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respectively'®). However, the contributions of HDMS and
TMDS to the total amount of NDMA precursors in the Yodo
River basin were low,"® and therefore, there is need to identify
the primary NDMA precursor(s) in the basin. In addition, since
the main source of NDMA precursors appears to be a single
STP (designated STP-A), and the precursors were contained in
the influent of this STP, it is interesting to clarify the origin of
the discharged NDMA precursors.

In this study, the origin of NDMA precursors was
investigated by collecting sewage from pipes flowing to STP-
A, and then identifying the NDMA precursors in the sewage via
ultrahigh performance liquid chromatography—tandem mass
spectrometry (UHPLC—MS/MS) and UHPLC~time-of-flight
mass spectrometry (TOF/MS). Finally, the contributions of
individual NDMA precursors to the total amount of NDMA
precursors (ie,, the amount of NDMA formed from the target
NDMA precursor to the total amount of NDMA formed during
ozonation) in the Yodo River basin were evaluated.

B MATERIALS AND METHODS

Reagents and Solutions. Standard solutions of NDMA,
N-nitrosomorpholine (NMOR), and N-nitrosopyrrolidine
(NPYR) were purchased from Supelco (Bellefonte, PA,
U.S.A.) or Wako Pure Chemical Industries Ltd. (Osaka,
Japan). NDMA-d¢ was purchased from C/D/N Isotopes
(Pointe-Claire, Canada) or Kanto Chemical (Tokyo, Japan).
HDMS (>98.0%) and TMDS (>95.0%) were purchased from
Tokyo Chemical Industry (Tokyo, Japan). 1,1,5,5-Tetrame-
thylcarbohydrazide (TMCH, >99.5%) is not commercially
available and was synthesized on commission by Tokyo
Chemical Industry. Other reagents used were of analytical
grade and obtained from commercial suppliers. Solutions were
prepared from ultrapure water obtained using a Milli-Q
Gradient Al0 water purification system (Millipore, Bedford,
MA, US.A.) or a Milli-Q Integral 5 water purification system
(Millipore).

Sampling. Sewage in the individual sewer pipes (SW-1
through SW-12) connected to STP-A as well as final STP-A
influent was collected in November 2011. In addition, sewage
in sewer pipe SW-6, and pipes SW-6—1 to SW-6—4 were
collected in February 2012 (SW-6—1 to SW-6—4 are “feeder”
pipes and/or sampling locations located upstream of SW-6).
The sewer pipes are all connected to STP-A, some in parallel
and some in series, but the sum of the flow rates of the
individual sewer pipes equals that of the STP-A combined
influent. STP-A utilizes a biological treatment system involving
a two-stage nitrification—denitrification. Filtration was per-
formed using hydrophilic polytetrafluoroethylene (PTFE)
membranes (10 um, Millipore). The primary, secondary, and
final effluents from STP-A were collected in January and
February 2014. Chlorine was dosed after the secondary
treatment at 2.1-2.2 mg Cl,/L on the sampling days in
January 2014, and at 2.3 mg Cl,/L on the sampling days in
February 2014. The primary effluents were filtered with
hydrophilic PTFE membranes, and the filtrates were used for
experiment. Various water sample properties [sampling date,
pH, total organic carbon (TOC), and ultraviolet absorbance at
260 nm] are given imSupporting Information (SI) Table S1.
The water from two WPPs (WPP-L and WPP-M), which use
ozone/biological activated carbon (BAC) treatment down-
stream on the Yodo River from STP-A, was collected from
October 2008 to March 2014, and from April 2011 to March
2014, respectively. The sample types collected were raw water,

water after ozonation and BAC treatments, and finished water.
In this study, all of the samples were grab samples, except for
those from STP-A in January and February 2014. These
samples were composites, taken at 24 h intervals. This is
because the components of the water from sewage treatment
processes fluctuate with time, and composite samples are
known to be better for evaluating the fates of the target
compounds.

Sewage Concentration and Fractionation. The sewage
samples were concentrated and fractionated for NDMA
precursor identification. The procedures employed are the
same as those previously reported;'® however, in this study,
samples were concentrated via evaporation at 50 °C (R-215;
Shibata, Tokyo, Japan) rather than by solid-phase extraction.
This is because in the previous study, the primary NDMA
precursors were found to be hydrophilic compounds, which
were not trapped by the styrene-divinylbenzene copolymer
solid-phase extraction cartridges."” The concentrated samples
were fractionated using HPLC (HP1100; Agilent Technology,
Palo Alto, CA, U.S.A.). In addition, standard solutions of
NDMA, NMOR, and NPYR were also fractionated via HPLC,
and the peak areas of the fractions were analyzed for
comparison with the retention times of the NDMA precursors
in the sewage samples. Detailed experimental conditions are
provided in the SL

Identification of NDMA Precursors. The precursors
which form NDMA in sewage during ozonation were identified
using UHPLC—MS/MS (Acquity UPLC system, Acquity TQD
tandem mass spectrometer; Waters, Milford, MA, U.S.A.) and
UHPLC-TOF/MS (Acquity UPLC H-Class system, Xevo G2-
XS mass spectrometer; Waters),” and the chemical structures
were investigated using nuclear magnetic resonance (NMR)
spectroscopy (JEOL JNM-ECA600 NMR spectrometer; JEOL,
Tokyo, Japan). 'H NMR, *C NMR, and *H—'3C heteronuclear
single-quantum correlation (HSQC) spectra were obtained.
Deuterochloroform (CDCl;, Sigma-Aldrich, St Louis, MO,
U.S.A.) was used as the solvent. Details of the UHPLC—MS/
MS, UHPLC—TOF/MS and NMR spectroscopy conditions
are given in the SL

Ozonation. Ozonation experiments were conducted in 1 L
glass bottles using a semibatch system with an ozone generator
(POX-20; Fuji Electric, Tokyo, Japan), except for the
evaluation of the NDMA molar formation yields of the
NDMA precursors described below. Ozone was prepared from
pure oxygen gas. Ozonation conditions were as follows: sample
volume, 600 or 800 mL; ozone concentration in gas phase, 5 or
20 mg/L; ozone gas flow rate, 1 L/min; reaction time, 5—20
min; and temperature, 20 °C. The pH was adjusted to 7 (5 mM
phosphate buffer) for fractions of concentrated sewage.
Detailed conditions differed depending on the sample type
(sewage from pipes and STP-A influents, fractions of
concentrated sewage, primary effluent, etc.), and are described
in the SL

Ozonation experiments to evaluate the NDMA molar
formation yields of the NDMA precursors (ie., molar
formation of NDMA per molar decomposition of the NDMA
precursor) were conducted using a batch system. An ozone
solution was prepared by bubbling ozone gas into ultrapure
water in an ice bath. The ozonation experiments were initiated
by addition of the ozone solution to an aqueous solution of the
NDMA precursor. The NDMA precursors in samples from
STPs and WPPs coexist with other compounds and are affected
by these compounds during ozonation. Thus, the NDMA
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molar formation yields were evaluated in a water matrix as in
previous studies.*>***" The raw water from WPP-N [dissolved
organic carbon (DOC), 1.3 mg C/L; pH 7.5], dechlorinated
tap water (TOC, 0.5 mg C/L; pH 7.3), water from WPP-O
after coagulation—sedimentation (DOC, 1.2 mg C/L; pH 7.6),
and the secondary effluent from STP-B (DOC, 2.9 mg C/L;
pH 6.8) were used as water matrices. The raw water, water after
coagulation—sedimentation, and the secondary effluent were
used after filtration (Whatman GF/F, GE Healthcare Bio-
Sciences, Pittsburgh, PA, U.S.A.). In some cases, the ozonation
experiments were conducted in the presence of fertiary-butyl
alcohol (TBA), a known hydroxyl radical scavenger.” Details of
these ozonation conditions are also given in the SI.

