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EFFECTS OF CONDITIONS OF TWO-STEP CHLORINATION ON
TRICHLORAMINE FORMATION POTENTIAL

Koji KOSAKA, Keisuke FUKUDA, Mari ASAMI, Shinya ECHIGO and Michihiro
AKIBA

The effects of types of water (raw waters and walters after sedimentation-coagulation at water purification
plants) and conditions of two-step chlorination on trichloramine formation potentials (NCl:-FPs) were
investigated. Like the cases of the pervious study, the effects of two-step chlorination were observed when
ammonia was a main NCl; precursor in waters. The reduction of NCI3-FP by two-step chlorination in both
raw waters and waters after sedimentation-coagulation was shown and the difference was not observed for the
reduction of NCl3-FP by two-step chlorination. It was shown that several hours were required until second
chlorine addition for NCl3-FP control. As for pH (6-8) until second ehlorine addition, pH 7 was the highest for
NCI3-FP control. The effects of two-step chlorination on trihalomethane (THM)-FP were low regardless of
types of waters and chlorination conditions.
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ABSTRACT: N-Nitrosodimethylamine (NDMA), a potential human
carcinogen, is known to be a disinfection byproduct of chloramination
and ozonation. NDMA is formed during ozonation at water purification
plants in the Yodo River basin, a major drinking water source in western
Japan. An NDMA precursor, 1,1,5,5-tetramethylcarbohydrazide (TMCH)
was identified in sewage containing industrial effluents via ultrahigh
performance liquid chromatography—tandem mass spectrometry, and
ultrahigh performance liquid chromatography—time-of-flight mass spec-
trometry, as well as nuclear magnetic resonance spectroscopy. The mean of
the NDMA molar formation yield of TMCH upon ozonation in four water
matrices was 140%. TMCH removal was low during biological treatment
processes at a sewage treatment plant. The mean TMCH contribution to
total NDMA precursors upon ozonation of the primary, secondary, and
final effluents of the sewage treatment plant in January and February of

2014 was 43-72%, S1-72%, and 42—60%, respectively, while the contributions of 4,4’-hexamethylenebis(1,1-
dimethylsemicarbazide) and 1,1,1’,1'-tetramethyl-4,4'-(methylene-di-p-phenylene)disemicarbazide, two other known NDMA
precursors, were limited to 0.6% and 6.9%, respectively. Thus, TMCH was identified as the primary precursor yielding NDMA

upon ozonation in the Yodo River basin.

INTRODUCTION

N-Nitrosodimethylamine (NDMA) has been identified to be
potentially carcinogenic to humans by the International Agency
for Research on Cancer' and the Integrated Risk Information
System (IRIS) of the United States Environmental Protection
Agency (U.S. EPA).? IRIS lists> the 1075 lifetime excess cancer
risk of NDMA in drinking water as 7 ng/L. The public health
goal for NDMA in California was set at 3 ng/L by California’s
Office of Environmental Health Hazard Assessment.® The
World Health Or§anization’s NDMA guideline for drinking
water is 100 ng/L.” NDMA was selected as an item for further
study in drinking water regulations in Japan, and its target value
was also set at 100 ng/L.>

NDMA has been reported to be a disinfection byproduct of
chloramination,®"® and has been found in drinking
water.%#10"12 NDMA has also been reported to be a byproduct
of ozonation,®”'*'* and has been reportedly formed durin
ozonation at water purification plants (WPPs) in Germany,
and in the Yodo River basin, a large water source in western
Japan,'®7 from a variety of precursors. In the former case, the

ications  © 2014 American Chemical Society
7 ACS Publicatior

NDMA precursor was N,N-dimethylsulfamide (DMS)."* DMS
is a transformation product of tolylfluanide, a fungicide, with an
NDMA molar formation yield of 52%.'> Bromide can act as a
catalyst in NDMA formation from DMS during ozonation.'® In
the latter case, various NDMA precursors were found to be
present in some of the effluents of sewage treatment plants
(STPs) located upstream of the WPPs.'"%** For instance, two
antiyellowing agents, 4,4’-hexamethylenebis(1,1-dimethylsemi-
carbazide) (HDMS) and 1,1,1’,1'-tetramethyl-4,4'-(methylene-
di-p-phenylene)disemicarbazide (TMDS), were found in the
influent of one STP in the Yodo River basin.'® Other studies
have reported that some N,N-dimethylhydrazino functional
group—contajnin% compounds are strong NDMA precursors
upon ozonation, **' and both of these compounds have such a
group (NDMA molar formation yields of 10% and 279%,
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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,
US.A.) or Wako Pure Chemical Industries Ltd. (Osaka,
Japan). NDMA-ds 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
Chemiecal 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, U.SA.) or a Milli-Q Integral § 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 (PTEFE)
membranes (10 pm, 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-21S;
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, US.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 SI.

