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Determination of a N-Nitrosodimethylamine Precursor in Water
Using Ultra-high Performance Liquid Chromatography-Tandem

Mass Spectrometry
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1,1,5,5-Tetramethylcarbohydrazide (TMCH) is the main precursor of N-nitrosodimethylamine upon ozonation in the Yodo
River basin, Japan. This study was performed to develop an analytical method for TMCH using solid-phase extraction
with ultra-high performance liquid chromatography-tandem mass spectrometry. TMCH is hydrophilic and a tertiary
amine derivative, so Oasis® MCX cartridges were used as solid-phase cartridges. The recoveries of TMCH in tap and
river waters as well as secondary effluent from a sewage treatment plant ranged from 75 to 94%. The limit of quantification
of TMCH was 4 ng L-'. The source of TMCH in the Yodo River basin was found to be effluent from one sewage
treatment plant. The concentrations were < 4 ng L-! in raw water from water purification plants in regions other than the
Yodo River basin, indicating that TMCH was used specifically in the basin.

Keywords N-Nitrosodimethylamine precursor, 1,1,5,5-tetramethylcarbohydrazide, Yodo River basin, ultra-high
performance liquid chromatography-tandem mass spectrometry :
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Introduction

N-Nitrosodimethylamine (NDMA) is one of the nitrosamines, a
group of potentially carcinogens.! The 10-% lifetime excess
cancer risk of NDMA in drinking water was reported to be
7 ng L-'.> The maximum acceptable concentration of NDMA in
drinking water in Canada is 40 ng L-'.3 The guideline value for
NDMA reported by the World Health Organization is
100 ng L-'.* In Japanese drinking water regulation, NDMA is
an item listed for further study with an index value of
100 ng L'

NDMA is known to be a disinfection byproduct upon
chloramination and ozonation in water.*® Compared to NDMA
formation upon chloramination, reports of NDMA formation
upon ozonation from water at water purification plants (WPPs)
and sewage treatment plants (STPs) have been limited.'™ In
the case of WPPs in Germany, N,N-dimethylsulfamide (DMS)
was shown to be an NDMA precursor upon ozonation.!® In the
case of the Yodo River basin, Japan, the effluent from one STP
(STP A) was the main source of NDMA precursors upon
ozonation, and 1,1,5,5-tetramethylcarbohydrazide (TMCH) was
the main NDMA precursor.'* The origin of TMCH at STP A
was industrial effluent discharged into the sewage pipes
connected to this plant. TMCH has two N,N-dimethylhydrazino
functional groups, which are functional groups that produce
NDMA during ozonation.'™¢ In addition, two compounds,

*To whom correspondence should be addressed.
E-mail: kosaka@niph.go.jp

4,4’-hexamethylenebis(1,1-dimethylsemicarbazide) (HDMS)
and 1,1,1", I’-tetramethyl-4,4’-(methylene-di-p-phenylene)
disemicarbazide (TMDS), were also identified as being minor
NDMA precursors upon ozonation in the Yodo River basin.!*!7.!8
In a previous study,'* TMCH concentrations were investigated
only in primary, secondary, and final effluents of STP A.
However, the results were the first report on the occurrence of
TMCH in water. The NDMA formation yield of TMCH upon
ozonation was around 140%; this was much higher than those of
other reported NDMA precursors, such as DMS, HDMS, and
TMDS.!%\7 Thus, it is important to investigate the occurrence of
TMCH in many types of water in Japan. In that previous
study,'* TMCH was determined using ultra-high performance
liquid chromatography-tandem mass spectrometry (UHPLC-
MS/MS). As the samples analyzed were the effluents of STP,
the samples were determined without concentrating TMCH and
the limits of quantification (LOQ) of TMCH were 20 or
50 ng L-1.'* If the TMCCH concentration in environmental water
is determined, the development of a method for concentrating
TMCH as a pretreatment of UHPLC-MS/MS is needed.

In this study, an analytical method for TMCH was developed
using solid-phase extraction with UHPLC-MS/MS to achieve
lower LOQ than that reported previously.'* Using the analytical
method developed here, the presence of TMCH in the Yodo
River basin and other regions in Japan was investigated.



770
O
H3C CH
. H I w8
NN C—N—N_
H4C CH;
Fig. I  Chemical structure of TMCH.
Experimental
Reagents

Ultrapure water was prepared using a Gradient A10 Ultrapure
Water System (Millipore, Bedford, MA). Methanol (pesticide
residue-polychlorinated biphenyls analysis grade and HPLC
grade), and formic acid (LC-MS grade) were purchased from
‘Wako Pure Chemical Industries (Osaka, Japan). An ammonium
solution [28.0% (v/v)] was purchased from Kanto Chemical
(Tokyo, Japan). TMCH (>99.5%) was synthesized on
commission by Tokyo Chemical Industry (Tokyo, Japan). The
chemical structure of TMCH is shown in Fig. 1. Other reagents
used were of analytical grade.