Measurement of NDMA, TMCH, HDMS, and TMDS.
NDMA concentration was determined using UHPLC—-MS/MS
or gas chromatography (GC)—MS in chemical ionization mode
(GCMS-QP2010; Shimadzu, Kyoto, Japan). Solid-phase
extraction was conducted, and NDMA-d; was used as a
surrogate. Sample concentration depended on sample volume.
The limit of quantification (LOQ) was 5.0—25 ng/L for
UHPLC~-MS/MS, and 1.0 ng/L for GC—MS. TMCH, HDMS,
and TMDS concentrations were determined using UHPLC—
MS/MS, without sample concentration. The LOQ_ of TMCH
was 20 ng/L, except for that of the primary effluent (50 ng/L).
The LOQs of HDMS and TMDS were 10 ng/L. Detailed
information on the analytical methods used to find [NDMA],
[TMCH], [HDMS] and [TMDS] can be found in the SIL
Other analytical methods employed to analyze the water
samples are also described in the SL

RESULTS AND DISCUSSION

Discharge of NDMA Precursors into Sewage. Table 1
shows the NDMA concentration before and after ozonation of
the sewage in sewer pipes SW-1 to SW-12 and the STP-A
influents collected in November 2011. NDMA precursors were
present, particularly in SW-1, SW-6, and SW-12, as indicated by
the sharp increase in NDMA concentration upon ozonation.
Taking flow rate into account, the primary source of NDMA

Table 1. NDMA Concentration before and after Ozonation
of Sewage in Sewer Pipes and Influents, at STP-A in
November 2011

NDMA concentration {ng/L)

sample before ozonation after ozonation flow rate (m>/h)
STP-A influent 17 4100 (+420) 7108
SW-1 9.5 630 3337
SW-2 11 28 445
SW-3 55 47 323
SW-4 <5.0 90 (x7.1) 672
SW-3 <5.0 43 344
SW-6 18 75 000 (+5000) 347
SW-7 5.1 48 79
SW-8 <5.0 26 345
SW-9 6.9 (+0.8) 48 727
SW-10 120 (£22) 110 344
SW-11 13 88 21
SW-12 12 3400 (+480) 66

“Ozone concentration in the gas phase, 20 mg/L; ozone gas flow rate,
1 L/min; reaction time, 20 min; temperature, 20 °C. YFlow rates are
thosé on sampling days. “Value in parentheses is the standard
deviation.

precursors is SW-6, so this pipe was investigated further. In
February 2012, samples of sewage in sewer pipe SW-6 and
those located upstream of SW-6 (SW-6—1 to SW-6—4) were
collected, and the NDMA concentration before and after
ozonation was investigated (PFigure 1). Differences in the
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Figure 1. NDMA concentration before and after ozonation in sewage
from sewer pipes (ozone concentration in gas phase, 20 mg/L; ozone
gas flow rate, 1 L/min; reaction time, 20 min; temperature, 20 °C).

NDMA concentrations after ozonation at SW-6 in November
2011 and February 2012 showed wide fluctuations in the
discharge of NDMA precursors. The NDMA concentration
after ozonation increased significantly for samples from SW-6—
1 to SW-6—2 (40 and 26,000 ng/L, respectively). Between the
SW-6—1 and SW-6-2 sampling points, there is a major
discharge of effluent from a chemical facility (Facility-X) into
the sewage pipe. The effluent from this facility is therefore
identified as the possible primary source of the precursor
forming NDMA. during ozonation at STP-A. Facility-X mainly
produces paper (e.g, photographic paper for inkjet printers)
and printmaking materials.

Identification of NDMA Precursors. The SW-6—2 sewage
sample was concentrated and fractionated, and the fractions
were ozonated. Figure 2(a) shows the NDMA concentration
after ozonation of 4 min fractions collected from 0.5 to 40.5
min. The presence of NDMA in the figure means the presence
of the NDMA precursors in the fractions because the NDMA
concentration before ozonation of the fractions was <5.0 ng/L.
The NDMA precursor was present in three fractions (0.5—4.5,
4.5—8.5, and 8.5—12.5 min), but particularly in the 4.5—8.5 min
fraction. To increase precision, Figure 2(b) shows the NDMA
concentration after ozonation of 1 min fractions collected from
0.5 to 12.5 min. The NDMA precursor was present mainly in
the 5.5—6.5 min fraction. The fraction was designated as
Fraction-l. It was reported that HDMS and TMDS were
present in the fractions at 13.5-14.5 and 14.5—1S5.5 min,
respectively, under the same HPLC conditions.”® Thus, the
possible primary NDMA precursor(s) in SW-6—2 are different,
more hydrophilic compounds. In an attempt to classify the
NDMA precursor(s), solutions of NDMA, NMOR, and NPYR
were fractionated using HPLC with the same conditions, and
their retention times were compared. These three compounds
were found in the fractions at 2.5—4.5, 3.5—6.5, and 4.5—6.5
min, respectively (details provided in SI Figure S1). The
retention times of the unknown NDMA precursors in Fraction-
1 are significantly longer than those of NDMA and NMOR, and
slightly longer than that of NPYR.
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Figure 2. NDMA concentration after ozonation of (a) 4 min fractions from 0.5—40.5 min and (b) 1 min fractions from 0.5—12.5 min [ozone
concentration in gas phase, 20 mg/L; ozone gas flow rate, 1 L/min; reaction time, 10 min; pH 7 (5 mM phosphate buffer); temperature, 20 °C].

The retention time of NPYR in UHPLC—MS/MS, using the
same mobile phase as for HPLC (ultrapure water and
methanol), was around 4.8 min (details concerning gradient
conditions (1) can be found in SI Table S3). Although the
HPLC and UHPLC columns were different brands (SI Tables
S2 and S3, respectively), both had an alkyl reversed-phase. It
was presumed that the retention time of the NDMA precursors
in Fraction-I in UHPLC—MS/MS was slightly longer than 4.8
min. Fraction-] was purified by further fractionation using
UHPLC. The 30-s fractions from 4.0—6.5 min were collected,
and each fraction was ozonated (SI Figure S2). NDMA
precursors were present in the 5.0—5.5, 5.5—6.0, and 6.0-6.5
min fractions obtained using UHPLC. Analysis of the three
fractions shows that the retention times of the NDMA
precursors are near the boundary of the 5.0-5.5 and 5.5-6.0
min fractions.

In the total ion chromatogram of Fraction-I obtained via
UHPLC—MS, there was a peak at ~5.6 min, with m/z = 147
and 239, in the spectrum (data not shown). When the same
fraction was analyzed using UHPLC—~TOE/MS under the same
UHPLC conditions (gradient conditions (1) in SI Table S4),
the signals at m/z 147 and 239 were found to originate from
different compounds.** The molecular formula predicted by the
UHPLC—~TOE/MS and chemical database for the compound
with m/z 147 was TMCH (molecular weight: 146.19).%
TMCH has two N,N-dimethylhydrazino functional groups; one
of the functional roups transformed into NDMA in high yield
upon ozonation.”>***' The retention time of the m/z 147 peak
of Fraction-I (7.5 min) obtained using UHPLC—MS(/MS)
agreed with that of an authentic sample of TMCH (Figures
3(a) and (b)). The product ion spectra of m/z 147 were also
the same (Figures 3(c) and (d)). It is worth noting that the
chromatographic conditions employed in generating Figure
3(a),(b) were different from those used for SI Figure S2, and
for Figure 3(a),(b), the m/z 147 and 239 peaks are separated
(conditions were refined and optimized once TMCH was
identified and an authentic sample obtained.). Additionally, the
precise mass of the m/z 147 peak in Fraction-I, determined
using UHPLC—TOF/MS under gradient conditions (2) (SI
Table $4) agreed with that of an authentic sample of TMCH
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Figure 3. Total ion chromatogram of Fraction-I using (a) UHPLC~
MS (scan mode, m/z range 100—300) and (b) UHPLC—MS/MS
(product ion scan mode of m/z 147, m/z range 40—150). (c) Product
ion spectrum of m/z 147 peak and (d) authentic sample of TMCH
(product ion scan mode of m/z 147, m/z range 40—150).