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, 3C NMR, and 'H~**C 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 (i.e, 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 tertiary-butyl
alcohol (TBA), a known hydroxyl radical scavenger.z3 Details of
these ozonation conditions are also given in the SIL

Measurement of NDMA, TMCH, HDMS, and TMDS.
NDMA concentration was determined using UHPLC—MS/MS
or gas chromatography (GC)—MS in chemical jonization 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 [NDMAJ,
[TMCH], [HDMS] and [TMDS] can be found in the SL
Other analytical methods employed to analyze the water
samples are also described in the SIL

B 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 (£7.1) 672
SW-5 <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
those 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 (Figure 1). Differences in the

47l i

40 SW-6-1
Effluent from
Facility-X
23
SW-6-2
26000
€ SW-6 <€— SW-6-4 <«— _SW-6-3 D
O O O
6.2 8.1 5.0
2800 5400 56
18 NDMA concentration
75000 before ozonation (ng/L)
Results of different NDMA concentration
sampling day after ozonation (ng/L)

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-I. It was reported that HDMS and TMDS were
present in the fractions at 13.5—14.5 and 14.5—15.5 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-
I 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 °CJ.

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 83, respectively), both had an alkyl reversed-phase. It
was presumed that the retention time of the NDMA precursors
in Fraction-l in UHPLC~MS/MS was slightly longer than 4.8
min. Fraction-I 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—TOF/MS under the same
UHPLC conditions (gradient conditions (1) in SI Table $4),
the signals at m/z 147 and 239 were found to originate from
different compounds.”” The molecular formula predicted by the
UHPLC—TOFE/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 groups transformed into NDMA in high yield
upon ozonation.">***! The retention time of the m/z 147 peak
of Fractionl (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 S4) agreed with that of an authentic sample of TMCH
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Figure 3. Total jon 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 S3). 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
3 o]
HeC. W T W CHs
/N..MN...MC.... N
I~~I3C1 2 {CHy
Authentic Fraction-1 Authentic Fraetion-|
No. "
e et H 'H”
t 4824 BRI 254 254
2 130,45 =

“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-
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~TOE/MS,** and NMR showed that the 1/
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 ug/L), the TMCH concentrations in the samples in
the absence and presence of TBA were 13 and 14 pg/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
S5). 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 SS, 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 1449%
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),”* 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 nearly
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.19 It
has been reported that the primary origin of contaminants
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Figure S. Temporal variation 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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NDMA, TMCH, HDMS, and TMDS during ozonation of
primary, secondary, and final effluent from STP-A in February
2014 (Figure S7); and temporal variation in NDMA
concentration at WPP-M (Figure S8). This material is available
free of charge via the Internet at http://pubs.acs.org.
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Generation Characteristics of Chlorate and Perchlorate in Electrolysis of Salt Water Using
Six Anodes of Different Materials
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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:
RuQ,-Ir0,-TiO,; C: Ir0,-Sn0,; D: IrO,-Pt; E: Pt; and F: Pb0,) 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

K L7z, EFMHBIA & L THEAE T b A

rOBEUCKREZEMRL, BGEAILSHELNDLIKTH D,

RAHEBR & L CREAVSAVDS

ARk S M7z EIRYEC, B WIRIE (Bl 21320 ~
60 mg-L") IZELRBREIKTH Y, TRV AR,

NTW5, KEMIVICEBE, KEBESEIFEHLT
WBEEHDOI L, 926%H WA L RIEEERF b Y
LR (WU, REEZER T /3R E) T, ok,
KHEIIEAD BRI (BIR) IS X o THEEIN TV S,
T/, EROEKE TIEREESHE LTHYSRIESY
BIRIC L o THADPSHBERT 2HEHDY, 54%
BECHS TRERBERSREL VW TER IS KHE
THhb, AT, EAERLEKE>DIZBWT, KEK
Rt A ERIC I VELL T, BREEFERENSE
L EDERLENT YA,

BIRICLA2WE  BHEEAELR LA THHEAEINT
Wb, KoEtE 2L, BEEREZARETLE
RALEECIE, BBk, BHUK, Tk (BRBLEETE
EoMENTKREEDLERDD) L, ZLOEHEOE
BARPFIHENT VB Y, 05 LREMK &, Bk

