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ABSTRACT

Dissolved organic nitrogen (DON) can act as a precursor of nitrogenous disinfection
byproducts during oxidative water treatment. Quantification and characterization of
DON are still challenging for waters with high concentrations of dissolved inorganic
nitrogen (DIN, including ammonia, nitrate and nitrite) relative to total dissolved
nitrogen (TDN) due to the cumulative analytical errors of independently measured
nitrogen species (i.e., DON = TDN — NO, — NO; — NH;/NH,) and interference of DIN
species to TDN quantification. In this study, a novel electrodialysis (ED)-based treat-
ment for selective DIN removal was developed and optimized with respect to type of
ion-exchange membrane, sample pH, and ED duration. The optimized ED method was
then coupled with size-exclusion chromatography with organic carbon, UV, and
nitrogen detection (SEC-OCD-ND) for advanced DON analysis in wastewater effluents.
Among the tested ion-exchange membranes, the PC-AR anion- and CMT cation-
exchange membranes showed the lowest DOC loss (1-7%) during ED treatment of a
wastewater effluent at ambient pH (8.0). A good correlation was found between the
decrease of the DIN/TDN ratio and conductivity. Therefore, conductivity has been
adopted as a convenient way to determine the optimal duration of the ED treatment.
In the pH range of 7.0-8.3, ED treatment of various wastewater effluents with the PC-
AR/CMT membranes showed that the relative residual conductivity could be reduced
to less than 0.50 (DIN removal >90%; DIN/TDN ratio <0.60) with lower DOC losses (6%)
than the previous dialysis and nanofiltration methods (DOC loss >10%). In addition,
the ED method is shorter (0.5 h) than the previous methods (>1-24 h). The relative
residual conductivity was further reduced to ~0.20 (DIN removal >95%; DIN/TDN
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ratio <0.35) by increasing the ED duration to 0.7 h (DOC loss = 8%) for analysis by
SEC-OCD-ND, which provided new information on distribution and ratio of organic
carbon and nitrogen in different molecular weight fractions of effluent organic

matter.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing dissolved organic nitrogen (DON) concentrations in
the urban water cycle due to anthropogenic activities (e.g.,
wastewater discharge, agricultural runoff, etc.) have recently
become a growing concern for drinking water treatment and/or
municipal wastewater reclamation (Liu et al., 2012; Shah and
Mitch, 2012; Westerhoff and Mash, 2002). Nevertheless, it has
been difficult to assess the role of DON and often assumed that
the behavior of DON is similar to that of dissolved organic
matter (DOM) due to its small weight fraction in the DOM
([DON]/[DOM] <5% w/w) (Westerhoff and Mash, 2002). A high
DON content may serve as a source of precursors for both
halogenated (e.g., haloacetonitrile and halonitromethane)
and non-halogenated (e.g., N-nitrosodimethylamine (NDMA))
nitrogenous disinfection byproducts (N-DBPs) formed during
disinfection processes, such as chlorination and/or chlorami-
nation (Huetal., 2010; Lee et al., 2007; Pehlivanoglu-Mantas and
Sedlak, 2008; Shah and Mitch, 2012; Yang et al., 2010). Nitrog-
enous DBPs are potentially more mutagenic and carcinogenic
than the regulated DBPs (i.e., trihalomethanes and haloacetic
acids) (Plewa et al., 2004; Muellner et al., 2007; Richardson et al.,
2007). The World Health Organization (WHO) has set a guide-
line value for NDMA of 100 ng/L in drinking water calculated by
a health-based value of NDMA associated with a upper-bound
excess lifetime cancer risk of 10~> (WHO, 2006).

A quantification of DON concentrations may help to assess
its role in drinking water and/or wastewater (e.g., precursor of
DBPs). However, DON concentrations in water samples cannot
be measured directly and have to be calculated by subtracting
the sum of the concentrations of dissolved inorganic nitrogen
(DIN) species (i.e., nitrite, nitrate, and ammonium/ammonia)
from the concentration of the total dissolved nitrogen (TDN)
(Westerhoff and Mash, 2002):

DON = TDN - } "DIN (1)

The high-temperature combustion (HTC) method has been
widely used to quantify TDN (Westerhoff and Mash, 2002;
Vandenbruwane et al., 2007). Concentrations of DIN can be
commonly measured by colorimetric or ion chromatographic
methods (Westerhoff and Mash, 2002). However, the accuracy
of DON measurements in samples with high DIN/TDN ratios is
subject to incomplete oxidations of DIN species by the HTC
method and cumulative analytical errors caused by the in-
dependent measurement of nitrogen species (Lee and
Westerhoff, 2005; Vandenbruwane et al., 2007). It was pro-
posed that the DIN/TDN ratio of samples should not exceed
0.60 to avoid an interference with DIN species for accurate
DON measurements and reduce the cumulative analytical
variance of DON measurements (Lee and Westerhoff, 2005).

Although a few methods, including nanofiltration, catalytic
reduction, and dialysis treatment are available to reduce the

DIN/TDN ratios to less than 0.60 for improving the accuracy of
DON measurements in surface water and/or drinking water
(Ambonguilat et al, 2006; Lee and Westerhoff, 2005;
Vandenbruwane et al., 2007; Xu et al., 2010), some of them
may not be useful for the practical DON measurements in real
samples due to high DOC losses (DOC loss of nanofiltration =
19-24%; DOC loss of catalytic reduction = 30%). Among these,
dialysis has been considered as the most attractive option to
selectively remove DIN species for accurate DON measure-
ments in drinking and/or surface waters (DIN removal >70%;
DON loss <5%; DOC loss = 2%) (Lee and Westerhoff, 2005;
Vandenbruwane et al., 2007). However, the dialysis method is
problematic for the DON measurements in wastewater efflu-
ents since a significant fraction of DOC and DON is removed
(DONloss >10%; DOC loss = 10—15%) (Lee and Westerhoff, 2005).