(m/z 147.1246 and 147.1243, respectively).”* The presence of
TMCH in Fraction-I was also investigated using NMR. The
characteristic methyl signal for the N,N-dimethylamino func-
tional group of TMCH was assigned using the one-dimensional
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(1D) 'H and *C NMR spectra of an authentic TMCH sample
(Table 2, SI Figure $3). In the "H NMR spectrum of Fraction-],

Table 2. '"H NMR and *C NMR Spectroscopic Data for
Authentic Sample of TMCH and Fraction-I in CDCL“

TMCH
] o) 1
HsCoooW L H O
/N"N'“'C*NMN\
H;,C1 2 1CH3
Authentic Fraction-! Authentic Fraction-|
No A -
i}c “(.J‘ !H th
i 4824 482 2.54 2.54

2 156,45 -

“Solvent signals at 7.26 and 77.0 ppm were used as internal standards
for 'H and C chemical shifts, respectively. “In the NMR spectra,
several other signals were observed as impurities. “*C NMR
spectroscopic data for Fraction-I were obtained by ‘H—"C HSQC.

a broad singlet was observed at the same chemical shift of the
methyl signal of TMCH, although there were several other
signals derived from other compounds (SI Figure S4(a)).
However, the *C NMR spectrum of TMCH in Fraction-I
could not be measured due to a small amount of sample. To
confirm the presence of TMCH, a 2D HSQC experiment was
performed. In the HSQC spectrum of Fraction-I, TMCH was
identified by both 'H NMR and *C NMR chemical shift values
(Table 2, SI Figure S4). The results obtained using UHPLC—
MS/MS, UHPLC—TOF/MS,* and NMR showed that the m/
z 147 peaks in Figure 3(a),(c) were due to the presence of
TMCH. The UHPLC—MS/MS results showed that TMCH
was also present in the 4.5—5.5 min HPLC fraction obtained
from SW-6-2 (Figure 2(b)). :

NDMA Molar Formation Yield of TMCH during
Ozonation. The effect of ozone dose on the NDMA molar
formation yield of TMCH in absence and presence of TBA in
raw water at WPP-N was then investigated (SI Figure SS).
‘When the raw water in the absence and presence of TBA was
ozonated without TMCH addition as a blank, the NDMA
concentration was <25 ng/L both before and after ozonation at
1 mg/L of ozone. When TMCH was added to the raw water
(45—48 pg/L), the TMCH concentrations in the samples in
the absence and presence of TBA were 13 and 14 ug/L,
respectively, after ozonation at 0.25 mg/L of ozone. However,
the TMCH concentration in the samples in the absence and
presence of TBA was <20 ng/L after ozonation at 0.5—1.5 mg/
L of ozone. In case of the absence of TBA, the NDMA molar
formation yield was 101% at 0.25 mg/L of ozone dose. The
NDMA molar formation yield increased at 0.5 mg/L of ozone
(145%) and did not significantly change at 1—1.5 mg/L of
ozone. The NDMA molar formation yield of TMCH can
exceed 100% due to the presence of two N,N-dimethylhy-
drazino functional groups. Thus, the NDMA molar formation
yield became a maximum when TMCH was sufficiently
decomposed. In case of the presence of TBA, the NDMA
molar formation yields of TMCH at 0.25 and 0.5 mg/L of
ozone were similar to those in the absence of TBA (SI Figure
SS). However, the NDMA molar formation yields at 1 and 1.5
mg/L of ozone in the presence of TBA (169—173%) were

higher than those in the absence of TBA (136—140%). Since
TBA is a known hydroxyl radical scavenger,? this indicated that
NDMA was formed from the reaction of TMCH with ozone
molecule and the NDMA formation was partially inhibited by
hydroxyl radical.

The NDMA molar formation yield of TMCH upon
ozonation in different water matrices was also investigated
(SI Figure S6). When TMCH was not added to the water
matrices, the NDMA concentration in the matrices was <25
ng/L both before and after ozonation, except for the secondary
effluent. The NDMA concentrations in the secondary effluent
were 29 ng/L before ozonation and 49 ng/L at 1.5 mg/L of
ozone. When the TMCH was added to the water matrices
(44~50 pg/L), the TMCH concentration in the samples was
<20 ng/L after ozonation, except for the secondary effluent
sample (34 ng/L) at 1 mg/L of ozone. As is presented in SI
Figure S5, the NDMA molar formation yield in raw water at
WPP-N (142%) is the mean of the molar formation yields at
0.5 to 1.5 mg/L of ozone. Similarly, the NDMA formation yield
of TMCH in secondary effluents (136%) was the mean of the
molar formation yields at 1 and 1.5 mg/L of ozone. The
NDMA molar formation yield in dechlorinated tap water and
water after coagulation—sedimentation at WPP-O was 144%
and 147%, respectively. Thus, the NDMA molar formation
yields for the four water samples were similar, and the mean"
value was rounded to 140%. TMCH is an NDMA precursor,
and the NDMA molar formation yield is much higher than that
of HDMS (10%) or TMDS (27%), both of which have been
found previously in the Yodo River basin.'® The NDMA molar
formation yield is also higher than that of other compounds,
such as 1,1-dimethylhydrazine (80%)."* TMCH is used as an
agent to prevent the deterioration of paper (e.g., gas resistance
and light resistance),z"' and thus, it is not at all surprising that
Facility-X would emit this compound.

Contribution of TMCH to Total NDMA Precursors in
Sewage. The TMCH concentration of the primary, secondary,
and final effluents from STP-A in January 2014 was neatly
constant (73, 77, and 70 ng/L, respectively). Similarly, the
values in February 2014 were 95, 90, and 86 ng/L, respectively.
Removal of TMCH by biological treatment processes was
therefore low. In addition, removal of TMCH with chlorine was
low when the chlorine dose for the secondary effluent was set at
2.1-2.3 mg Cl,/L. During chlorination, removal of HDMS and
TMDS was also low (Figure 4 and SI Figure S7). Previously, it
was reported that HDMS and TMDS are rapidly decomposed
by chlorine.'® Their residual ratios at 15 min of reaction were
0.1 and 0.2, respectively, under the following chlorination
conditions: chlorine dose, 1.2 mg Cl,/L; pH 7; temperature, 20
°C."" The residual ratios were estimated from the figure in the
previous study."” From those results, the apparent reaction rate
constants of HDMS and TMDS with chlorine at pH 7 were
estimated to be about 150 and 100 M™" s/, respectively. Again,
like HDMS and TMDS, TMCH is a tertiary amine derivative
with two N,N-dimethylhydrazino functional groups that are
reactive with chlorine.'>%* Thus, it was viewed as reasonable
that removal of TMCH during the chlorination would be low if
the apparent reaction rate constant of TMCH with chlorine
was similar to those of HDMS and TMCH, and the chlorine
dosed was consumed by water matrices in the secondary
effluent. Therefore, removal of TMCH should likely not be
expected during sewage treatment processes, and other control
strategies are desired and necessary (e.g., reduction of TMCH
discharge in industrial effluents).
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Figure 4. Profiles of concentrations of NDMA, TMCH, HDMS, and
TMDS during ozonation of (a) primary, (b) secondary, and (c) final
effluent from STP-A in January 2014 (ozone concentration in gas
phase, 20 mg/L for primary effluents and 5.0 mg/L for secondary and
final effluents; ozone gas flow rate, 1 L/min; temperature, 20 °C).

Figure 4 shows concentration profiles for NDMA, TMCH,
HDMS, and TMDS during ozonation of the primary (4a),
secondary (4b), and final (4c) effluents from STP-A in January
2014. For example, the initial concentrations of NDMA,
TMCH, HDMS, and TMDS in the primary effluent were 40,
73, 11, and 89 ng/L, respectively. The concentration of
TMCH, HDMS, and TMDS decreased upon ozonation, and
that of NDMA increased. A similar trend was observed in
February 2014 (SI Figure S7). In this study, the ozone exhaust
concentration was not monitored. However, it was monitored
during ozonation of the primary and secondary effluents of
STP-B under the same ozonation conditions as those of the
primary and secondary effluents of STP-A (details are in the
SI). The exhausted ozone concentration increased rapidly
during ozonation and became stable in 5 min. The absorption
rate of ozone after reaching a steady state during ozonation of

the primary and secondary effluents of STP-B was 4—4.5% and
6%, respectively.

Notably, the NDMA concentration in the effluents of STP-A
after ozonation in January and February 2014 (around 100—
150 ng/L, Figure 4 and SI Figure S7) was lower than that of the
STP-A influents in November 2011 (4100 ng/L, Table 1), as
well as that found in previous studies (5300 ng/L in secondary
effluent in December 2008 and around 3700—4500 ng/L in
final effluent in December 2010°°). Figure S shows the
temporal variation in NDMA concentration over time through
the water purification steps at WPP-L. The source water for the
WPP is the Yodo River, and the intake points are downstream
of STP-A. The NDMA concentration in the raw water samples
ranged from <1.0 to 8.7 ng/L. The NDMA concentration
increases after ozonation, with periodic if not seasonal
fluctuations, with an overall decrease in NDMA concentration
over the study period. That is, the peak NDMA concentration
in the water samples after ozonation until spring 2011 varies
between 80 and 140 ng/L, but those thereafter only go up to 25
ng/L. A similar trend was observed at WPP-M (SI Figure S8):
the NDMA concentration after ozonation in April 2011 was
110 ng/L, but, after that it was in the range from <1.0 to 26 ng/
L. From these data, it is clear that overall, the amount of
NDMA precursors discharged from Facility-X decreases over
time, for unknown reasons. Seasonal fluctuations in the amount
of NDMA precursors discharged from STP-A were not
investigated. One explanation for the fluctuations is that the
flow rate of the Yodo River decreases in the winter and spring,
and thus, the percentage of the final effluent of STP-A in the
Yodo River water increases.