EMRMDAREE, RERANEBREMEL LTHBEE
nTwap ", —J5, WEBRE~BBREEFRKISEOE
AFrU YL FEREAI Y Y2 EPBOERE &K
BikE, EEMEERES2HWCEMLIKTH B, 4
BENzKIE, FEEME (pH4~6) ZRL, HWEDK
EARPERABEDORETEENS, 20 pH#FIE, ®
HiEHERE (HOC) 2#&DAMFHATEZHATHY,
WEICL LB LBREYENBFETELY, T4, B
KEBEREE VERBEER I V7T VA ) EkEEE
Bk AR L, ARBICHBOFEBKEMZLZ E
&b, w@ﬁmﬁf%@m@ﬁ%émﬁé%A%%%o
DN, B EELKEBERT S LIHEH -
ﬁ%f%%&ﬁfﬁ&ﬁiﬁﬁéﬁ,4%@56L&ﬂ
n, TEMUIESE, EEZEE (o)), EEE (o)),
WEIEFEE (Cl0,7) ~&ZE#d % (Table 1), 45i2, EiF

d IR E R A AR RN R B R BT e SR T 351-0197
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Table 1 Reaction of electrolysis of chloride.

Oxidation at anode 2C1~

Cly + H,0
Dismutation reaction 60C1™ +3H,0
2HOCL+0C1™

HOCI + CIO;~

Chemical reaction

Cloy™+ - OH
ClOy™+ H;0

Lor

!

1

Cly +2e”

HOCI+H* +CI™

2C10;™+4C1™ + 6H ™+ 3/20,+ 6e~
ClO;™ +2C17 +2H"

Clo;~ +CI7 +H'

CIO,~ +H +e™

ClO,™ +2H"+2e”

TReR®)
-+ +Ref(8)

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

T A TOREED HEER, BEEBOLEI HBE
qh, LA YWEED, FRENEK, EEEE
WOBBIZE o TIREEMTOALTWEY, B, &
NoOMHEERE, EFREE BIEERBE, KPTIEAF Y
TS % 2%, AKEAKERESEORE L b, KT
GHIEREE, ERW, AERRLERT 5,

EEBLAWIE, BEEBEF M)y LA, EBEBES YT L
HEOBEETHEBERAEEICHCLNR TV A9, Kk
PO OF R, KEFORHMYTH S T L8
moh, FoOEBEICLDEK, HAREKCEBITAMEE
BIME N EARE SN TWBE Y, RENSHRTE
HMHRATE S BT, BVBETHRESNSE Z L4
D, EEEESE XN T WS Y0, HEEIT PRI
Jarho o 4 FEEE S-S HRREEZET 32580
AR S A, MR ERERE (WHO) SBIAKEY A K
SA4UTIE, FOUEFA FI4 /fEE LT 700 ug L™
FEOTAHY, KRERBEMRIET (USEPA) TIIEKX
HAAIEE (MCL) BEDTWRWA, AU T7+V=7
JHERBS (i BE S2E AR (OEHHA) X, B FEOH
EA 5200 pgr Lt o BEMEHERT SERADEHIN
TwaY, ERTE, NEREMREERERCLL2HFH
FEARE L1 & ST T, 2007 SRS KB AR T ILHE DS IE
T, REKREFEEHIEEINTWS CEKREHRE
fi 1 600 ug LYW,