To get more information on DON, in terms of NDMA pre-
cursors and formation potential based on molecular weight
(MW) fractions, Pehlivanoglu-Mantas and Sedlak (2008) have
investigated the reactivity and fate of DON in wastewater ef-
fluents using fractionation by ultrafiltration (UF). This method is
only applicable to fully nitrified and denitrified wastewater ef-
fluents with negligible DIN concentrations. An alternative
approach to get comprehensive information on DON charac-
teristics in wastewater effluents is size-exclusion chromatog-
raphy equipped with organic carbon, UV, and nitrogen detection
(SEC-OCD-ND). Unlike the conventional analytical methods (i.e.,
subtraction methods and UF fractionation), SEC-OCD-ND can
not only quantify TDN concentrations but also provide quali-
tative information on DON fractions (i.e., MW distribution
and molar ratio of organic nitrogen to organic carbon (N/C))
(Graeber et al., 2012; Huber et al.,, 2011). However, the current
study found that removal of the DIN species is still necessary
due to severe interferences of DIN species on the analysis of
DON fractions in wastewater effluents using SEC-OCD-ND.

To overcome these problems, a novel treatment method
capable of selectively removing DIN species from wastewater
effluents is needed. Electrodialysis (ED) is a well-established
method to remove inorganic ions from aqueous solutions
(Strathmann, 2004). ED treatment has been applied to fresh
water or seawater for DOM isolation (Vetter et al., 2007,
Koprivnjak et al., 2006). ED treatment with pulsed electrical
currents was also tested for enhanced DOM recovery from
seawater (Gurtler et al., 2008). Nevertheless, the ED method
has not been applied to wastewater effluent matrices for se-
lective removal of DIN and recovery of effluent organic matter.
Furthermore, membrane types, pH of sample and duration of
ED operation, which are known as key parameters affecting
the performance of ED processes (Kim et al., 2002; Van der
Bruggen et al.,, 2004), should be optimized to enhance the
removal efficiency of inorganic ions and minimize the loss of
DON. Cation-exchange treatment has been used as a pre-
softening step to replace magnesium and calcium with
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sodium for concentration of DOM by reverse osmosis to
reduce the DOM loss by precipitation during NOM fraction-
ation by XAD resins (Leenheer et al., 2000). Cation-exchange
treatment can be combined with ED as a method for
enhanced DON recovery from wastewater effluents by
replacing divalent cations or ammonium by sodium.

In this study, a novel treatment method using ED was
developed and optimized for accurate DON measurements in
wastewater effluents. We investigated the effect of operating
parameters of the ED treatment (i.e., membrane type, pH of
sample, and ED duration) on DIN and conductivity removal
and DON recovery to assess the criteria of ED treatment for
accurate DON measurements in wastewater effluents by the
subtraction method (Eq. (1)). In addition, cation-exchange
columns were tested as a pre-treatment for ED treatment.
The enhanced ED treatment using the cation-exchange was
combined with SEC-OCD-ND to characterize DON in waste-
water effluents, in terms of MW distribution and N/C ratio.

2. Materials and methods
2.1. ED treatment system and operation

All experiments were performed using a commercial ED sys-
tem (PCCell GmbH, Heusweiler, Germany) consisting of an
ion-exchange membrane stack containing 10 pairs of anion-
exchange and cation-exchange membranes (effective sur-
face area of each membrane: 64 cm?) which is arranged be-
tween an anode (i.e,, mixed metal oxides (Pt/Ir) coated Ti-
stretched metal) and a cathode (i.e., stainless steel), and
three reservoirs (each with a 2 L glass cylinder) for the sample,
concentrate (5 mM NaCl) and electrolyte solutions (0.25 M
Na,SO,), respectively. Prior to use, all the ion-exchange
membranes were soaked in deionized (DI) water (NANOpure,
Barnstead, Newton, MA, USA) over a few days for removal of
membrane-coating materials. Furthermore, the ED system
was rinsed thoroughly using DI water during 1 day before and
after use and a cleaning with 5% (w/w) NaCl solutions has
been regularly conducted to minimize leaching of organic
materials from the ion-exchange membranes. Thus, negligible
EfOM leaching was found during ED treatments (see Fig. 7
and Fig. S3—54). The ED system was operated in a batch-
recirculation mode and the reservoirs were kept below 20 °C
by water cooling (<10 °C) through the surface channel of the
reservoirs. The constant voltage/variable current mode, where
the voltage remains constant and the current decreases pro-
portionally to the reduction in the conductivity of the samples,
was applied to the ED system to minimize organic fouling on
the surfaces of the ion-exchange membranes associated with
DOC loss which is more pronounced at a higher current den-
sity (Lindstrand et al., 2000). The voltage was fixed at 10 V
based on previous ED application studies for ion removals
(Farrell et al., 2003) and the recommendation of our ED system
manufacturer (PCCell GmbH, Heusweiler, Germany). Pulsed
ED was generated using a KRDR Digi-Timer (input 12—120 V,
ABB Inc., SSAC, New York, USA) to switch the DC power to the
ED stack on and off with intervals of 0.6 or 2 s. The interval
settings were chosen based on the literature (Gurtler et al,,
2008). The same volumes of sample, concentrate and

electrolyte solutions were used for each ED treatment (initial
volume: 1-2 L). A schematic diagram of the ED system is
exhibited in Fig. S1 (Supplementary Information, SI).