Analytical method of TMCH

Glassware (e.g., measuring flask) was used for TMCH
analysis. It was confirmed that TMCH was not absorbed on the
glass under both acidic [1% (v/v) formic acid solution] and
neutral conditions. First, formic acid was added to the sample
to a final concentration of 1% (v/v). In the case of river water
and STP effluent, the acidified samples were filtered with
hydrophilic polytetrafluoroethylene membrane filters (0.45 pm;
Advantec Tokyo, Tokyo, Japan). Then, 20 mL of the sample
was passed through an Oasis® MCX cartridge (60 mg; Waters,
Milford, MA) at around 1 mL min'. The cartridge was
preconditioned using 10 mL of methanol and 10 mL of aqueous
1% (v/v) formic acid solution before use. The cartridge was
washed using 5 mL of an aqueous [% (v/v) formic acid solution
and 1 mL of methanol after passing the sample. The cartridge
was dried using nitrogen gas for 5 min. Elution was performed
from the dried cartridge with 3 mL of a mixture of an ammonium
solution and methanol (5:95 v/v). The eluate was concentrated
to 0.1 mL at 40°C under a gentle stream of nitrogen gas, and
filled up to | mL using ultrapure water. The final solution was
analyzed by UHPLC-MS/MS (Acquity UPLC system and
Acquity TQD tandem mass spectrometer; Waters). The
analytical conditions of UHPLC-MS/MS were mostly the same
as those described previously. The analytical column was a
BEH C18 column (2.1 mm x 150 mm; Waters) and the column
temperature was 30°C. The mobile phase for UHPLC was (A)
ultrapure water and (B) methanol. The flow rate of the mobile
phase was 0.2 mL min~'. The gradient conditions of (B) were
as follows: 5% at O min, increased linearly to 10% until 6 min,
held until 1.5 min, increased linearly to 100% until 12 min,
and held until 15 min. The injection volume was 25 pl.. MS/
MS was operated in the positive-ion electrospray ionization
mode. The capillary voltage was 3.0 kV, the collision energy
was 15 'V, the ion source temperature was 140°C, the desolvation
temperature was 400°C, the desolvation gas flow rate was
900 L h', and the cone gas flow rate (argon) was 50 L h-'. The
multiple reaction monitoring (MRM) transitions were m/z
147 > 59 (quantification), m/z 147 > 85 (confirmation), and m/z
147 > 102 (confirmation). Standard solutions of TMCH were
prepared in ultrapure water, and the calibration points were 50,
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Fig. 2 Sampling points and TMCH concentrations in the final
effluents of STPs A - E and river waters at F-M in the Yodo River
basin in September, 2014.

100, 200, 500, and 1000 ng L-'.

Recovery test of TMCH :

Recovery tests of TMCH in water matrices were performed
using tap water [total organic carbon (TOC), 0.9 mg C L-'; pH
7.71, river water I (TOC, 1.4 mg C L-'; pH 7.4), river water II
(TOC, 1.7 mg C L; pH 7.4), and secondary effluent of STP B
(TOC, 29 mg CL™; pH6.5). Residual chlorine in the tap
water was quenched by adding a small amount of a 200 mM
(32 g L") sodium thiosulfate solution (Wako Pure Chemical
Industries) (final concentration: 160 mg L-'). The number of
replicates for individual water matrices was five.

Occurrence of TMCH

Brown glass bottles were used for sample containers. To
investigate the occurrence of TMCH in the Yodo River basin, six
samples of final effluents of five STPs (STPs A - E) and eight
river water samples (F -~ M) were collected in September, 2014
(Fig. 2). In the case of STP B, two effluents were collected
(STPs B-1 and B-2). Ozonation is applied at STPs C and E, and
samples of water before ozonation were also collected from
these STPs. The sampling points of J and K were the same
bridge (Torikai-Ohashi Bridge), but on the right and left banks,
respectively. Similarly, the sampling points of L and M were
the right and left banks of Hirakata-Ohashi Bridge, respectively.
The final effluent of STP A was collected again in December,
2014. Moreover, raw waters of 26 WPPs at 21 prefectures
throughout Japan were collected in November to December,
2014. All of the raw water samples were surface water and the
main drinking water sources in the regions.

Results and Discussion
Recovery of TMCH in water matrices

Linearity of the TMCH calibration curve was observed from
50 to 1000 ng L' (R? > 0.99) (Fig. 3). The relative standard
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deviations (RSDs) of replicate analyses (n = 5) at 50, 100, 200,
500, “and 1000 ng L+ of TMCH were 7.2, 4.1, 4.2, 2.5, and
2.5%, respectively. The mean signal-to-noise ratio of 50 ng L-!
of TMCH of the replicate analyses was 21. TMCH is a highly
hydrophilic compound. For example, the predicted logarithm of
the octanol-water partition coefficient of TMCH using the US
EPA’s EPISuite™ is —1.73.' The predicted logarithm of the
distribution coefficient of TMCH at pH 7.4 using the Advanced
Chemistry Development, Inc. Percepta Platform is —0.80.'
Thus, solid-phase cartridges for the concentration of hydrophobic
compounds (e.g., CI8 cartridges) were inappropriate. On the
other hand, TMCH is a tertiary amine derivative (i.e., a
compound with N,N-dimethylhydrazino functional groups).
Thus, Oasis® MCX cartridges filling mixed-mode (reversed
phase/strong  cation-exchange) water-wettable  polymeric
sorbents were used for solid-phase extraction.® Table 1 gives
the results of recovery tests of TMCH in tap and river waters
and secondary effluent (spiked TMCH concentration, 4 ng L-!;
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Fig. 3 Calibration curve of TMCH using UHPLC-MS/MS.
Table | Recovery of TMCH in water matrix™®
Matrix Recovery, % RSD, %
Tap water 94 4.3
River water | 75 8.4
River water II 84 11
Secondary effluent of STP B 82 9.4

a. Spiked TMCH concentration was 4 ng L.
b. The number of replicates was five.
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n =5). TMCH was not found in the four water samples without
spiking. The mean recoveries of TMCH in the four water
samples were 94% (4.3%), 75% (8.4%), 84% (11%), and 82%
(9.4%), respectively. The values in parentheses are the RSDs.
It is described that RSDs required for organic compounds of
standard and complementary items in Japanese drinking water
regulation are < 20% at LOQ.2Y? Also, according to the
guideline for validation of drinking water examination method,*
the goal value of the recovery test is in the range of 70 - 120%.
Since the RSDs and recovery values of TMCH in Table | were
<20% and 70 - 120%, respectively, the LOQ of TMCH was set
at 4 ng L,