The NDMA molar formation yield of TMCH and the
concentration of NDMA and TMCH before ozonation and
after ozonation were used to estimate the contribution of
TMCH to the total NDMA formed during ozonation. This
analysis is based on the assumption that the NDMA molar
formation yield of TMCH is the same, regardless of source/
coexisting compounds/etc. As shown in SI Figure S6, the
NDMA molar formation yield of 140% was used because the
values were the same for the four water matrices. As discussed
above, the NDMA molar formation yield of TMCH was low
when TMCH decomposition was insufficient (SI Figure S5).
The contributions of TMCH to the total NDMA precursors
were only calculated when the TMCH concentration after
ozonation was less than its LOQ. In such cases, the TMCH
concentration was regarded as zero. The mean TMCH
contribution values for all ozonation durations of the primary,
secondary, and final effluents in January 2014 were 43% (39~
46%), 51%, and 42%, respectively. Those in February 2014
were 72% (63—78%), 72% (64—80%), and 60% (57—62%),
respectively. The values in parentheses are the ranges of the
contributions of TMCH to the total NDMA precursors. Thus,
TMCH was the primary NDMA precursor at STP-A, although
the contribution of TMCH to the total NDMA formed during
ozonation fluctuated. The mean values for HDMS in the
primary, secondary, and final effluents at STP-A were 0.2%,
0.4%, and 0.3%, respectively, in January 2014, and 0.4%, 0.6%,
and 0.5%, respectively, in February 2014. The values for TMDS
in the primary, secondary, and final effluents at STP-A were
4.0%, 3.5%, and 4.1%, respectively, in January 2014, and 6.0%,
6.9%, and 4.6%, respectively, in February 2014. In these HDMS
and TMDS contribution calculations, the NDMA molar
formation yields used were 10% and 27%, respectively.' It
has been reported that the primary origin of contaminants
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Figure 5. Temporal varjation of NDMA concentration in water purification process and raw water temperature at WPP-L from October 2008 to

March 2014.

yielding NDMA upon water purification via ozonation in the
Yodo River basin is effluent from STP-A.'”"? On the basis of
the results of the present study, it is concluded that TMCH is
the primary NDMA precursor present in the Yodo River basin.
Thus, far, aquatic TMCH has received very little attention.
However, this study suggests that this chemical unintentionally
becomes the primary causative reactant resulting in a toxic
compound (NDMA) as a product of the water purification
process. Information sharing among the staff of the company
discharging this industrial effluent, sewage systems, and water
suppliers is important for the protection of safe drinking water.
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Abstract

Chlorate and perchlorate are oxidized substances of chloride, and they exist in the form of anions in water and
toxic contaminants that should be controlled, especially in drinking water. To control and minimize the formation of
perchlorate in the water purification process, the formation of chlorate and perchlorate in chlorine generation process
was studied in electrolysis of salt water. Six electrodes with different properties (main components: A: RuO,-TiO,; B:
RuO,-1r0,-TiO,; C: IrO,-Sn0,; D: IrO,-Pt; E: Pt; and F: PbO,) were tested. Electric voltage differed among electrodes
and the generation of chlorate and perchlorate depended on their electric voltage. When electric current is constant,
those electrodes of higher terminal voltage generally showed lower production of chlorine and higher generation
of chlorate and perchlorate. It is noted the electrodes, E: Pt and F: PbO, are prominent in the generation of chlorate
and perchlorate. Therefore, the generation of chlorate and perchlorate should be controlled with the consideration
of electrode material, the especially in on-site generation of hypochlorite, industrial electrolysis, water purification

devices, and hypochlorite generation devices that involve electrolysis.

Keywords: Electrolysis; Hypochlorite; Perchlorate; Chlorate; Terminal voltage

1. &I

KBTI, EHEEE F A AR ORY BB
LENTWAE I EAs, FEERE L THERAIHS
NTWwb, KEHFICI 2L, AEEEERIFEHRHLT
WAHIBEHDH B, 92.6%HHEA L/ RIEEERE S M)
AR (LT, R F /3K HE) T, Tok &,
WHLIIHEARKDELR S (BfE) ITLoTHEEINTV 2,
F 7, ERNOEKE TIEHEEEERE LTHY 3 KREE
BIRIZL o THADP SBBERT H5E0H Y, 54%
FECRG CREXBESROMELHCCERSNAKRE
THdo MAT, EABLEAEEDIZENT, KEK
OB EEFRICL VB LT, BREERLENEE
HZELERELEIN TS,

ERICLDHEE - REREERLISTHIFEHENT
Vb, KPOEILYWELZEILL, REEREZNETLE
RLER T, BRK, Bk, WEK (BREBEETE
SO ENTKEELELLD) 2k, L OEENOE
BARDPFHAESNTVEY, ZT0 LBEAKL L, #k

BREEREIK L7k, BEFMEHE LTk by A
ELEBEECKEEMRL, BEUISEONEKTH S,
AR S NI ATEBRIET, HEEWRE (B2 X 20 ~
60 mg-L™) ICETMEBMEKTHY, RGP AK,
ERENDEEL, BEASENREMEL LTHAS
NTWaBY?, —J, HMEEE~EBEERKISBDIE
fbF Y T AFALESI VD AL LEDERE &L
B, BREEERESEZHEVCERL-KTH D, &
REnzAkiZ, BEBE pH4~6) 2RL, HEDLK
EAFERBEOBRETCEEINS, 0 pH FHE, %
FIEFERE (HOCQ) 2HZLAMCHHATE AHETH Y,
WEICL2BALREADEI YHFCCELY, T/, &
KEEREE LERBEEMRICL VM7 VYV IEKEES
BoOKBWRAER L, EREICEEOREKEMEZSZ &
WL, MEE R REAKAREERT 2 EEL D5,

DX, EAEELKEERT DL EEES - B
HHITH D REEREIERT 255, —E0I3 X H Ik
sh, TEMbiESE, HEIEZERE (Qo,), EEE (C0,),
EIEEE (C10y) ~LEW|T L (Table 1), #¥i2, ER
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Table 1 Reaction of electrolysis of chloride.

Oxidation at anode 2C10

Cl, + H,0
60CI~ +3H,0
2HOCI+ OCI™

Dismutation reaction

Chemical reaction
HOCL+ Cl0;5™
CIO;™+ - OH
ClO; ™+ H,0

Lol

!

Cly+2e”

HOCI+H* +CI”

2CI0; ™+ 4C1™ + 6H¥+ 3/20,+ 6™
ClOs™ +2CI™ +2H*

Clo,~ +CI™ +H'

ClO,” +H +e”

ClOy~ +2H*+2e”

- -Ref(8)

-+ -Ref(8)

-+ +Ref(27)
-+ +Ref(27)
-+ -Ref(27)
-+ +Ref(34)
-+ -Ref(34)

Tt A TOREND LR, BEZBROEEIME
sh, Iho{bEWERD, ZThehiEk EREE
WOEBMICE o TITEEE N TORTWAEY, 2B, &
noomEEEE, EEE BIERRIE, KFTidS A
THETH25, KEKEEEEORIL LG, KRBT
IR REE, R, BIEXREELEET 5.

EEBLAYIE, ERBT MY YL, ERES) T A
ZEORETREECKEZ AL TWS Y, Ki#Ek
FROBBRMO ELRIFIE, KEFORFHEHTHDL I L'
moh, FOEEICXDEK, HBKERKCBI)ARHE
BB N ERRE SN TWE S Y KENESETE
HEBRESINEESE BVRETREBINLZ LD
h, EEEENAEINATWYS Y9, EERIFIREE
Jarfo oo 4 FEHEESCRRBHEZET S50
AR S, R EERE (WHO) SREKKEN A K
G4 T, TOYEFA N4 fEEL LT700 ug-L?
FEOHTWEY, KEREMRET (USEPA) TlIEK
HERE (MCL) BEDTWVZRWVE, #VT+V=7
INBRIZEEREFMA (OEHHA) ¥, RABoOEHOEH
H»o200ug L 0 BEELZH#ERETIERER SN
TwapY, ERNTIE, ARFEREEEES I 55N
R RO % 20T T, 2007 FEORENREEHEDOHIE
T, KEAKEEEBEHICIEESNTWS OKEKEHE
fi#l 1 600 pg L)