HIEFEER AW, BEEBRT e v A, RIEEER
F )y AEBORRET, Ty y bR IV LVoHEERD
flh, =7 3597, K3 K v FEIHAVLERT
WA, KREKFOBEZBOFEIENSTHRES N
TWa %3, EROBHE, LBOSERERORET, F
RINFIRDILEVEHATEELTWS 2 EPHESINT
WHA SEEREE, FARBICBITZ LD EOHD A
AEUH G B L5, 200542 B, KERETHF
31— (NAS) &, BEXREBozRBEHE RM) L LT,
07 pug-kgt-day ZEIE LAY, HEBRBKICEIK
HE W EEBY AN (CCL3) e Sh, 2008 4 12
H, USEPA W EMBERSREL L TI15ugl’ 24
#£1LY? ZoBLEAHFELCOWTHREZEETTY
5o WIEFERBMOMKEAKFOMOMCL E LT, #Y T
Vo7 TREReug LM PR, v Fa—ty vMNTIE
2pg LT EREDHTEY, HOrOMTIE, 1~ 18 g
L Ofi T, BEEBROBELARNVEREL TW,
ENTIE, 2009 4E B & 0 sk B K 2 8 B o AR ST IE
H#e & M, 2011 £ HAE{E 25 pg L 23R8
ah2?, ERESABAERE (FAO) & WHO @
FAO/WHO & FE&RINPWEMRERIIBVWTD, TE
BRWA— HEMEL L, BEEL LTS ng L %
EHTWD 9
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INFET, BMCBTREBOAREE L, EF
&M, BREE BEEESORL 2EBA»OBEMTH
N, RIS, EFERPEEFEBROARFEICOVWTLR
HENRTE Jung 5713, BREXRTIL—- MO
B& /5% (PuTi) BEZHEWCT, £E45 pH 4 (pH
36 ~90) TT HItWErELKOBBRFOEZERES
JUBIEREROAREEERE L. T0ER, LY
WEICHAI LT, ERE, BEEBPERLCE, —
R 72 pHIREE (pH 72 ~9.0) Tid, BIEFMIBEE &
EEMBEORBIE o2 b, pHIZZ OREICH
BERITE R o722 L 2WE L7 Neodo 52%, #
KOBIIB VT, EFE, HEFER BEFBRCITRLK
BAMBECBEDFVWER LI EER LA, DL E,
ZER bV T = - ZEE R X (RuO, 28n0,/Ti) EE
& PUTI BB O BT, EFEIBEIT RuO, 2Sn0,/Ti &
O FASE Do 7o, EEE K OBIEFEER IR E 1L PyTi
BROFVEP -/ L BRI, [T X, 7 &
BRERELELTWDLIEZRT, &5, Tock 52 %
Bergmann 51, K0 ¥ F—7 ¥4 ¥ %> F (BDD)
TR Ti B EZ AV 723E&, 5512 BDD THRIEME VA
WHEBIER SN L EZRELTWE, M3, &
BRETRT VYA (Pd) ZHWCHSWMT S LHIHE
PEIEL CAERL, EEBRDEMCTER SN, MEET

DR AOFEZERTE, BIIEIEROE Tl

A b B VBIERBRAMERNICER T AR e L
7o INHLDOZ I, BIRSFMI L o THEE, HEMR
BIEFEBOERIIBEEZ ST L, BROBEHIIESE
TERFO—DOTHAEIELEZRLTWE, LL, IhE
TREHGER & L T—RGICHV SN BRIZONWTD
HENXRENTH D, $iC, RESEERORMSE LT
T HIEREE, BIEFERRBROERICET 5 MAIZS v,

ARFZE T, HARDEMC L D REARBREICL TS
BlARY & U COERBERCBEFEBROLFEEIZO N
T, BBREOHEAPOREF 2T o/, T2bb, HE,
WML, REREPEMLIRICBVONLELTEME
B (vr=v2a Ru), #4> (T, 41V IY 74 (),
8% (sn), H& (Pv, $ (Pb) H2VIZOLEYHDOZ
NENBEME REEM] ISoWTHRL .
2. EBAE

2.1 HERUER

AR THW/BEAE, BHKEEEE (Gradient
A10 water purification system ; Millipore # ) T H# 5 L
b oEREVz, HLF MY Y AR MERE R
T, BEZFBOBERIIENENER/LFEE, GFS
Chemicals % H W72, B0, - BEFEBEF b 7 21,
Cambridge Isotope Laboratories $# % i\ 72, £ DM, #
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WK IR & % SRR R UNBIE SRR o A R & A B B3 5 MET