Occurrence of TMCH in the Yodo River basin and other regions
in Japan

The TMCH concentrations in river waters and final effluents
of STPs in the Yodo River basin were investigated in September,
2014 (Fig. 2 and Table 2). The TMCH concentration in the
final effluent of STP A was 820 ng L-'. On the other hand, the
TMCH level was < 4 ng L' in the final effluents and water
before ozonation of other STPs. TMCH concentrations in the
river water upstream of STP A (ie, F-1) were < 4 ng Lt
(Fig. 2). However, in the river water downstream of STP A,
TMCH was found on the right bank (7 ng L' for J and
8.8 ng L-! for L) and was < 4 ng L' on the left bank (K and M).
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Fig. 4 MRM chromatograms of TMCH of river water at L using
UHPLC-MS/MS.

Table 2 TMCH concentrations in final effluents of STPs A - E and river waters at F - M in the Yodo River basin in September 2014

Sample TMCH concentration/ng L™
Final effluent of STP A 820
Final effluent of STP B-1 <4
Final effluent of STP B-2 <4
Final effluent of STP C <4
Final effluent of STP D <4
Final effluent of STP E <4
River water at F <4

Sample TMCH concentration/ng L~

River water at G <4
River water at H <4
River water at | <4
River water at J 7

River water at K <4
River water at LL 8.8
River water at M i <4
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Figure 4 shows MRM chromatograms of TMCH for L. The
right bank is easily affected by the effluent from STP A. The
results showed that the source of TMCH in the Yodo River basin
was STP A. It is notable that at STP A TMCH was originally
contained in the influent.

The occurrence of TMCH in raw water of 26 WPPs throughout
Japan was investigated in November and December, 2014. The
TMCH concentrations in all of the raw waters were < 4 ng L.
One of the 26 WPPs was located downstream of STP A of the
Yodo River and the intake point of raw water was the right bank
of the river, but the TMCH concentration was also < 4 ng L.
In addition, the final effluent of STP A was collected again in
December, 2014, and the TMCH concentration was < 4 ng L.
It was reported that the TMCH concentrations in the final
effluent of STP A in January and February 2014 were 70 and
86 ng L', respectively.'* TMCH is an NDMA precursor on
ozonation.® At WPPs whose raw waters are affected by the
effluent of STP A, the NDMA concentrations in water after
ozonation were > 90 ng L' until April 2011, but subsequently
decreased.” This indicated that the amounts of TMCH discharge
through the effluent of STP A decreased, although the TMCH
concentrations in September, 2014 were higher than those in
January and February, 2014. In a previous study,” the
occurrence of HDMS and TMDS, minor NDMA precursors
found in the Yodo River basin, was investigated in river water
throughout Japan. They were frequently detected in the Yodo
River basin, but were also detected in other regions (e.g., the
Tone River basin). This tendency was different from that of
TMCH. Thus, TMCH was specifically found in water affected
by the effluent of STP A in the Yodo River basin.

Conclusions

An analytical method for TMCH in water using solid-phase
extraction, followed by UHPLC-MS/MS, was developed. The
LOQ of TMCH was 4 ng L. The source of TMCH in the Yodo
River basin was effluent from STP A, although TMCH was
originally contained in the influent. TMCH was not found in
raw water of WPPs whose raw water samples are the main water
systems other than the Yodo River basin.
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1. [FL®HIC

BEAFBECLD L, KEORREEEADIT 1990
FERED 2000 HAB%E E— 27 ICFOEBY LIz, 2010
SRR L, 2013 4FBEIHT 202 HA L HE ST
WA Y BEOED ST REROEELE LT, DHUR -
TE, EhERRT, REEZHFETTVWD D —F, Ik
B~ b@L, KEFERMT> TV LEBRET
ITERMEBICEND T EREN P B LEOBED
BAE BAEIC LTV AAESEE L35 2.

INEROFRPEL LT, EE/ a5 I Tha b
YyormF Iy (NCh) P7rF I (NHCL) , ¥
=, N7V Ra 3y, F 0T IS mbin
TWaA. NCLiZ7T =7 (NHh) R—HOSERGH
{t&% [Nitrogenous Organic Compounds (NOC) ] i
B#EORSTERTSD 0, AGEACEEKDHERL

BAKHO NChiRE & RTMBE & ORE RI-RT
i, MEICBREMEIERD bl o Z LR SN T
WA B U, REGEEICHTAEHEFEOS
B &I LS, NCh OEFESIIRELEL, FHTH
19% -7 10

NH; OFFEESE & ORISIZ & D NCh DAERIIE < 2
LELNATRY, ZTOBEIIOWTHLHESITWS
W, —F, BESWEE IVERBECHRE EVEE
FENBRS MEN D LT, IEE, BEKOAKEKE
ERRE Lk, LV CEBEIEE LI-ZTOE
LT L D77 9999 NCh OQUEBEIZ DUV T
X, %) FEMR [Activated Catbon (AC) ] WUB, 48
AR OREFDHE STV ™8,