2.2.  Analytical methods

Concentrations of DOC and total dissolved nitrogen (TDN) in
the water samples were measured by a catalytic combustion
total organic carbon analyzer (TOC-Vcpy, HTC at 680 °C, non-
dispersive infrared detection, Shimadzu, Kyoto, Japan) equip-
ped with a total nitrogen analyzer (TNM-1, HTC at 720 °C,
chemiluminescence detection, Shimadzu, Kyoto, Japan). DOC
and TDN were also quantified by a SEC-OCD-ND instrument
(DOC-Labor, Karlsruhe, Germany). Ion chromatography (IC; 761
Compact IC, Metrohm, Herisau, Switzerland) equipped with a
Metrosep C4 column (Metrohm, Herisau, Switzerland) and a
Metrosep A Supp 5 column (Metrohm, Herisau, Switzerland)
was used to measure concentrations of anions (i.e., nitrate,
chloride and sulfate) and cations (i.e., sodium, potassium,
magnesium, and calcium) (injection volume = 20 pL). Concen-
trations of nitrite and ammonium were measured by colorim-
etry at 540 nm (DIN EN 26 777, German standard methods) and
655 nm (DIN 38 406, German standard methods), respectively.
The method detection limits for TDN (0.012 mgN/L), nitrate
(0.001 mgN/L), nitrite (0.0006 mgN/L), and ammonium (0.004
mgN/L) were calculated by multiplying the standard deviation
of the replicates for each species by the student’s t-value (t-
value at 99 % confidence = 2.897 for n-1=8) (United States
Environmental Protection Agency (U.S. EPA), 1999). Concen-
trations of carbonate and bicarbonate were measured as
alkalinity using a potentiometric titrator (716 DMS Titrino,
Metrohm, Herisau, Switzerland) with 0.1 N hydrochloric acids
(pH of the end point = 4.5) and total phosphorus was analyzed
using the ascorbic acid method with persulfate digestion and
detected at a wavelength of 880 nm (U.S. EPA, 1993). All the
samples were filtered by cellulose nitrate membranes (pore
size: 0.45 pm, Sartorius Stedim Biotech, Goettingen, Germany).

2.3. Optimization of the ED treatment

Various types of anion-exchange (i.e., PC-AR, PC-Fel, PCA-
cid60, AMV, and AMT) and cation-exchange membranes (i.e.,
MT and PC-MV) were tested for DIN removal and DOC recov-
ery during ED treatment of various wastewater effluents
depending on the types of ED membranes, pH of sample, ED
duration, and operating mode (i.e., with or without pulsed
electrical current). DON loss during ED treatment could not be
assessed due to the large variations in DON concentrations
between raw and treated wastewaters (Lee and Westerhoff,
2005). Therefore, DOC loss was used as an indicator for DON
loss during ED treatment assuming that the DON removal is
proportional to the DOC removal (Lee and Westerhoff, 2005;
Vandenbruwane et al., 2007; Xu et al., 2010). Physicochem-
ical properties of the tested ion-exchange membranes are
summarized in Table S1 (SI). A synthetic wastewater (pH=7.5;
conductivity = 730 pS/cm; nitrite = 1.0 mgN/L; nitrate =
10.0 mgN/L; ammonium = 1.0 mgN/L; chloride = 123.0 mg/L;
sulfate = 87.0 mg/L; sodium: 80.0 mg/L = potassium = 15.6 mg/
L; magnesium = 7.3 mg/L, and calcium = 60.1 mg/L) and a
secondary effluent (No 11-12, Table S2, SI) from a pilot plant
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(Eawag, Dlibendorf, Switzerland) were used to optimize the ED
treatment for further experiments. The effects of ED duration
on the DIN/TDN ratio, removal of conductivity, DIN, and DOC
in wastewater effluents were investigated to elucidate the
optimal duration of the ED treatment for efficient DIN removal
and low DOC loss. To validate the optimized ED treatment for
accurate DON measurements in wastewater effluents, DON
concentrations were calculated using the subtraction method
(Eq. (1)) for both raw and treated wastewaters.

2.4. Cation-exchange pre-treatment

In the tested ED treatment, the removal rates of ammonium
were lower than those of nitrite and nitrate. Therefore, the
wastewater samples subject to DON fraction analysis by SEC-
OCD-ND were pre-treated by cation-exchange to enhance the
removal of ammonium ions (removal efficiency >99%; DOC
loss <1%). Two serially connected columns (volume of each
column: 7.85 cm® Amersham Biosciences, Freiburg, Germany)
filled with cation-exchange resins (Dowex Marathon MSC,
Sigma—Aldrich, St. Louis, MO, USA) were used. The cation-
exchange columns were pre-conditioned with 200 mL of a
100 g/L NaCl solution (i.e., regeneration) and rinsed by 100 mL
DI water. The samples were passed through the cation-
exchange columns at a flow rate of 10 mL/min and the efflu-
ents from the cation-exchange columns were collected after
discarding 100 mL of the sample.