BEFEBEW, BEEET T YL, BERR
F U LAEDOERET, iy bR IV A VoHERIO
i, =T7Nv 7, KE, TEX vy FEICAVLRT
Wa W, KERFOBERBEOFLEIEANTHRE SN
TWB 2O, ERNOEE, ERBOBEROBET, 7
RINRIBOEVHIBATHFE L TWA I e HESRT
WA, BIEFEREIL FRBICBITILEIFEORD A
HEIHETHIENDS, 2002 B, KERETHF
I — (NAS) X, BEZEBROSEBAE RM) L LT,
0.7 ng-kgt-day? ZEIE L 2P, MEBRBICEIR
HEWEERY A b (CCL3) ICIEE S, 2008 4E 12
A, USEPA B EERE#EREL LT15pg LT 24
KLY ZoHhLBEFEIIOVWTHEFSZHETTW
b, BIERBEOHFEKFOMOMCL E LT, #U T+
WoTINTIEZ 6 ug- L ®%, =¥ Fa—ty vHTIZ
2ug LT R EDTBY, £OPOMTIE, 1~ 18 pg
LT o#BET, BEFBOBE LAV EREEL TS,
EIPITid, 2009 EE X ) KEKREEEEEDERITE
BizfrEeh, 2010 EE T EEME 25 ug L 255 E
NP, ERESABEERE FAO) L WHO O
FAO/WHO & RIERBNDEMRKBICBVC D, TE
BAME—AERE+ £, BEEELT25 ug' L %
EDTVE D,
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IhET, BRICBITAREQERSHECKH L, BFE
Zfk, BFAERE, ERESOH< LBEIOHBRETH
n, EREC, EEBRCBEEBROAREEICOVWTLIR
HENTE7 Iung 5712, EREXTTL - Mo
B&/F 5> (puTi) BELZAVC 845 pH & (pH
36~90) TC, HBWEELCROEBRFOEEZES
FUBEZBOARSE R L. ZORKE, Eity
EECHFIL T, EZERE BEFREIERLEIE, —
BB pHAREE (pH72~90) T, BEZEMIREL
EEBEEOHFRIRKI o222 &, pHIZZ DHERIZE
BERIZTE 2o/l EEFHE L. Neodo b2, i
KOBMRIIBWT, HER, EFEE SEFEBROTRLIK
BEPERVEEOFFER LI R L. 20k &,
TEE{EVTF = A - ZER{ERA X (RuO,-28n0,/Ti) BAE
EPUTI EBREOLE T, HEREEE RO, 2510,/ Ti &
WO FNED 7225, BEBERUEIEZEBIREL PUTI
EROFEPE, 7L BRL T &, 75704
BEERLLTWVWBILEERT, S5, Tock b2 %
Bergmann 5%, K2 Y F—7% 4 ¥ > F (BDD)
BB TIi B E A\V723546, 512 BDD CHEMNE VB
EEBIER SN EEZHEL TS, MIFVE, F
HNETNRS VT L (Pd) 2HVWCES®BT 5 L HEHE
AL CAERL, HEBRDEBETER SN, ST
DIEET ZADSEFBRITIE, BEMITEE O B R
PR D B VIBEEEAMERMICAER T A TR R L
7zo ThoDZ &, BRESFHICL - CTESE, EE®,
BEZEBROERIIFEZZITEL L, EROBHEIEE
LHRFO—DTHBEIELEERLTVS, LHL, IhF
TRESERE LT—RBUCHVONLEEIIOWVTO
WEHIBEWTH Y, B, REEEHORMYE LT
T A IEER BEEROARICET MRS v,

KBTI, HAKROERICE B RELEKBRICBITS
BIAERWE L COEREBERUEBERBOABEEIZO W
T, BBEORA»P LW T/, Thbb, BRI
BEEE, REHECLERIRBICHVONLELERS
B vr=vas Ru, ¥~ (T, 1YV 9 4 (n),
$8 (Sn), B& (PY), & (Pb) HBHWVIIZDIEWO#
NENBERBBETBEAER] oW THE L,

2. REBHE

2.1 HERUBR

AL THGZZBEAKE, BHAKEEE (Gradient
A10 water purification system ; Millipore $ ) T & 7% L
bR HAW, HALF P Y A GHIEMER S 1
£ BEFEBROZEERTIINFNERICFEE, GFS
Chemicals & % A\ 720 ®0,-BIEZEBF b Y 7 4T,
Cambridge Isotope Laboratories B % v 7z, 2D, #
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BFEE TRV 72 RIS L LT o 72,

2.2 BB

M, HifE, EFEHRA, WIS E LB TR
RIS 2 6 Fili WM % IV Tz FERS O SE AR Tk % it
FBLTWBENL ALy 7 RSO3 58
BOBEREIE L. HEEMOMEE, A LT
=y - LT ¥~ (RuO,-TiOTi), B @ ZHR LV 7
= h = A U T o - LS 4 v (RuO,1rO,-
TiOJTi), C: b4 VYo & - LA L (IrO,~SnO,/
Ti), D: ZE b4 U ¥ & - F4 (I'0,~PuTi), E: 4 (PV
Ti), F: ZHELER (PoOyT) Tdhoize TNHIGHMHE
OB ESINLBEMBIEVERL D, ZOHONEV)
PHEBA~FET 5, BT NS EEOME
L2oix, Mmoo 4 & B L T v AT
WaERI/OTHD. BWIET %AV, HRKTH
BLTHYELMBEH Lz, EflE, 1 em O4EER
DRI, HE4cm, W5 em OO Ea—F 1 7L
725 0T, FHIRAH BT A LR L, B
BiEF20em? TdH o7,
FNENOBRORERIFH P 2R, B A (F
BEST C RuO,-TiO,) &, fied — iy RS FE 582 BUS @
BRETHY, @Tov—FER7ar X, i ER
MV ERSILFERICER ST 5, g B (A
RuO,-1Ir0,-Ti0,) A 4 28y y — FEMA L LT
EE S N7z, WRT AP OBmESHEIE L HoRk6e
DBEEE ENTWb, TOWMOEBEFAEBR T T 1
LIFEHE SN S, B C (JA:1r0,-Sn0,) 13, MEFREET,
FEIE K B O AR A TR U O IE % 2§ 2 & s
BN, EETHBEVERDBLHRL, BREGOBGEE
SNTw5b, BED ([ 1r0,-Pt) &, F& L THMEE
BT T, B TEBRERE S IBILESE2LEE TS
HBEIEATAEET, BREMITEY. TS ER A
~DiE, TEEEEEGE (DSAY: RV 2 L v 7 EHEH
OBFRERE) LEh, BERTIROF 5 v &BEIER L
WCEBEECHEROSERILMEHE2—-F4 7L
THwbsNE, EBWE (A :P) &, E®ED (F : IrO,-
Pt ERBRICEHBEMSECERE SN TWb, BHWF
([ : Pb0O,) &, ZHiTHhsizd, EHHRICETHEYS
RtV UEEICHEVLN, TERICHSOBEE
AuehnTtwaW, BEEFLFF rE2EBEREL
Twbd, BB EFTOEBOMAE XMV EITREN
ToREEAHVWTEY, ARSI~ FTIX A IP-130,
B i JP-202, C & JP-330, D & JL-403, E & JL-510,
FiZIL-701 iCHET2BBZF T FhiERE L9,
BT, EBMEOBRIYMHEICRREIN T 5 %
AT EA2KE, ERICHAVCERICIOWTIE, A
~FC&RLET 5,

2.3 BREMEROEBREFIE
WAREBMERICBI) 5 EBREMHIL, Jung 5P OH
01T, WEBMEENISRESER S Lo ELYiRE
HEkE, BRESFOERBEZREL. EBORER
FBIIBVWTREL BBEEZVAVSh, BEBOI—F 4
YUDEHIZ X o TOBRMENEILT 5720, Bk
BIZR#ETH BT, 2A (B 20 ocm? \23F L 0.1 Arcm®)
DBEERETERMEO~70% L LT, 30gL*LL
L OFEKDOBEET o 125GE, 2 HEABRECEMER
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/A\ Controlled at 2 A
k’_‘/ m
Water volume: 300 mL Q’—/
Anode: Ti
Cathode: A~F
Size: 4 cm X 5 cm \
Water bath
Temperature: 20°C
I —
LSem o
“oh Stirrer - b

Fig.1 Experimental apparatus.