7, AV (Oy) LEOHEREFIIDRVD, FEig
KGO Os 4LEERH, T NCh A EE [Formation Potential (-
FP) ] IZB bdigoTe Z ek & 9. 8ok
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O NH: BEIIHERE <, £ NChEERmE Ch 5 &
Ez ol KEME EVEMIMET T 54FTH-
ToT- %, O:RUBHEBD AC R T N DRFMRERHE
<, NCKFP b1 A R Lol B 22T,
NCL-FP & if, BE LIRS TRk Z R
B L/=BO NChLOARRETHD. = OBFFETi: NCLFP
FHBT 2°C T TEY, NCLFP MEARDOEEY
BT iehors B Jel3, NChOARITKBIMET
T5 LML, ZOREORET pH ORIz~
BERELLII oI ERBE SR TS,

EZ AT, NIBEBENSFE UES, NCLFP L, NLOA
DS TAERKF O F BN E o fe T & BHE
ENTWS B, £, N Uy (NOC £ LT
NCh AiTEE#E) @ NCFP ik, HROKXKEEY

[Natural oiganic matter (NOM) ] 2S3EfE L7-3BSIZIET
L2 EB8EINRTWD B Zhoifsid, 5w
H, Bl esam s NCoFP (B g3t %
RLTWAR, EOLH7pMErE @) BPBRLTHD
MERBETHB.

R oRFgE Ui, NCHFP 238 KiFT OB S
RS bhigdo 7o, KEEEHOREYEETH
i, O3 MBI K- THIFABMOBENRILTE2 &
T NCLFP ~OEBOBENELAHZELHY 9 5.
NCh ATERE B L Cid, NHs id O AR TORISHER
v 3 D, NOC DS, GBI L > THEL, NCh
ISR E RS T A FREE L 5 5.

Xz, RS (CUT, ERAEEY) I
BB L Tr:, NChOERMETT25EE LT, HHER
REAETSELZ L, pHEERSEL T LMHLN
TW5 ) UL, EROKEGEREZEELES
1z, FOREDHRNRHDNITONTORIIIDR.

AHFFETIEL, OJACKEZ A L TV AEAKBIZON
T, BEEHKT ot R CONCEFPOEBIORIT 21T
7. Tk E, HBAFRIZ X ANCLFP~DOFEEHZN
£ 51T, OJACHEELIM IR 21T > TV HiEKE
PRtg L L. 1, EFAVHEEZEY, NCLFP~E
BB LT HIFAEB OIS DOV TRETRITO L &

BT, OMEIC K ANCEFP~DEEIZ SV T L 2.

TR SRB AT OpH &\ o T FRAER S ONCE-FP~D
-2 I RGN 5 By ol

2. KBTE
(1) RES L VRTFEH

EBUEREOTBUTIL, Gradient A0 (S URT) TREIL
7oK V., REEEREE T Y T LR (U

o TW) 1L, BREENLAFELE. RATV=—JIIRR
FH#Y [Suwarmee River (SR) NOM] & R=—#i7 /LR
B [Pony LakeFulivic Acid (PLFA) ] 1%, EEEHEWES
SH bHEA L. NCHEERIKIZ, 5 mMD ABEEIK

(pH 6) ZiEW (B0C) L, #HEBRLRRLHE(LT €=
U LAKBIR EREEFRET Y Y ABKEL 315
molmol & 7225 X HITMZ D & TERE L5, [EHEER
IEERRR LT ER LT, BRI TR ONCBIR 1IN
PIFNp T 2= P T 2 [ NN-Dimethylp-
phenylenediamine (DPD) ] & ®—7 T = LRE

[Ferrous Ammonium Sulfate (FAS) 1 # iV V=i E2 T
BE L. '

(2) OJACRE F Ot XUz H 1+ HNCLFPOEE)

2010 48 6~12 BiZ, OJAC B %Z SiemEKk ut
AEEALTND 218K (A, Bk OFKET
FAREHE L, NCLFP OZEEHZOUVTHREI L7z, NCh
ERRITERUEORR YT T 578, AC B%IZES
REE{To TV DEKGEBE L.

BE L A, BHKSEOTIEKT, MEELBMEAK

(TRBK) , O 4LEK, AC BKTh-o7-. B kS
i, EENEERI I AR E{T o T\D T, B
AR GBER L. ®112, FAko pH, &8 KRE

[Total Organic Carbon (TOC) ] , N E %=

NCLFP RERIT TN I FRANTEE LN T ABO=
AT AaBNTITo7 (REER 120 mL) .
NCGFP i, EAGRBRAEIZET 2 EEEIER Y -FP
RBROKMEEBE L LD, HEROBORIGHEMI 24 h,
24 Wk OPREEFRAEL 10602 mg CL, pHIZpH 7 (6
mM Y ABSSER) , KiBIL 200C & L7-. BRI
BE T, HERERED 11, RE~0FINcAVWE%
TEREET MY 7 MBI OREME R L T OFRINE
DOEREARPEML, FOMELE 24 h HoOBHEESE
BELOENLRDE, i, EREOFNET D ABEE
B (6mM) ZRAWERBETT 2L L. NCeFP
i3, MBERELTITLIHO NChBEOELERL
7. 7727 ONCLIREL 20 ig CHLEBE Tho -

D ABSSEIROERPEMLUEREI R T 2 L
DYE, Y ABESORI, I ABFHEORE, BEIC
H¥7 3 NH: %0 NChATERE Y b O NChARDEE
I B0 ThB. 1EL, BHKPIZ NChATER