2.5. DON fractionation analysis by ED treatment
combined with SEC-OCD-ND

SEC-OCD-ND was used to chromatographically separate
organic matter according to its MW and charge, and quantify
the separated fractions based on organic carbon and nitrogen
detection: (i) biopolymers; (ii) humic substances and building
blocks, (iii) low MW acids, and (iv) low MW neutrals (Huber
et al., 2011). The DON fractions without and with the cation-
exchange pre-treatment were compared to identify influences
of the pre-treatment on the DON fractionation analysis of

wastewater samples with SEC-OCD-ND. In addition, the
optimal ED duration for the accurate DON fractionation anal-
ysis by SEC-OCD-ND was evaluated by the relative residual
conductivity related to the removal of DIN species and DOC loss.

2.6. Water samples

To compare DON concentrations without and with ED treat-
ment, secondary effluents collected from a pilot WWTP
(Eawag, Dibendorf, Switzerland), a full-scale WWTP (Diiben-
dorf, Switzerland), and Lake Greifensee water (Diibendorf,
Switzerland) were used. Thirteen water samples from WWTPs
(Diibendorf, Switzerland; Regensdorf, Switzerland; Lausanne,
Switzerland,; Kloten-Opfikon, Switzerland,; Beenyup,
Australia; Eawag pilot plant, Diibendorf, Switzerland), and
Lake Greifensee were used for DON fraction analysis by SEC-
OCD-ND without and with ED treatment (No 1-10 and
12—14, Table S2, SI). Water qualities of the tested samples and
experimental conditions of each ED treatment are listed in
Tables S2 and S3, respectively.

3. Results and discussion

3.1. Influence of ion-exchange membrane type and
sample pH on DOC loss

The effects of ion-exchange membrane type on DOC loss were
investigated using five kinds of anion-exchange membranes
(i.e., PC-AR, PC-Fel, PCAcid60, AMV, and AMT) and two types of
cation-exchange membranes (i.e., CMT and PC-MV) with a
wastewater effluent sample collected from the Diibendorf
WWTP (DDWW-1, No 1, Table S2, SI). As shown in Fig. 1, for a
given relative residual conductivity, DOC losses during ED
treatment were highly variable depending on the type of
membrane and sample pH. The % DOC loss at both ambient
pH without acidification (pH = 8.0) and acidic pH adjusted by
addition of 6 M HCl (pH = 3.0—-3.8) was significant for the

60 wo HCl | wHCI wo HCl | wHCI wo HCI | wHCI wo HCI | wHCI wo HCl | wHCI
Relative residual
50 conductivity
1040 N
B 0.10
§ 40 1 XY 0.04
- N
P N
2 30
K
8 DOC loss: 5 % IE:; K
A 201 (Recommended) & ::3 ::3
(% % o5
o % S
A 1 o N 1 N___[ || RIN L RIN
%! o [o%
. BN W% SN N N T11&

PC-AR/CMT

PC-Fel/CMT  PCAcid60 / PC-MV

AMV /CMT AMT / CMT

Fig. 1 — Loss of DOC during ED treatment of a wastewater effluent using different types of ion-exchange membranes (see
Table S1, SI for further information on the membranes). ED was applied until the residual conductivity of the sample
decreased to ~0.4 (left bars), 0.1 (middle bars), and 0.04 (right bars). The nitrate removal was ~90%, >97%, and >99% at the
residual conductivity of ~0.4, 0.1, and 0.05, respectively. The effluent samples were treated at an ambient pH of 8 (without
HCI) or at acidic pH’s of 3.0—3.8 adjusted by 6 M HCI (with HCI). The wastewater effluent (DDWW-1, No 1, Table S2, SI) had an
initial DOG of 7.0 mgC/L, pH 8.0, and a conductivity of 1000 uS/cm.
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membranes, such as AMV/CMT (ambient pH: 10—21%,; acidic
pH: 8-16%) and AMT/CMT (ambient pH: 18-36%; acidic
PH: 16—31%). Although the % DOC loss for PC-Fel/CMT (5—12%)
and PCAcid60/PC-MV (4—11%) at acidic pH was considerably
lower than for AMV/CMT and AMT/CMT, a significant DOC
loss was found for these membranes at ambient pH (PC-Fel/
CMT = 9—16%; PCAcid60/PC-MV = 14—26%). Most of the tested
membranes (i.e., PC-Fel/CMT, PCAcid60/PC-MV, AMV/CMT,
and AMV/CMT) showed a higher DOC loss at ambient pH
(7.4—8.0) presumably due to increasing negative charge of
effluent organic matter (EfOM) at higher pH, which can
enhance the adsorption of EfOM on the surfaces of anion-
exchange membranes (Kim et al.,, 2002). Among the tested
membranes, the lowest % DOC loss (1—7%) was observed for
the PC-AR/CMT at ambient pH (7.1-8.3) for the same target
relative residual conductivity (0.40—0.04). Based on these
findings, PC-AR/CMT has been selected for further experi-
ments to improve the accuracy of DON measurements in
wastewater effluents. Pulsed ED treatment was tested using
AMT/CMT and PCAcid60/PC-MV to investigate its influence on
DOC loss. In contrast to previous research (Gurtler et al., 2008),
distinctive differences were not found in DIN removal and
DOC loss of the tested wastewater (DDWW-1, No 7 and
RDWW-1, No 13, Table S2, SI) without and with the pulsed ED
application (data not shown). Therefore, pulsed ED treatment
was not further considered in this study.

