.6
25.1 22.6
24.6 22.0
21.9 19.3
21.8 19.1
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contribution of specific land use and land covers in delivery of HAN-FP
precursors to the rivers using hydrologic watershed models.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148355.
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