1 A, BEKBRKOKE

) ] TOC N
AR ORRA oo (meND)
A 6 75 18 007

12 75 16 0.4
B 7 76 15 0
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PYEBTEE L CWEBETE, NCB-FP O8N &
725, —7, NChIERMBIZ X > TERT 2728, T
BRI ABBEIRATML, 2hHB LT TR
NCLIZAR L2V, L2 T, ZoRBFeit bRz
D ABREZERFED NCs 23T 5 Z N TE i
D, AR TIET T v 21T ieh o ik

2B, Q~O)DERBEED, F&ALORE THER
AR OBBIATO NCLIBET 2 BIEL, FE%
B U7, HsiZEREETS < OBE T 10%UT, ¥R
BLERE 2% T Thol=. £7-, 10 BEOIEREMH
TIXER D BICHRERIERL T, ZOEBRMO
NCLFP OFEXHEARZEL, 2 REF2RE 37~15%0%
BT, Y 243 35%, 8% Th-T-. FeifoEi
R, ERERORPIZZT — 13— LTRLE.

BINCEFPIZH &IFTHIFARDBOTE

En & HietlE G EEOE#YY NCL ATERY
B LT HES, NCLFP [ZEEBLB LT, F
#72 NCbRIBE TH Y, @ORMNZEEL 04T
DOEUSHEMEL NHs 2 AV TREM R 1T o7, NIGEBEET
0.1 mgNL & L7z, NEDOLDEE, NIGEEA<002 mg
NL Téh-Th NChHBE & LTHETS 0. —5F,
1> NCL B E T EINTFET HIEE, NCh
AIEE & L CREY B LT NE: BESSRKIZL
STReD. FlziE, FUKFONHEEA 0.1 mg NL L
FOBE, LT N S3ER NCLRERWE Th o2
LAEE ST .

HIEEH L LT, | #i> NOM (SRNOM) & 10 #&
OREBUEEE (7= /) —N, VIS =), TH
B, RRER, FNATATE R, XEE BEL Loy
f#, Jha—-x =& =Ly R0 (&1 . @yl
{LEEMEIL, NOM OREREML & 5 DB REE R R T
Y, H5HNE NOM O O3 BARM & L Ta b T
VAENLRE L. NOM ORI A5 oE 2

OH
i HO\©/OH

COOH COOH

0

Jz/— LN/~ DRLE ZEER
H,C=0 HCOOH  CH3COOH ?OOH
CQOOH
R"LLPATEF X8 [id:0 avi

OH

o}
HO CH3;CH,0H
H&'OH

OH

Ja—x &8/ —

B-1 SRR @ERHEERR) ofE

ELTIL, FEHRICEHO S B, O 3T & ORISHED
BT o ) —AMEKEEEYEOME (T, VY
N ) —=V) , BUSHEAMEV VR O NVEE RO
(Z7HNB, REER) Zxtiy Lk Ei-, 85 7
Nm— B LT, FRFhsva—Xx, ¥ )b
Zxgd Lz, NOM O Qs LA DTHHT LT
FE LI IER I VR VBEOh S, TNFFRL LTIV
TR, BLOXEE BHEE S oUBHRELE.

HTEEHRER, EPKBOTEKTHEETE DB

BELT, 1mgCLEREL. UL, @it

(HDVNVHEREAL) BB, 1mg CL LB X
b, Fie, —EHOWHEL 3 mg CL THEREIT-
fo. T&E, MBRILTFEHS L LT, NOM ZHERLL
TWBE AR SWEO T 5T, HFEENFEI R
NIz 7 = ) —NKEBEE R OME (BRBLIOUBEY
BH) UANOTINEE, BRER, INVa—X, ¥ )
— N, O MMBARBDOR NG, ERANLRBED
R & UCHIBRARE LTz

NH; DHDHAEITOVT § NC-FP 2 IE L7, NCl-
FP i, Q& FHEDORETRDE (=721, 0 ABEE
TEHBEEIL SmM) .

&5z, NH; (045mgNL) (27 =/ —/L 2mgCL)
RHIFLIRWES LT 2BEICONT, SERUBROZE
ROFEREERF L. EFXELELT, 2FF [Toal
Nitogen (TN) 1, F@RA A (NGs™) , EERHERA( A

(NO") #HE L7z, IEFRNBEMT, NCFP LFL
Ffbd L. NG HEEEER & B0 RET A28
% RG24 h T, BEEETRAY 1.0402 mg CHL7&TE
T5 I EEBLEEHFICI L TBe®, EHRELERO
HEIAF O N BEORIE I THero 108, HEFEL
BHICIINLIIREL TN EE L BN,

@) NCEFPIZB X IZTOMBOEE

NCL BRI E & EIF N TFE T A RMT O U
ATV, FORI%D NCHFP 28IE L, HEBOFEIDS
VWORRET L7, NCL il RIS, ()& FIERIC NH; (0.1
mgNL) &L, pHiZ7 6 mM 9 ABSEENR & L7
NH: it pH 2 7 CiE, Qs CIE L A SRR L7z %
D, O BT X B IFHEEHOBERNIZ L 2 EBY R
Rk linh, HTEEEWL, QOEBRER HRB
TUEREBE) FBEX, SRNOM, 7=/ —/L, 7
ANEREEE L (WG 1mgCL) |