3.2. Optimization of ED treatment duration

To optimize the duration of the ED treatment for accurate
DON measurements, variations in the DIN/TDN ratio, DON
concentrations, DIN removal, and the relative residual con-
ductivity were investigated during ED treatment of a second-
ary effluent from the Eawag pilot plant (EPPWW, No 12, Table
S2, SI) spiked with 0.5 mgN/L nitrite and 0.5 mgN/L ammo-
nium (Fig. 2). A negative DON concentration was initially
found for the wastewater without ED treatment. However, the
DON concentration significantly increased during ED treat-
ment due to the decreasing interference of nitrate to TDN
measurements in the HTC method (Lee and Westerhoff, 2005).
Consequently, constant DON concentrations were observed
for the tested wastewater with ED treatment when the DIN/
TDN ratio was less than 0.60 (ED time = 20 min; relative
residual conductivity = 0.47, relative residual DIN
concentration = 0.09, and DIN/TDN = 0.53). The cumulative
analytical errors from the independent measurements of DIN
species were also substantially reduced by ED treatment and
they were not significant for the wastewaters with DIN/TDN
<0.60, which is consistent with the results of Lee and
Westerhoff (2005). The required ED operating time for accu-
rate DON measurements was only 20 min which is signifi-
cantly lower compared to dialysis (operating time = 24 h) and
nanofiltration (operating time = 1—4 h) (Lee and Westerhoff,
2005; Xu et al., 2010).

The proposed criteria (i.e., DIN/TDN <0.60) was reported to
be critical for accurate DON measurements in wastewater
effluents (Lee and Westerhoff, 2005). Nevertheless, it was
difficult to evaluate the DIN/TDN ratio in real-time due to the
fact that measurements of TDN and DIN species have to be
carried out in discrete samples. Thus, changes in the DIN/TDN
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Fig. 2 — Concentration changes of

DIN(=NO, +NO; +NH/ ), DON, and DIN/TDN ratio as a
function of the relative residual conductivity during ED
treatment of secondary wastewater effluent. Secondary
wastewater effluent (from Eawag pilot plant) contained
6.5 mgC/L as DOC, 0.54 mgN/L as NO; , 8.2 mgN/L as NO;,
and 0.62 mgN/L as NH/ . The original sample was spiked
with 0.5 mgN/L of NO, and NH; each as the ambient NO,
and NH; concentrations were too low to determine their
removal.

ratio during ED treatment were directly correlated to the
relative residual conductivity as a surrogate parameter for
DIN/TDN ratios (Fig. 3). A lag-phase was observed in the initial
decrease of the relative residual conductivity (1.0—-0.8). After
the lag-phase, the decrease in the DIN/TDN ratio of the sec-
ondary effluents was directly proportional to the reduction in
the relative residual conductivity (DIN/TDN = 1.62 x (relative
residual conductivity) — 0.22, R? = 0.99). Based on this finding,
it can be postulated that the relative residual conductivity of
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Fig. 3 — Change in DIN/TDN ratios as a function of the

relative residual conductivity during ED treatment of a
wastewater effluent (EPPWW, No 12, Table S2, SI).
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wastewater samples should be reduced to less than 0.50 to
meet the proposed DIN/TDN ratio <0.60.

DOC losses for a range of relative residual conductivities
were investigated using twelve different water samples (No 1,
3-10, and 12—14, Table S2, SI) to validate ED treatment for
accurate DON measurements in wastewater effluents (Fig. 4).
The DOC losses for a relative residual conductivity of
0.50—0.36 (DIN removal >90%; DIN/TDN ratio <0.60) was less
than 6%. Approximately 8% of DOC was removed for a relative
residual conductivity of 0.34—0.23 (DIN removal >95%; DIN/
TDN ratio <0.35). The DOC losses for a relative residual con-
ductivity of 0.19-0.04 (DIN removal >99%; DIN/TDN ratio
<0.01) were higher than 13%. Possible explanations for the
DOC losses by ED treatment are adsorption of large MW
fractions to the surfaces of the ion-exchange membranes and/
or permeation of small MW fractions through the pores of the
membranes (Kim et al.,, 2002; Gurtler et al., 2008). This is
supported by the SEC-OCD analysis of the ED treated waste-
water effluents. The DOC losses were found in large MW
fractions of humic substances and building blocks (F2) as well
as low MW acids and neutrals fractions (F3 and F4) (see Fig. 7
and Fig. S3 — S4). To minimize DOC loss during ED treatment, a
relative residual conductivity of 0.50—0.35 can be suggested
for the DON measurements by the subtraction method
because the ED-treated samples showed a constant DON
concentration when their relative residual conductivities
were less than 0.50 (see Fig. 2). ED treatment therefore leads to
more accurate measurements of DON concentrations in
wastewater effluents (DOC loss = 6 + 3%) compared to dialysis
(DOC loss = 10—15%) and nanofiltration (DOC loss = 19—24%)
(Lee and Westerhoff, 2005; Xu et al., 2010). However, the pro-
posed relative residual conductivity range (0.50—0.35) for DON
measurements was not suitable for determination of DON
fractions using SEC-OCD-ND as the remaining DIN species
could still contribute significantly to the low MW DON frac-
tions (Fig. S2, SI). In the SEC-OCD-ND analysis, nitrite, nitrate
and ammonium are co-eluted with low MW acids and neu-
trals and can interfere with DON fraction analysis (see Section
3.5). Therefore, a lower relative residual conductivity range is
required to avoid overestimation of the low MW DON frac-
tions. Hence, a relative residual conductivity of 0.35-0.20 (ED
duration = 0.7 h; DOC loss = 8 + 4%) was applied to

Relative residual conductivity:
0.50 - 0.36 (average: 0.42) }
for DIN removal>90 %
6+3 (n=10)
Relative residual conductivity:
0.34 - 0.23 (average: 0.27)
for DIN removal>95 %
8+4 (n=14)
Relative r ivity: %
0.19 - 0.04 (average: 0.11) %
for DIN removal>99 %
13 +6 (n=17)
0 5 10 15 20 25

DOC loss (%)

Fig. 4 — DOC losses (%) of secondary effluents during ED
treatment as a function of the relative residual
conductivity. Investigated samples: No 1, 3—10 and 1214,
Table S2, SI.

wastewater effluents for accurate quantification of DON
fractions by SEC-OCD-ND.