e TRV RIBIZERUETH - 72

2.2 B

BkRid, IR7E, EERL, REERLE2EM TR
BHHT B 6 RO BHE & V2o EEDEESSEERE M
BWLTWANI A Ly 7 BEBRRSHIGEOR L2 E
BOBEEFRELZ. SEBOMEE, A ZBEVT
= A - ZE LT ¥~ (RuO,-TiO,/Ti), B : ZEbLIVF
= A - b4 U VU A - 2T ¥ (RuO,-IrO,-
TiO/Ti), C: B4V V7 & - ZEILA X (IrO,~SnOy/
Ti), D: b4 VU ¥ 4 - B (Ir0,-PyTi), E: H 4 (PY
Ti), F: ZWILEs (PbO.J/TI) THholo TNHIIFHMHE
POMEINLIMEEBEVRLY, ZOHEOASWIT
PHOBHMA~FETE, BROFUBREAEEDOIREL
L7z, EHEE, BIEFBROEREEEL T
VEER O TH D, BIET 2, FERAKTHE
BLTHRYELEA L. BB B on DERER
DFIZ, Htdcem, S cm OERED 22 —54 7L
72b DT, FREANTABEETHIOREL, BEHE
I 20cm® THo 720
FNFROBBORABRSLEHP E2RT. EBEA (-
DR D RuO,-TiO,) &, b — iR BERD D
BRETHY, 2@Tov—FEBMIatR, HILYWEER
B CEEBREEMFACFERA SN TS, BB (F:
RuO,-1r0,~Ti0,) ¥4 F Y ZWEEY — FEMMA L LT
st &Nz, HEFAFOBEEFENMEL BoEH W
DEBE ENT VWD, FTOMDIFREFEERMR Y 10t AU
LEAINL, B C (F:Ir0,-Sn0,) &, EMREET,
TR K BIR L CREZERT 258 EH
Bh, KETHIEVWERDELHEL, REGOBEL
ENnTwb, BED (R :1r0,-Pt) &, T+ LTHBHEHE
AT, BB TRERETZEIBERSZLEL TS
WAWERAT 2BET, BERMIE V. ZhHEMA
~D i, TEEEEBE (DSAY: <X Ly 7 BEH
DESFTEIE) LT h, BEETROF S Y ERER L
WEEE CTHAEROSREILYZE I —FT1 7L
THwsNRE, ERE (F:P) &, BED (H : IrO,-
Pt) LEBICHBEMI BVEMRE SN TS, BEF
(] : PbO,) 1, HMTH A%, BEALE CTHEY S
R dV rEEICHGON, TEMAICHESOMEESEIC
HAuwshTwas?, BEEFM ¥ V2&BEREL
TWwh, B2 TOBROM I VEIRER
REEHWTEBY, Rt I — KT A IP-130,
B & JP-202, C I JP-330, D & JL-403, E i JL-510,
FIiZJL-701 ICH ST 2 EBEE T hEhERE L29,
DI, BREMEOBLYWHBEICREE S TWaHEE
JIBTAEE2HBE, ERICHVWAEBICIOWTIE, A
~F CTEIRLT %,

2.3 BKEREROREEFIE

WK BMMERICBI 5 REEMEE, Jung 57 O3CH
FICIC, IR E IR TR S B LR
EKRE, BRESOEBRELZRE L. EBRORER
FBIZBWTIREL BREZVHAWO, BEOI—T 4
YT ORI L o THBERDEIET S 700, Hi
BEEECTH 55, 2A (BAE20cm® 123 L 0.1 A cm™)
DBEBERETERDHE60~T70% L LT, 30 gL L
L OFEKOBRREAIT - 72546, 2 HHBECEWESR
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/A\ Controlled at 2 A
=/

Water volume: 300 mL

)
.9
Anode: Ti

Cathode: A~F

Size: 4 cm X 5 cm

‘Water bath
Temperature: 20°C

—

Fig.1 Experimental apparatus.

WL LT 10000 mg L # RALZ LD TEB4ME
L7z BEKEIRE LR 2, FRS P OEKOBIHFER
WBWTS, HALF P AEEI%, BHME2A DS
VO T WS, REBRTIE, REKICELT MY
v L% 30 g LT GREILIIRE 18 gL IZFARLAD
DENEKRE L, BIFEBICH W, JEHER O
# Fig. 112/ ¥ FEBIL, dHAREZEDI300 mL, KT
20C, BHEHA 1S cm DEHBTIT o7, BRMEIZ2A
WCEESE L, EBH, SRATHEEBTFCEELET 2. R
Blakix, SEBRBIED S 5, 15, 30, 60, 90, 120 4+-#&1C
PRELLHE U7ze BBKITIREE, BRI EKCH
L, EREEZNETSEEDIC, FO—EITIE/LY
BOEREEE, BEEBROWEMR, Fhthyz/ -
BEOCF7TRaVveE B PY 7a (Wb FISEHEER)
ZHRMLUCHIEE Lz, Bt 1 4+ VAR o RE
FBHNC T =/ —VERWEEIG, EFELORSHNERE
WIS TH Y, BEFERIE CEE 2 s n
e Th b, EERFMART & #TRIZEBKRO pH % Il E
L7zo FEBRIL, 2B ERYIELIT- 20