WL LT 10,000 mg L7 & RaAT Z EASTE B &b
L7zo BEKREIEI R A%, 2505 P otk o BEMER
WCBWTH, WAL M) ARE 3%, BRME2A DL
AN TS, REBRTIE, FHEARCEILT Y
% 30 g L7 (EALMIREE 18 gL WCRABIL AR
DOFEMGEAE L, BHEIEBICHW, SEREEOMIE
% Fig. IR0 SEBIE, MEUKE2% 300 mL, KEAH
20C, B 15em DEMHTITo . BIMEIZ2A
TEEL, FEERR, SRR T CHEB LT . &)
Bk, SEERBIIE2*S 5, 15, 30, 60, 90, 120 -#1C
FRICURE Uizo ABKIZIRIE, B2k TF
WL, EFREZNETLEEDIC, Fo—EiXE/iY
ROEER, BEEBREOWERC, Thehryo) —L
BOTAINE ZEEF P A (W IR R)
MU CTHHIETE Lz b1 4 AR s
RN T x ) = EAGIEEE, EEEORISYESE
M TH Y, FHEERECDREZ NS 2
T TH D, EERBIERHT & TRICEE KO pH Zil5E
L7z FEBRE, 2@ EMOELIT- 700

2.4 BIEHE

Y FIEE L, DPD/FASTER THlE L A%, 1k
WkEX, A4 rru< by 57 (1C) ¥k (DX-500;
Dionex &) Tl U7z, HFER, HIEZBIEEZ I1C-
¥ 7 LEESH (MS/MS) i (IC:1CS-2000: Dionex H,
MS/MS : API 3200 QTrap ; Applied Biosystems &) T il
FLY, BEFEBEEONE T, %o, BiEFERS
b AR PIEREREE R & L TH VI 2s MRM (Multiple
Reaction Monitoring (ZERIEE=5 1 ¥ 7)) E— F)
B AE= YY) LIEERIE, EEREN mz83 — 67,
B FEED m/z 99 — 83, 0, B FEEEIT m/iz 107 — 89
Thole TDEE, RABKFOBIIZE B F
LRE %G <7z, BILEEE LT, sF7KiZ OnGuard 11
H—1+Y v AgH (Dionex ) @A L THELWZE B
£ 5, BRKOFREZIT- 7

3. BRRUESR

3.1 EKERICETIREOER

EARBEMRICIBIT 2 ERBEEORHEEILE Fig. 2 125K
To WTFNOERICBEWT S, 2045 HEE CHEIELY
FH 3 g LTAERL, To%b EFERITIZ. 5~ 154
T, EBEICKREZEBERZEIEDOON o/, L
2L, 30 0% BEEPS, EME, FOEZEDAERKIZ
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MOBBICEERTETL, 120 5# T3 2L Eho
720 TR, DSA*EHTH S (RuO,-2Sn0Oy/Ti) EE
EPUTI BB L OB R LHEUDOENR TH » 275,
ARERBTIX, ZTORFIIEERBREILEVIRDONE
Mo lze pH L, FEERFIEIFIL 5S4 ~ 58 DEFTH -7
25,120 0212 89 ~ 93 DEIHICH o7 THOZ LMD
HEIX, REEZEBAL COBETHEELTWEEEL
bo Tz, HEAbMIRIE COHAMEEE - 18g-L7) IIERM &
FIET L7222, 12058 TH 15~ 16g- L O#HEIC
HY, KRELWBEDbLL R oikizd, BRICXZEES
BAhEWEEZ LR,

ETOBRICBWTERMEIFIZIZ—E CTREME/IEV
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Table 2 Terminal voltages at 2A.

Voltage (V) A B C D E F
Initial 54 52 58 55 68 63

Final 57 56 61 58 71 6.7

Mean 56 54 60 57 70 65
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control of trichloramine formation by two-step chlorination

in water purification processes

K. Kosaka, N. Kobashigawa, R. Nakamura, M. Asami, S. Echigo

and M. Akiba

ABSTRACT

Chiorinous odour in drinking water is of great concern in Japan. Some water utilities use
trichloramine (NCl3) as an index of chlorinous odour and are attempting to control its levels in
drinking water. In the present study, the effects of two-step chlorination, involving addition of
chlorine twice, on NCl; control were investigated. The results regarding ammonia (NHy), glycine
solutions and raw waters at water purification plants (WPPs) indicated that NCly-formation potentials
(FPs) were reduced by two-step chlorination when NH; was a primary NCl; precursor and the 1st
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chiorine addition was set at an excess breakpoint (BP). However, no effect on NCls-FP was observed Japan

when the 1st chlorine addition was set below BP. Two-step chlorination was not effective for NCl3
control regardless of the amounts of the 1st chlorine addition when arganic nitrogen compounds
were the primary NCl; precursors. Moreover, the NCls-FPs in raw water with relatively high NH; were

reduced at actual WPPs when two-step chlorination was applied.

Key words | ammonia, chlorination, chlorinous odour, drinking water, two-step chlorination,

trichloramine

INTRODUCTION

Trichloramine (NCl;), formed by the chlorination of ammo-
nia (NHs) and some organic nitrogen compounds (Shang &
Blatchley 11 1999), is one of the major chlorinous odour com-
pounds in drinking water (Tanaka et al. 2010). It was reported
that the odour threshold concentration of NCl; was 20 ug
Clp/L (World Health Organization 20m). Concentrations of
free chlorine and chloramines [monochloramine (NH,CI),
dichloramine (NHCl,) and NCl;] are generally expressed by
weight of chlorine (ug Clp/L) (Standard Methods 2005). In
Japan, some water utilities use NCl; as an index of chlorinous
odour and are attempting to control its levels in drinking
water (Chiba Prefectural Waterworks Bureau 2007; Bureau
of Waterworks Tokyo Metropolitan Government 2012).

The characteristics of NCI; formation in water have
been investigated by several groups (Jafvert & Valentine
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1992; Tanaka et al. 2010). These studies indicated that
reduction of residual chlorine and high pH are viable
options for NCl; control. In addition, two-step chlorination
has been applied for NCl5 control at several water purifi-
cation plants (WPPs) of the Bureau of Waterworks Tokyo
Metropolitan Government (Hosoda ef al. 2009; Shigeeda
et al. 20m). During two-step chlorination, chlorine is added
twice and free chlorine concentrations after the 1st chlorine
addition are set at a slight excess above breakpoint (BP). BP
chiorination is a known process to reduce NHj in water
through the continuous addition of free chlorine (American
Water Works Association 2000). Initially, NH,Cl is formed
by the reaction of NH3 and chlorine, followed by NHCI,, for-
mation (Equations (1) and (2)) (White 1999). The NHCl,
formed is decomposed by several pathways including
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Equations (3) and (4), and concentrations of the sum of free
chlorine and chloramines have a minimum value at BP.
After BP, the sum of free chlorine and chloramines increases
because free chlorine concentration increases with free
chlorine addition. In this region, NCls is also formed by
Equation (5). The concept of two-step chlorination is to
reduce NCl5 formation after the 2nd chlorine addition by
promoting NHCIl, decomposition through the reaction of
Equations (3) or (4) (Tanaka ef al. 2010). However, there
have been few studies regarding the characteristics of two-
step chlorination.

NHs + HOCI — NH,Cl + H,0 1)
NH,Cl + HOCI — NHCl, + H,0 @)
2NHCl, + OH™ — Ny + 2H" + 3CI” + HOCI 3)
2NHCl, + OH™ — NO + 3H* +4Cl™ @
NHCI, + HOCl — NCl5 + H,0 ®)

In the present study, NCls-formation potentials (FPs) by
one- and two-step chlorination in model solutions containing
known NCl; precursors and raw waters at WPPs were com-
pared to investigate the effects of two-step chlorination on
NCl; control. In addition, the effects of the amounts of the
1st chlorine addition of the two-step chlorination were exam-
ined. Moreover, profiles of NCI5-FPs at actual WPPs both
with and without two-step chlorination were compared.

METHODS
Reagents and solutions

Ultrapure water used was prepared with a Gradient A10
ultrapure water system (Millipore, Bedford, MA, USA).
1,1,2-Trichloroethane-ds (TCA-ds) was purchased from
Cambridge Isotope Laboratories (Andover, MA, USA).
Sodium hypochlorite (NaOCl; Tsurukuron TW) was
obtained from Tsurumi Soda (Yokohama, Japan). Standard

NCl; solution was prepared from NaOCl and ammonium
chloride solutions by the procedures described previously
(Shang & Blatchley I1I 1999; Kosaka et al. 2010). The NCl;
concentration in the standard solution was determined by
titration using N,N-diethyl-p-phenylene diamine and ferrous
ammonium sulphate (Standard Methods 2005).

Test of NCI;-FPs

Raw waters at eight WPPs (WPP-1 to WPP-8) were collected in
September and October 2011. The eight raw waters were col-
lected again in January and February in 2012, except for that at
WPP-3. Instead, raw water at WPP-3' was collected using the
same lake water as the source. The raw water at WPP-4 was
also collected in July 2011. All of the raw waters were surface
water and were filtered with glass filters (GF/F; Whatman,
Springfield Mill, UK) and the filtrates were used for the exper-
iments. The water qualities are listed in Table S1 (available
online at http://www.iwaponline.com/ws/014/017.pdf).