3.3. Removal behavior of major anions and cations
during ED treatment

A synthetic  wastewater effluent (pH = 7.5
conductivity = 730 pS/cm; nitrite = 1.0 mgN/L;
nitrate = 10.0 mgN/L; ammonium = 1.0 mgN/L;

chloride = 123.0 mg/L; sulfate = 87.0 mg/L; sodium: 80.0 mg/
L = potassium = 15.6 mg/L; magnesium = 7.3 mg/L, and
calcium = 60.1 mg/L) was used to quantify the removal of
major anions and cations during ED treatment (Fig. 5). The DIN
species were effectively removed by ED treatment. However,
the removal rate of ammonium was lower than for nitrite and
nitrate. This finding suggests that an additional pre-treatment
(e.g., cation-exchange) has to be applied for wastewater ef-
fluents with high concentrations of ammonium. The con-
centrations of anions and cations decreased during ED
treatment but significant differences were found in the
removal rates of individual ions. The removal rate of chloride
as a monovalent anion was faster than that of sulfate as a
divalent anion whereas sodium and potassium as monovalent
cations were less efficiently removed compared to magne-
sium and calcium as divalent cations. For a relative residual
conductivity of less than 0.5, sodium and sulfate are found to
be the major cation and anion of the ED-treated samples. The
removal efficiencies of anions and cations by ED treatment
can be influenced by the charge density of the ions, operating
conditions (e.g., electric potential and time), and interaction
between ions and ion-exchange membranes (Van der Bruggen
et al., 2004; Kabay et al., 2006). The removal trends of DIN
species (i.e., nitrite, nitrate, and ammonium), anions (i.e.,
chloride and sulfate) and cations (i.e., sodium, potassium,
magnesium, and calcium) in a real wastewater effluent
(EPPWW, No 12, Table S2, SI) were similar to those in the
synthetic wastewater (Fig. 5). These observations support the
assumption that the reduction in DIN species, anions and
cations in wastewater effluents correlates to the decrease of
the relative residual conductivity.

3.4.  Measurements of DON concentrations without and
with ED treatment

For comparison of DON concentrations without and with ED
treatment, three water samples, secondary effluents from the
Eawag pilot plant (EPPWW) and the Diibendorf WWTP
(DDWW-3), and Lake Greifensee water (LGW) were analyzed
(No 12—14, Table S2, SI). As shown in Fig. 6, prior to the ED
treatment, negative or very low DON concentrations were
observed for the secondary effluents and the surface water
(EPPWW = -0.05 mgN/L; DDWW-3 = 0.19 mgN/L;
GLW = 0.15 mgN/L), which was probably due to the influence
of the high levels of DIN species (initial DIN/TDN of EPPWW:
1.02; initial DIN/TDN of DDWW-3: 0.97; initial DIN/TDN of
GLW: 0.91) to the TDN measurements in the HTC method (Lee
and Westerhoff, 2005). The cumulative analytical errors were
also significant for the samples without ED treatment
(EPPWW = 0.184 mgN/L; DDWW-3 = 0.078 mgN/L;
GLW = 0.042 mgN/L). For the suggested relative residual
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Fig. 5 — Removal behavior of dissolved inorganic nitrogen species (DIN=[NO, | +[NO; | +[NH; ]), CI~, SO2~, Na*, K™, Mg?",
and Ca®* during ED treatment as a function of the relative residual conductivity: (a)—(c) synthetic wastewater and (d)—(f)
secondary effluent (from Eawag pilot plant) spiked with 0.5 mgN/L of NO, and NH; each. Composition of the synthetic
wastewater effluent: [NO, | = 1.0 mgN/L, [NO; | = 10 mgN/L, [NH; | = 1.0 mgN/L, [C1"] = 123 mgN/L, [SO2~] = 87 mgN/L,
[Na*] = 80 mgN/L, [K*] = 15.6 mgN/L, [Mg®*] = 7.3 mgN/L, and [Ca®*] = 60 mgN/L. Secondary effluent (EPPWW, No 12,
Table S2, SI): [NO; | = 0.54 mgN/L, [NO; | = 8.2 mgN/L, [NH; | = 0.62 mgN/L, [Cl"] = 132 mg/L, [SO2"| = 42 mg/L,

[Na*] = 124 mg/L, [K*] = 12 mg/L, [Mg?*] = 21 mg/L, and [Ca®*] = 105 mg/L.

conductivity (<0.50), all the samples with ED treatment
satisfied the DIN/TDN ratios <0.60 and showed constant DON
concentrations (EPPWW = 0.64—0.67 mgN/L; DDWW-
3 = 0.56-0.58 mgN/L; GLW = 0.26-0.27 mgN/L) with signifi-
cantly less cumulative analytical error compared to that of the
samples without ED treatment (EPPWW = 0.032—0.044 mgN/L;
DDWW-3 = 0.005-0.021 mgN/L; GLW = 0.008—0.015 mgN/L).
Hence, a relative residual conductivity of 0.50—0.35 is recom-
mended for the DON measurements by the subtraction

method to minimize the DOC losses during ED treatment.
From these results, it can be concluded that ED treatment
facilitates accurate measurements of DON concentrations in
both wastewater and surface water samples. The DON con-
centrations obtained after ED treatment are in accordance
with previous studies in which DON concentrations of surface
water and secondary effluents were 0.06—0.4 mgN/L and 0.7 to
1.8 mgN/L, respectively (Lee and Westerhoff, 2005; Liu et al.,
2012; Pehlivanoglu-Mantas and Sedlak, 2008).
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Fig. 6 — DON concentrations in two WWTP effluents
(EPPWW and DDWW-3) and one lake water sample (LGW)
without and with ED treatment (No 24—26, Table S3, SI).
Water quality parameters are provided in Table S2 (No
1214, SI).