¥7-, PLFA (01 mgNL) % Ou4LE L7-H4" NCh-
FPIZBLIEFTEEBz WU HRALE [pH7 G mM b
ABERIR) ] . PLFA I, |ROESEFRHI MU NOM
WHBLTRES (BRERFZOER : 012 ww) |,
NCL BB E ChoTo 2 B BE IR TS D, PLFA
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D O MBI L AFET, NChEERE L 2 Aoy

W& IR B NF M OBEE(L O™ A PEE S
NIFERL D,

O B OERIL, REIFRTIToT, O REHRIT
POX-20 (ELEH) 2V - (G sifgk) . B
BIT1 L, O:IBERS mghl, HAHENL 250 mLimin, 7K
BiT 20C & Lz, Os & DRUSHENRE N B ME LT
REEAAEE L, ORI, BFE OBEL LTI~
02 mg/L BEL 2D L 2REE Lz, Zokd, 0
PGAL BT 2~10 min (O3 HEASR : 25~125 mgll) &
MBI L o TER ST, FO%, BFE O BEETS
X5 1 WEEHE L. OGAERIEOKIIONT, &
RO T NCFP 28|l L7z (72721, 0 ABNEE
AT S mM) . ‘

(5) NCEFPICH K IXTHRRRIEREE, pHORE

NCh A, EHEERREC pH LEERHD Z &
BEIBN TS, Zhb 2 OB T NCLFP ~D
EBIC OWTRNE{To 7. BRSBTS
Hiz@)LMEkRE L. —F, BBRTFICEELER
WIRLGAFIZ R - TVBAS, NCLFP 1%, BRE L%
W15 NChAEREE LTEY, LYEWELRSE
A RREMTII W, AR TE, WThoBed
NCLFP LS & & L.

WHRAEE (24 h$h) OERBERBEOREY RD%
&, 6, RAD AfKE ACQEABLU7, 11ADB
A AC EKERMRE L, HEBERBEL 01~
02, 0.5401, 1.0:02 mg CLIZE{L &7z, pHORE%
RAEE, 11 AD B ik AC LAk Z AL L, pH
1X6, 7, STE{LEHT:.

©) AEFE
NCLBEI~y NAR—AH A7 u< 75 7GRS
Mg (6890N/5975C ; 7P Ly b7y ) ud—) TCHIE
Lz B, NEUEHIC LItV ounxd g (Fr7
Vo747 —=7FRZ7 b)—) FAWE EETR
i 15 pg ChL Thotz. OB PGGOHA (FERZE
#) T, BIF O BEIRA TR AVERRELET
BIE L7 D HEBEEBEEY, DPD & FAS ICLAWE
BCRIEL 2. TOC AR TOCE# (TOCV CPH; B
EEVERD T, TN BT TN 3 (INM-1; BERiE
D THRIELZ. NOTBLEU NO BEEA A7 a2
NS T (DXS00; A ART R) T, N BEEA v

K7 = /—EDTHIE LT

3. HRELUER

(1) OJACHRER 7’0 R 12351+ HNCLFPO%:EY

B-2iz, OVACLLE 2 S LEERK T ot AR S
NCLFPOEBIZ R, 6, 128 DAMEKE, 78 OBEK
BDRAKE L UACLEKF ONCEFPIX, ThEh3o~
8933 L URI~30 ug CULOHEFH T o 72, NHaREE, £
NERN04~0073 L U< 0.02~0.04 mg NLOFEFH TH -
. CONHBEGEOES, NIBSNCHHSEYE L L
THETINEINL, WKL TR2D B2
na.

100 : 0.10
(a) 0 NCly-FP

80 o NH, 1 0.08
~ [ ]
% =
O 60 1006 Z
3 g
& z
4 40 0.04 Z
o
4

20 | 0.02

0 ISEE I R EY N SHE T B E R 0.00

‘ X WERK  O,LEK  ACKEAK

100 0.10

(b) Q NCI;-FP

80 ® NH, { 0.08
3 —
o 60 006 3
3 £
& z
Y, 40 0.04 T
Q
z

20 1 0.02

i R Koo
0 PP A PP s e N -= s 0.00
1293 ERAK OREK  ACIREEK
100 0.10
(C) QNCIy-FP

80 | @ NH; 1 0.08
3 —~
3 60 {008 3
2 g
o )
L 4p 0.04 =
5]
z

20 0.02

[Bb2 Kooy ko2

RS N N vy o N R 0.00
Bk  ARK HEK  O/MEA ACHEK

E-2 ®ESKToERCETANCHIPOES) [ @ 6Bk
U (b) 12ADA¥KSE, () 7THOBEKE] (RN
[, 24 h; 24 b OIFEEESE, 1002 mg CHL ; pH 7 ;
20°0)
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AHFFE TR ONCHEBE IZRE L2 h > 72283,
OVACKEE & EA L T BRIDEKIE T, ACKHEKS
ONHBREEII0~0.05 mgNL, #7KPONCHEEIL16~110
pg CULOFEFETH o7 (EIXR L OHRAHEY &
tp) B, ACHLEUKPONHREED < 0.02 mg NLOBFET
i, KR ONCHEREEIT16~#940 pg CULOREFETH -
T, T OBED L AR T RKCERES G SR
7Y, HETHZLIIEETH DN, BkPONCHEE
& ACHLEK ONCLFPOfEIE, NH:EEE L &R,
KB Rz > T kB 2 bk,