The scheme of the test of NCl5-FPs consisted of one- and
two-step chlorination and is shown in Figure S1 (available
online at hitp://www.iwaponline.com/ws/014/017.pdf).
Model solutions and the raw waters at WPP-1 to WPP-8 were
used for this part. In some cases, 0.1 mg N/L of NH; was
added to the raw waters before the tests. NH3 solutions (0.05
and 0.1 mg N/L) were used as model solutions because the con-
cept of two-step chlorination is to reduce NCl; formation by
promoting NHCl, decomposition (Tanaka et al. 2010).
Glycine solution (0.1 mg N/L) was also used as a model sol-
ution because glycine is a typical organic nitrogen compound
known as an NClj precursor (Shang & Blatchley 1999).

The one-step chlorination test was similar to the pro-
cedures for testing FPs of chlorination by-products (Japan
Water Works Association 20m). The experimental con-
ditions were as follows: reaction time, 24 h; free chlorine
concentration at 24h, 1.0+ 0.2mg Cly/L; pH, 7 (1 mM
phosphate buffer); temperature, 20°C. A blank solution
was prepared by addition of chlorine to phosphate buffer
under the same conditions as those of the samples. NCl;
concentration in the blank solution was around 20 pg Cl,/L.

The two-step chlorination test was also conducted at pH
7 prepared with 1 mM phosphate buffer at 20 °C. Firstly, the
1st chlorine addition was performed for each sample at
three different doses based on the residual chlorine
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concentration after 30 min. For the slightly greater-than-BP
condition and the greater-than-BP condition, free chlorine
concentration after 30 min was set at around 0.1 and 0.5 mg
Cl,/L, which were designated as B (BP +0.1) and C (BP+
- 0.5), respectively. For the less-than-BP condition, the chlorine
dose was half of B (BP + 0.1), which was designated as A
(<BP). After 4 h of the 1st chlorine addition, chlorine was
added again (2nd chlorine addition) so that the free chlorine
concentration after 24 h of the second chlorine addition was
1.0 = 0.2 mg Cl,/L. The duration of the 1st chlorination was
set to 4 h to simulate the general hydraulic retention time
from pre-chlorination to sedimentation/sand filtration at
WPPs. The blank solution was prepared by one-step chlori-
nation of 1 mM phosphate buffer as described above.

The NCls-FP was the difference in NCl; concentration
between sample and blank solutions. In figures on the results
of NCl5-FPs, their standard deviations are also shown as error
bars (see ‘Results and discussion’). In many cases, the stan-
dard deviations were based on the repetitions of NCls
analysis alone. However, in some cases, the standard devi-
ations contained the repetitions of the tests of NCI5-FPs.

Profiles of NCl;-FPs at water purification plants

Raw and processed waters at WPP-9 and WPP-10 were col-
lected in February 2011 and in December 2011 to February
2012, respectively. These two WPPs employed rapid sand fil-
tration with advanced purification processes (ozone/
biological activated carbon (BAC) processes). At WPP-9
chlorine was added only after BAC treatment. Raw water,
waters after sedimentation, sand filtration, ozonation, and
BAC treatment were collected from the WPP. In contrast,
chlorine was added twice in the treatment train at WPP-
10: chlorine was added at the settlement reservoir for
NCls control at a slight excess above BP, and after BAC
treatment to ensure residual chlorine (Shigeeda et al. 20m).
Raw water before chlorination and the waters after ozona-
tion and BAC ireatment were collected from the WPP.
The water qualities of the samples are summarized in
Table S2 (available online at http://www.iwaponline.com/
ws/014/017.pdf). Raw waters at WPP-9 and WPP-10 had
relatively high levels of NH3 (>0.1 mg N/L). Unlike the
experiments on NCl5-FP after two-step chlorination, the
samples were not filtered to evaluate the change of NCls-FP

during the process. The procedures for testing of NCls-FPs
were the same of those of one-step chlorination described
above. Note that residual free chlorine at 24 h in the water
after ozonation on 21 February 2012 was 1.3 mg Cl,/L. Phos-
phate buffers (pH 7) used for the samples of WPP-9 and
WPP-10 were 6 and 1 mM, respectively.

Analysis

NCl; concentration was determined by headspace gas
chromatography with mass spectrometry (Agilent 6890/
5975C; Agilent Technologies, Palo Alto, CA, USA)
(Kosaka et al. 2oro) with an HP-1MS capillary column (0.25
mm X 15m, 0.25 um; Agilent Technologies). TCA-ds was
used as an internal standard. The values of m/z for quantifi-
cation were 51 for NCl; and 100 for TCA-ds. The limit of
quantification of NCl3 was 15 ug Clp/L. Analytical methods
of other water quality items are described in Supplementary
Material (available online at http://www.iwaponline.com/
ws/014/017 pdf).

RESULTS AND DISCUSSION

Effects of two-step chlorination on NCI;-FPs in model
solutions

Figure 1 shows the NCl5-FPs of NH5 solutions (0.05 and
0.1mg N/L) and glycine solution (0.1 mg N/L) from

300 [ 0DOOne-step

aTwo-step [B (BP+0:1)]

aTwo-step [A (< BP)]
& Two-step [C (BP+0.5)]

250

NCI-FP (ng Cl,/L)

N

NH3 (0.1 mg NAL)

NH3 (0.05 mg NiL)

Glycine (0.1 mg N/L)

Figure 1 ] Effects of two-step chlorination on NCi5-FPs in NH; solutions (0.05 and 0.1 mg
N/L) and glycine solution (0.1 mg N/L).
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one- and two-step chlorination. The NCI;-FPs in 0.05 and
0.1 mg N/L of NH; solutions from one-step chlorination
were close to those from two-step chlorination of A (<BP).
NH,Cl and NHCI, were present after 4 h of the 1st chlorine
addition of A (<BP), but NH,Cl was dominant. The sums of
NH,Cl and NHCI, of 0.05 and 0.1 mg N/L of NH; solutions
were 0.24 and 0.44 mg Cl,/L, respectively. On a nitrogen-
weight basis, these values (i.e, 0.047 and 0.086 mg N/L,
respectively) were almost identical to the initial NH;5 con-
centrations. Since NHj;, NH,Cl and NHCl, are NCl;
precursors (reaction (1), (2) and (5)), it was considered
that in the case of A (<BP), the amounts of the NCl; precur-
sors did not change until the 2nd chlorine addition and the
NCl5-FPs were similar to those from one-step chlorination.

The NCls-FPs of NHj; solutions from two-step chlori-
nation of B (BP+0.1) and C (BP+ 0.5) were lower than
those from one-step chlorination. After 4 h of the 1st chlorine
addition of B (BP + 0.1) and C (BP + 0.5), levels of the sums
of NH,Cl and NHCI, were much lower than initial NH; con-
centrations. These results indicated that the amounts of the
NClI; precursors decreased prior to the 2nd chlorine addition
(e.g., reaction (3) or (4)) to lead to lower NCl5-FPs. As for the
difference between NCI5-FPs of B (BP+0.1) and C (BP+
0.5), those of C (BP+ 0.5) in both 0.05 and 0.1 mg N/L of
NH; solutions appeared to be slightly greater than those of
B (BP+0.1). The residual free chlorine level of C (BP +
0.5) of 0.05 mg N/L of NHj solution after 4 h of the 1st chlor-
ine addition was higher than that of B (BP+0.5) (i.e., 0.03
and 0.58 mg Cly/L, respectively). It is implied that the reac-
tions (3) to (5) are competitive, and NHCI, is likely to be
transformed into NCl; at higher free chlorine concentration.
That is, the 1st chlorine additions of C (BP + 0.5) in NHj sol-
utions were probably in excess, and, as a result, the NCl3-FPs
of C (BP + 0.5) were greater than those of B (BP 4+ 0.1).

On the other hand, for the glycine solution, NCl5-FPs
from one-step chlorination, A (<BP), B (BP+0.1) and C
(BP + 0.5) were similar. Na & Olson (2006) reported that
when free chlorine was present in excess, glycine was trans-
formed into N-chloroglycine and N-chloroglycine was
further transformed into N,N-dichloroglycine. From the
N,N-dichloroamino functional group of N,N-dichloroglycine,
NH,Cl was formed as one of the transformation products
after several reaction steps, followed by NHCl, and NCl;
formations through reactions (2) and (5).