3.5. Comparison of DON fraction analysis using SEC-
OCD-ND without and with ED treatment

SEC-OCD-ND chromatograms of secondary effluents from the
Diibendorf WWTP (DDWW-2, No 10, Table S2, SI) before and
after ED treatment (relative residual conductivity = 0.25) with
cation-exchange pre-treatment are compared in Fig. 7. No
distinctive differences were found for the OCD and UV chro-
matograms of the raw and treated wastewater due to selective
DIN removal by ED treatment combined with cation-exchange

Signal response (arbitrary unit)

UvD

20 30 40 50 60 70 80 920 100

Elution time (min)

Fig. 7 — SEC-OCD-ND chromatograms of wastewater
effluent collected from the Diibendorf WWTP at a relative
residual conductivity of 0.25 (DDWW-2, No 21, Table S3,
SI). The dashed and filled lines represent signals before
and after enhanced ED treatment using cation-exchange
pre-treatment (F1: biopolymers; F2: humic substances and
building blocks; F3: low MW acids; F4: low MW neutrals).

pre-treatment. The DON fractions of the untreated waste-
water effluents could not be accurately determined by SEC-
OCD-ND due to the interferences of DIN species on the DON
fraction in low MW acids and neutrals (F3 and F4). Their in-
terferences on the ND chromatogram were substantially
reduced by ED treatment combined with cation-exchange pre-
treatment (Fig. 7). Similar results were observed for the other
wastewater samples (No 11 and 14—21, Table S3, SI). Some of
those results obtained for LSWW-2 and BYWW are shown in
Fig. S3 (SI). Negative ND signals were found for the ED-treated
samples at elution time of 55—65 min which is directly after
the ‘salt boundary peak’ (Huber et al., 2011). Due to the lower
electrolyte concentration of the ED-treated samples (conduc-
tivity <200 pS/cm) compared to the mobile phase
(conductivity = ~3000 pS/cm), anionic components in the
samples (i.e., salts and low MW acids) elute as a compressed
peak ahead of the injected sample water. The negative ND
signals could be partially eliminated by preparing the ED-
treated samples in the SEC eluent (data not shown). Howev-
er, this caused a significant reduction of the low MW acids
fraction, thus all DON quantifications in this study were
performed without adjusting the sample -electrolyte
concentration.

The effects of cation-exchange pre-treatment on the DON
fraction analysis were investigated with DDWW-2. A signifi-
cant difference was not found in their ND chromatograms
without (Fig. S4, SI) and with the cation-exchange pre-treat-
ment (Fig. 7) due to the low ammonium concentration
(0.67 mgN/L). This indicates that the cation-exchange pre-
treatment is necessary only for wastewater effluents with
high ammonium concentrations. As an undesirable side ef-
fect, cation-exchange pre-treatment could remove cationic
forms of amines, which can play an important role in the
formation of N-DBPs (Mitch et al., 2003; Kemper et al., 2010;
Shah and Mitch, 2012). Therefore, cation-exchange pre-treat-
ment should be carefully applied for investigations on pre-
cursors of N-DBPs.

The results of the DOC and DON fraction analyses using
SEC-OCD-ND obtained from the wastewater samples (No
8—10, Table S2, SI) with enhanced ED treatment using cation-
exchange (relative residual conductivity = 0.25) are provided
in Table 1. Residual DIN also contributed to DON fractions of
low MW acids (F3) and neutrals (F4). Based on the peak areas
normalized to 0.5 mgN/L, nitrate contributed to 58% to low
MW acids and 42% to low MW neutrals, nitrite contributed to
74% to low MW acids and 26% to low MW neutrals, and
ammonium contributed to 5% to low MW acids and 95% to low
MW neutrals (Fig S5, SI). These contributions were considered
for each DON fraction to improve the accuracy of the DON
fraction analysis (Table 1). The sum of all the DON fractions
quantified by SEC-OCD-ND (DDWW-2 = 0.55 mgN/L; LSWW-
2 = 0.49 mgN/L; BYWW = 0.62 mgN/L) was similar to the DON
concentrations calculated by the subtraction method
(EPPWW = 0.64—0.67 mgN/L; DDWW-3 = 0.56—0.58 mgN/L).
This implies that SEC-OCD-ND is a reliable way to measure
DON concentrations in wastewater samples. Humic sub-
stances and building blocks (MW = 300—1000 Da) were found
as major constituents of DOC fractions in the wastewater ef-
fluents (DDWW-2 = 44%; LSWW-2 = 48%; BYWW = 53%).
Compared to the DOC fractions, a relatively large proportion


http://dx.doi.org/10.1016/j.watres.2013.06.019
http://dx.doi.org/10.1016/j.watres.2013.06.019

5389

WATER RESEARCH 47 (2013) 5381—5391

Table 1 — Quantification of DOC and DON fractions by SEC-OCD-ND of wastewater effluent samples after ED treatment with

cation-exchange pre-treatment (relative residual conductivity = 0.25).