12 AD A KL 7RO BEAKBDES, NCHFPIE
WREATETL, OQEATHEMLEZ. LirL, £
DHD AC BT L T, NCLFP |3ThBK & [FIRRED:,
FTRLUTICE CIET T AEMBRO 6z, WARETT
2 TW3 B BB T, TEOK L 587K NCL-FP i
FRRENMETH-T. —F, 6 D A BKEOHE,
NCLFP OBt R 27, Tihbb, FAICH~E
ARTIHEFHEML, OABEKTIELEVEDLL RN
7=, 12770, ACHERKTIMET L. £/, NCFP D
ET NCh AEEO—>Th D NH; DEE & 11—
Lot

THhBOREEREMND, ORI L - T NCLFP DRSS
B TE P, B Ko TIEMT 28808 H5 2
Edbhot, Lal, OJAC ESETEME L -HE
i, FOERICERTHD Z EARENT. LIETOB
22 T1L, NCHFP 13 OyAC B A STerEER K7 a2
TIFEALEDL LMl ERHEENTHNE Y. O
W TE(ER 22 DA ETHLRD b,
AC BRIz OWTIE, RFET/KEMELS EEEMET
Lizt=%, NChEEEOREERMEN -T2 iz X
BEEZ BN,

NCL BB E DADFEIT A, FUKS NOM EHFTF
TIE NCI-FP PME T2 Z & @EINTHD D, O
HOEEL LT, —HoO NCL,AEWESHEDE %
WY T oERELTAEELLND. L
TeDoT, O HERIZ L - T NCHFP 2MEINd 2R D—
D¢ LT, NCLEBRWEBREORM, 2V IHTEEH#
T & B NCLFP K FOREORB D BRSNS, 2),
ERZRWT, THHDRREHEIZ YW TRE A ED 5.

2) NCbFP 125 & BT #IFamEnRE

E-312, NH; (0.1 mg NL) @ NCLFP 2 LIEd3taE
B (1 mg CL) OFEZRY. NCFPIL, NH:D
HTHE 310 pg ChL Th-o7228, - ohOITEasTT
ETTHEF L. SRNOM, 7=/ —/, LY )
—IVBRHFE U TESIEEE ChoT-. 7=/, LY
N ) —IATRERI 2 NOM DRI DO—2>Th B,

400 10
& NCI,-FP
_ 1 OERARE | 18 ..
2,0 N RRNRR "2
£ N YN NN N &
N NYNAN ‘5
L.l
wNa SNNNAN g
'EEEE T FE N E R
EellzeEd BRI
gwnghm§ .,\RH
# N ,?_

E-3 NH;ONChFPIZE KITTHFHHMAOKE (N, 01
mg NL ; 37889, 1 mgCL ; FUSEE, 24h; 24 bk
O, 10402 mg CL ; pH7 ; 20°C)

Tx ) - WKBERETAYEE LTREL. Lk
PBoT, 7=/ — VAT NCFP BT X B28EBET
HY, NOM OHEFEBIZONWTY, 7=/ —WMkER
ENEELRMM CHD EEZ OIE.

T FRIBE R —E DR T NCIFP MET§5HH
LT, NChEilEB®HE [NB, /70273~

(NHCD) , NHCh] 2 3HAFHHY & RINT 256, &
BRL7= NCh DA & ST 2 8BanBELoh5.
—RERONT, A O EREERE L ORI, NHC R
NHCk & ¥ LR TH B8, NCEFP DIETIE, NCh
EHEEME OIS LB FRRENEHEI SN, Bl
DR, NCLD7 = J —/\AH L ORI FEEE S -
RS ETHAZ EBHEIN D, HIDOHERETTFFL
T3 EEZ M.

ftho> 8WPEA AT LT3, HEERERIL NHLOAD
BELFRE Chotlz. 7HVEE, REFBRIL, BFR
BIETHANNAXFVNEEELTEY, HFEERLEY
TH 7= /R E B2 PR & ORUSHERE .
By eWHElY, ThAa—L, INEmLVE (FATFE R,
HNRARE) Vo BEEEOREAYE LTUVABAR,
T OEREFEOI L EREER L OIS, L TR,
ZEBHBNTVAE D, DF D, Thb SWHILIEE
F L& OB V=, BRERRIIEEYBLIFX
otz E2 3.

—7, NCLFP I, 7= /—/VEIZE TRV, —
HoWE (740E, REER FNVATATEER, ¥
B BITETBIEE, NH DADBAITH~STETF LR

(230~260 pg CHL) . L7z3-T, b 4 WHEILE
B & OFUSHEIE WS, NCh ERIEL, L
RIS, 72N REFENLT =/ —VEELRIL
EEBLAWTHY, NOM ORI n— & L TR
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FEL7=. NOM OBEEMIOHIIIL, HIEEERICHE
B LIEER0A, NCeFP #ETES¥AHMAHD
EMdohotn, O BAERBIO K HBE LT-WHEIC
DOWTH, FVATATE FEXBAEELRBIIFLE.
L7230 T, Oy BIZ L o T, NC:FP #ET 2859
BHR—EAERSNB Z bt Z0dh, X
BiER, o UL FHRICERI VR VETH Y, BER
M—HETH NCh & DEUSHEITR 225 Z LARENT.

TNV, RREEE, Im—R, TF )\, BilER
D SEFEIZ W, HTEEIIBEY 3mg CLIZL TR
FHITof. HFEIZL 5T NCLFP 2MET L7-EI,
HIEA IR OB LT 23> TIE FORBE TR X <
2, EBTLR»oWE A SREL» L2 ThH
EEAEEDbLRRo (KERE .