2.4 BIEHE

WEEIBEL, DPD/FASTEE T E LAY, it
YWikEX, A4 voru~ by sy (IC) # (DX-500
Dionex ) THlE L7z, EFERE, BIEFEMEEIL 1C-
& v F LEESH (MS/MS) % (IC:1CS-2000: Dionex 4,
MS/MS : API 3200 QTrap ; Applied Biosystems 3 ) T il
ELZY, BERBEEONE T, o, B
bU Y AR REEEEYE & L TH Wz, MRM (Multiple
Reaction Monitoring (ZENIGE=4F Y ¥ 7)) E— K)
BB E=YY) Y ZEERIE, IEEED m/z83 — 67,
SBIEFEERDS m/z 99 — 83, B0,- BIEFEERIX m/z 107 — 89
THholeo TOLE, WEKFOEMWIZEIZ A4
{LREEZBI <7, B e LT, ##lKkid OnGuard 11
=1tV vV AgH (Dionex ) K L CTHELY %
FT B, BERKOFERET 7,

3. FERRUEE

3.1 EKERICE T B RBOLR

WAKREMRIZBIT 5 EFEREORRE(/ T Fig. 2 1R
To WTNOBBICBWTD, 205 HEE THERIE
W3 g LT ERL, Eo%d ERERITL 5~ 154
BT, ERECKERBEZIADON 272, L
2L, 3043k BE/-E»S, BWRE, FOEEOERIT
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O EMIZHRTIERTL, 120 7B TIEH 2L &2 o

770 TALIE, DSAYBEETH 5 (RuO,-2Sn0,Ti) B

EPUTI B E O LIEERD LV OBEETH » 7295,
AERTIZ, ZOMIGTEHEEIMBEICHNEIRD SRR
rolz. pHIZ, EBRBMHEL S4 ~ 58 DM TH -7z
A%, 120 537413 8.9 ~ 93 DFIFHICH o7z THT EH D
EFEIE, REEERA A VOBETEEL TS LE L
Bo Tz, HALWIEIY (BDIHBENE D18 gL XEEM &
FIET L7225, 1209 ThH 15~ 16 g L7 OffiFHIC
HY, REQFEDLLEh o2z, ERICX 5 REE
BAhBWEEZ LIz,
ETOBBICBVCERMEIIZIZ—ECTREMIITV
ETHo 720, BREITERICLI - TELR o0 Tbb,
EERBRBRRICOWTRA L, BEMIZS2~683V Ofi
Fichh, 1200%1E, WTFhOBEHETDH 03~04V
EHRLTU '
ARERD L1230 o L oFBIEAKOEE, BETIZ
BEOERVPELISTH S EE L ONLH, BEETH,
C R ZEOAER DRI o TWwh, L2 T, 4EE
HEN-EEEINLOS RREM] CHEMIT SR
o TO/2®, TOMITHEIEETLVEHVERICBWT
BWEBICH o720, LTLDZDIEFE (A~FDIHE
) LE—BLvwEabRADoN LS, &
B, MR CEEREBMN D L VITERE IR RN LB
EF B, WETHITHERT D L Mok
HIER T, A CHINIFRBRPCHETL & LR
EROBIRBEHCOEL I TR EICE->TLED
BnSH B, D, RUGETIE, FEERBAGEE 120
SBCBITLENEOFEHEL [T HEE (terminal
voltage) | & L, fEATICH WA Z & & L7z (Table 2),
Fig. 312, WTHEREE 60 XU 120 5B DERIRE L
DR EIRT, BEDIIERA LM THEEEINEL,

Chlorine (g-L*')

0 20 40 60 30 100 120
Time (min)

Fig.2 Generation of chlorine during electrolysis of salt solution
using different anodes.

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 67

Mean 56 54 60 57 70 65

192

EFEARIBE LW OEN SR L2 ZF0RE% K
X, 60 RO 120 BHRICBWT, IWEEKIEEZ B, (A,
D), C, F, EDQJEICE» o7z ThbL, WTHEE
DN IR BE DMK L R BT H o Ao WEFHEED
BLbEVWBEEBELBRIEVWEREOHTHELNEIZ
¥15VTHBD, ERLAEFREIZ 25825 3 %)
Do 7zs

3.2 BKBRICEIIERBECBEEBROER
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Fig.3 Relationship between terminal voltages and chlorine
concentration at 60 and 120 min of reaction.
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Fig. 6 Relationship between terminal voltages and the ratio of
chlorate generation to chlorine generation during 60-120

min of reaction.
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Fig.7 Relationship between terminal voltages and the ratio of
perchlorate generation to chlorine generation during 60-120
min of reaction.
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Fig.8 Relationship between chlorate per chlorine and perchlorate
per chlorine.
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