F1 F2 F3 F4 Total (F1+F2+F3+F4)
DDWW-2 DOC (mgC/L) 0.67 2.00 1.13 0.71 452
% 15 44 25 16 100
DON (mgN/L) 0.16 0.16 0.13 0.10 0.55
% 30 30 23 18 100
N/C molar ratio 0.21 0.07 0.10 0.12 0.10
LSWW-2 DOC (mgC/L) 0.63 2.07 0.97 0.67 4.32
% 14 48 22 15 100
DON (mgN/L) 0.14 0.13 0.09 0.13 0.49
% 28 26 19 27 100
N/C molar ratio 0.19 0.05 0.08 0.17 0.10
BYWW DOC (mgC/L) 0.15 3.32 1.67 1.07 6.20
% 2 53 27 17 100
DON (mgN/L) 0.06 0.30 0.18 0.08 0.62
% 10 48 29 12 100
N/C molar ratio 0.37 0.08 0.09 0.06 0.09

F1: biopolymers; F2: humic substances and building blocks; F3: low MW acids; F4: low MW neutrals.

of the DON fractions is attributed to biopolymers
(MW > 10 000 Da) with 10—30% for DON fractions (DDWW-
2 = 30% and LSWW-2 = 28%; BYWW = 10%) and 2—15% for
DOC fractions (DDWW-2 = 15%; LSWW-2 = 14%; BYWW = 2%)
(Table 1). It is evident that EfOM includes a large fraction of
DON derived from soluble microbial products produced dur-
ing biological wastewater treatment (Barker and Stuckey,
1999; Shon et al., 2006; Chon et al., 2012, 2013). High N/C
molar ratios of the biopolymers support this observation
(DDWW-2 = 0.21; LSWW-2 = 0.19; BYWW = 0.37). A consid-
erable portion of the DON fractions in the wastewater efflu-
ents was composed of low MW acids and neutrals (sum of low
MW acids and neutrals: DDWW-2 = 41%; LSWW-2 = 36%;
BYWW = 40%). This indicates that an accurate quantification
of the low MW DON fractions is critical for extending our
understanding of occurrence, fate, and reactivity of DON in
wastewater effluents. Moreover, an accurate estimation of the
N/C molar ratio may be significant for efficient operations of
membrane and disinfection processes for wastewater recla-
mation, in terms of control of membrane fouling and mitiga-
tion of DBPs (Amy, 2008; Song et al.,, 2010; Doston and
Westerhoff, 2012).

The DON fractions in wastewater effluents might play an
important role in formation of N-DBPs (Shah and Mitch, 2012).
However, their characteristics (i.e., occurrence, size, fate and
reactivity) in wastewater effluents with high DIN/TDN are still
poorly understood due to lack of adequate methods for se-
lective DIN removal from wastewater effluents. A recent study
which employed a DON fractionation method with UF found
that DON fractions of MW less than 1000 Da were the major
precursors of NDMA during chlorination and/or chloramina-
tion for municipal wastewater reclamation (Pehlivanoglu-
Mantas and Sedlak, 2008). However, the applied method was
only suitable for wastewater effluents with low DIN/TDN ra-
tios. Our study demonstrates that the DON fraction analysis
by ED treatment combined with SEC-OCD-ND is a feasible
method to investigate the MW dependent DON characteristics
(e.g., size distribution, amount, and N/C molar ratio) poten-
tially associated with the formation of N-DBPs in wastewater
effluents and wastewater impaired drinking waters.

4, Conclusions

Electrodialysis (ED) treatment was investigated as a means for
DIN removal, quantification and characterization of DON in
surface waters and wastewater effluents with high DIN/TDN
ratios. The major findings are:

The type of ED membranes, pH of sample, ED duration were
found to be the major factors related to the selective
removal of DIN species from wastewater effluents by ED
treatment. Among the tested ion-exchange membranes, the
lowest DOC loss during ED treatment of a wastewater
effluent was observed for a PC-AR/CMT membrane at

ambient pH without acidification (DOC loss = 1-7%).

e A strong correlation has been found between the DIN/TDN

ratio and the relative residual conductivity of the water

samples (DIN/TDN = 1.62 x (relative residual conductivity) —

0.22, R? = 0.99). Thus, variations in the DIN/TDN ratios

during ED treatment can be estimated in real time by

measuring the sample’s relative residual conductivity.

For the proposed relative residual conductivity of 0.50—0.35,

ED treatment allows determination of DON concentrations

in wastewater effluents more effectively (DOC loss = 6%;

operating time = 0.5 h) compared to dialysis (DOC

loss = 10—15%; operating time = 24 h) and nanofiltration

methods (DOC loss = 19—24%; operating time = 1—4 h).

e The accurate quantification of DON fractions in wastewater
effluents with high DIN/TDN ratios using SEC-OCD-ND after
ED treatment (relative residual conductivity = 0.25; DOC
loss = 8%) can provide valuable insight into the MW distri-
bution of DON (e.g., biopolymers, humic substances and
building blocks, low MW acids, and low MW neutrals),
which might play an important role in the formation of N-
DBPs during oxidative treatment of wastewater effluents or
wastewater impaired drinking waters.

e Pre-treatment by cation-exchange before ED is recom-

mended only for DON quantification of ammonium-rich

wastewater effluents due to a potential adsorptive loss of
important N-DBP precursors (e.g., cationic amine species).
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