For A (<BP), the glycine concentration was greater than
the chlorine dose and was partially transformed into N-
chloroglycine. N-chloroglycine was relatively stable in the
absence of free chlorine (Na & Olson 2006). Thus, the
amounts of NCl; precursors did not change until the 2nd
chlorine addition, and the NCI;-FP did not decrease.
Under the conditions B (BP+0.1) and C (BP+0.5), the
chlorine dose was higher than the initial glycine concen-
tration. Considering the results of NHj solutions, it is
reasonable to expect lower NCl5-FPs if there was sufficient
time for the formation and decomposition of NHCI, prior
to the 2nd chlorine addition. In other words, 4 h of the 1st
chlorination was not enough for these reactions, and the
NCI5-FPs did not decrease by two-step chlorination.

Effects of two-step chlorination on NCI;-FPs in raw
waters at WPPs

In this section, the effects of two-step chlorination on
NCI;-FPs in raw waters at WPP-1 to WPP-8 were evaluated.
Considering the results shown in Figure 1, two-step chlori-
nation of A (<BP) was not conducted. The NCl5-FPs by one-
step chlorination were 22-87 pg Cl,/L in September and Octo-
ber 2011 and 7-120 pg Clo/L in January and February 2012
(Figure S2, available online at http://www.iwaponline.com/
ws/014/017 pdf). The Wilcoxon signed-rank test, a nonpara-
metric test, suggested seasonal variations of NCl5-FPs: NCls-
FPs in January and February 2012 were significantly larger
than those in September and October 2011 (probability (P)
<0.05). The NCI5-FPs of WPP-3 and WPP-3' were excluded
from the Wilcoxon signed-rank test because the points of
their water intakes were different. NH; levels in raw waters
in January and February 2012 were higher than those in Sep-
tember and October 2011. Thus, the larger NCl;-FPs in
January and February 2012 could be due to the higher levels
of NCl5 precursors in the water.

Two-step chlorination under the conditions B (BP 4 0.1)
and C (BP+0.5) were effective for some raw waters on
NCl;s control. The general tendency was that the effects of
two-step chlorination were observed in the raw waters with
relatively high levels of NH3. To further confirm the difference
of the NCl5-FPs among the three groups (i.e., one-step chlori-
nation and two-step chlorination of B (BP + 0.1) and C (BP -
0.5)), the Friedman test, a nonparametric analysis of variance,
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was performed. The data set for this analysis included NCls-
FPs in raw waters after the addition of 0.1 mg N/L of NHj
at WPP-4 in July 2011 and WPP-1, WPP-4 and WPP-5 in Sep-
tember and October 2011 (Figures S3 and S4, available online
at http://www.iwaponline.com/ws/014/017.pdf) (note that
for the raw water at WPP-4 in July 2011, the NCI5-FP from
two-step chlorination of A (<BP) was also included as the
NCI5-FP of A (<BP) was similar to that of one-step chlori-
nation like the case of NH; solution (Figure 1)).

The number of samples of raw waters was 20 and the
samples were categorized into three cases based on their
NHj; levels: NHs level <0.02, 0.02-0.05 and >0.1 mg N/L
(there were no raw waters with NHj3 level of 0.05-0.1 mg
N/L). The numbers of the raw water samples with NHj3
levels of <0.02, 0.02-0.05 and >0.1 mg N/L were 5, 8 and
7, respectively. In the cases of <0.02 and 0.02-0.05 mg N/L
of NHs3, the NCls-FPs from one- and two-step chlorination
were not significantly different (Figure 2). For these cases,
other compounds (i.e, organic nitrogen compounds)
seemed to be the primary NCl; precursors. For the
NCI5-FPs reduction, sufficient time would be required for
the formation and the following decomposition of NHCI,
prior to the 2nd chlorine addition as was discussed in the
reaction with glycine (Figure 1).

On the other hand, in the case of >0.1 mg N/L of NH;,
the NCI5-FPs among the groups (one-step chlorination and
two-step chlorination of B (BP+ 0.1) and C (BP + 0.5)) were
signiﬁcantly different (P < 0.01). The Bonferroni test was sub-
sequently performed as a post-hoc test to investigate which
pairs of the three groups were different. The NCl5-FPs from
one-step chlorination were significantly different to those

from two-step chlorination of B (BP +0.1) and C (BP + 0.5)
(P <0.01), indicating that NH;z was a main NCl; precursor
of this case (>0.1 mg N/L of NHj3). Thus, it was found that
two-step chlorination was effective for NCl; control when
NH; is the primary NCls precursor in raw water.

No significant difference was observed between the
NCl5-FPs of B (BP + 0.1) and C (BP + 0.5) by the Bonferroni
test. This tendency was different from those of NHj3 sol-
utions (Figure 1) although the results of the NHj3 solutions
were not statistically evaluated. One possible reason for
these results were other constituents in the raw waters. As
described in the previous subsection, reactions (3) to (5)
are competitive, and NCl; formation proceeds at higher
free chlorine levels. Raw waters generally contain other con-
stituents reactive to chlorine than NHj3, and the chlorine
levels in raw waters after 4 h of the first chlorine addition
tend to be lower than those in NHj solutions. Thus, free
chlorine of C (BP + 0.5) in raw waters was not preferentially
used for NCl; formation through reaction (5) after 4 h of 1st
chlorine additions.

Profiles of NCI5-FPs in water purification processes

To confirm the effects of two-step chlorination on NCls-FPs
in actual water purification processes, profiles of NCl5-FPs
in raw waters with relatively high NHs were investigated
at WPP-9 and WPP-10. Chlorination processes applied at
WPP-9 and WPP-10 were one- and two-step chlorination,
respectively (see ‘Methods’).

The NHj level and NCI3-FP in raw water at WPP-9 were
0.14 mg N/L and 140 pug Cly/L, respectively (Figure S5,

(a) 200 (b)200 (c) 200
150 | 150 150 | _
g (n=5) | 2 (n=8) | (n=17)
o 5 %
= = =
=100 =100 o 100
a. a. o
s i %
o s
g g 2
50 e 50 — 50 r
I —
L_[_i ®
e 0
0 ' ' 0 " " Onestep  B(BP+0.1)  C(BP+0.5
One-step B(BP+0.1)  C (BP+0.5) One-step B(BP+0.1)  C(BP+0.5) ne-step ( -1 (BP+0.5)

Figure 2 | Effects of two-step chiorination on NCi3-FPs in raw waters with NH; levels of (a) <0.02, (b) 0.02-0.05 and (c) >0.1 mg.N/L at WPP-1 to WPP-8 [closed circle, value of < (25
percentile - 1.5 xinterquartile range) or > (75 percentile + 1.5 x interquartile range)].
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Figure 3 | Profiles of NCl;-FPs and NH, at WPP-10 (*: no data).

available online at http://www.iwaponline.com/ws/014/
017.pdf). NHj decreased gradually during the water purifi-
cation process, but the level in water after BAC treatment
was still 0.08 mg N/L. Because of the low removal of the
NCl; precursors, the NCls-FP did not change during the
water purification process (e.g., NCI;-FP in water after
BAC treatment, 130 ug Cly/L) (Figure S5).

Figure 3 shows the profiles of NCI5-FPs at WPP-10. NH5
levels and the NCl3-FPs in raw waters were 0.16-0.47 mg N/L
(Figure S6 and Table S2, available online at hitp://www.
iwaponline.com/ws/014/017.pdf) and 67-170pg Cly/L,
respectively. In many cases, the NCl;-FPs in raw waters effec-
tively decreased in waters after ozonation. NHj levels in
waters after ozonation at WPP-10 were mostly <0.02 mg N/L
(Figure S6 and Table S2), and were much lower than that at
WPP-9 (Figure S5). Thus, it was assumed that the reduction
of NCl;5-FPs was due to chlorination at the settlement reservoir.
It was confirmed that the two-step chlorination was effective
for NCl5-FPs reduction at the actual WPP when the NH;5
level in raw water was relatively high.

CONCLUSIONS

(1) NCl; precursors were ubiquitous in raw water. NCl3-FPs
in raw waters with higher NH; were generally higher.

(2) The results of the NCIs-FPs in NH; solutions and raw
waters at WPPs indicated that two-step chlorination of
which the 1st chlorine addition was above BP was effective
for NCl; reduction when NH; was the primary NCls pre-
cursor. On the other hand, two-step chlorination was not

effective for NCl; reduction when organic nitrogen com-
pounds (e.g., glycine) were the primary NCl5 precursors.

When chlorine was only added at the final stage of treat-
ment, the NCl3-FPs in the raw water with relatively high
NH; did not change markedly during water purification
processes. When chlorine was added at a slight excess
above BP at the initial stage of the treatment, the
NCl5-FPs markedly decreased during water purification

—
&)
~

processes.
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