NCLFP #MET L7=84, NCLEEEE ThHsd NH; S
EDX S REA~E TR LD, 7= ) —NiiEE
Wl LT, BROWEDEHLRE LS (NH; : 045
~047 mgNL) . NHLOADEE, HERIFEH O TN i<
01 mg NL, NO;~, NO; i3V v§* 1 §< 002 mg NL Th-
=. —h, 7=/—)V Qmg CL) V#EEFETHES, &
FUBEHE O TNIE 017 mg NL, NOs~, NO Wi h<
02 mg NL Thotm. TN & NGO, NO, DEHR NOC &
TARE, 7=/ —ANREELEREED TN X NOC Th
BEEZLND (NH; LR & ORIGHITIERITERH
THo B, 4 hBIRBEEL TWARWEEZ b0,
BIE L TRWRUVBE<002 mg NL &2 L) . Lz
2T, 7=/ —VPIEFELEEE, NChiZ7 =/ —t
IS L, TO—ERENOC ~LizoT=T-), NCFP DI
Tz oiotc b EX bz,

(3) NCEFPIZE KIFT OALEDRE

(T, FERBICROT, O BRH%IZ NCLFP 23
MLUTW AN RENE (B2 . &FiTiE, =50
YE A VT GAEERRSITV, NC-FP ~DEEIZD
WTRBT L. NH; 01mgNL) ZREE L L, T
NC-FP 2MET L7378 5 5, SRNOM, 7=/
=N\, TANEBEITFEEY (ImgCL) &Lk

R4 iz, HEEEEYTEET TO NH:; O NCEFPIZR X
I$T O B OS5 Y. SRNOM &7 =/ — VDR,
O LA D NCLFP i3, OAERIZ~TH#mL, Fh
AL 150 3 LUF 240 pg CHL iZ72 7=, O 00BH% DR
EEEIIWTNLIET LR —F, 72AB0ES,
NCLFP it OGUEBRIE CIE LA EBD L Rdof, HR
BT, O BRI, 23, SRNOM, 7=
7=, TENBOVTIORS Y, NLEBEX 04
BRIE TIREAEED LD,

7= /=N, OvF & DRSS SV WERET

400 10
T NCI,-FP
o O ERHERE | 18

L RS

w
8
%

72

NCI-EP (g Cly/L)
n
s
HERHR R (g ClL)

100 F N
N

0 § 0
2 E # B % E @
® © & ¢ & o o
® SRNOM THIVER

Jx/—ib

B4 HEWEEET CONBONCHPICE LIZT OB OE
@ (MI], 0.1 mBN/L ’ wg: 1 mgC/L N mﬁﬁﬁy
24h ; 4L OTREESR, 1.0:02mgChL ; pH7 ; 20°0)

HAD D SRNOM & 7 = /) —/VORERIT, OBz L -
T, HHEERSS NCh & OIS E LIS L=
7o, NCLFP L= LE2 bhi-. B, 7=/
— VDN O LD NCFP DA & o =B, &
MRTIIARIZTE 2D o7am, FlZIE OB THER
LR 72BN Oy SVERAE AR OB VS HERI S hu 7.
O AN OV TR, (@NZRVT, NCLFP (28
EBLELME L BLES R mWER Do &
PRENTVWS (E38H) |

T E MBI OWVTIY, O URIC & o TRt
ERIG LTV 2 o708, FOME D NCI-FP ~
DEGREN T INBRLEFRE Thon-0, O LB
A% T NC-FP 231E & A E DL ed o LRI S,

400 10
| = NCLFP
OERHBRR 418

300 t

NCI-FP (ug Cl/L)
=
Q
HWRHER (mg ClyL)

100.

E-5 PLFAONCLFPIZB LIETOABOEE (PLFA, 01 mg
NL ; BUSESR, 24 h; 24 Wi OWMEER, 10202 mg
CLL ; pH70 ; 20C)
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EFFECTS OF OZONATION ON TRICHLORAMINE FORMATION POTENTIAL

Koji KOSAKA, Keisuke FUKUDA, Reina NAKAMURA, Naoya KOBASHIGAWA,
Mari ASAMI, Shinya ECHIGO and Michihiro AKIBA

Trichloramine is one of the major chlorinous odor compounds in drinking water. Trichloramine
formation potential upon chlorination increased after ozonation at actual water purification processes. The
formation potential, however, decreased after following activated carbon process. Thus, the levels of the
trichloramine formation potential after activated carbon process was similar to or lower than that before
ozonation. It was considered that one of the reasons of the increase of trichloramine formation potential
after ozonation was the change of the chemical structures of natural organic matter in the process water
by ozonation, and the amounts of reaction sites which affected trichloramine formation potential was
decreased. It was also condiered that phenolic groups were important reaction sites for this reaction.
Trichloramine formation potential upon chlorinataion decreased when free chlorine concentration

decreased and pH of the sample increased at 8,
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ABSTRACT

To identify the primary fraction of dissolved organic matter (DOM) responsible for chlorinous odor,
waters treated by the conventional treatment (i.e., coagulation, flocculation, sedimentation and rapid
sand filtration (RSF)) and ozonation were characterized by a fractionation technique prior to chlorination.
Furthermore, chlorinous odor strengths originated from organic fractions were compared with that
resulted from trichloramine (NCl3). Odor strengths and trichloramine concentrations were determined
by the triangle sensory test and head space-GC/MS, respectively. The major DOM fraction for outlet water
of RSF was hydrophobic acid (HoA), whereas the hydrophilic acid (HiA) fraction was dominant in the
ozonated water. For-a fixed DOC level (1 mgC/L), the base (Bas) or hydrophilic base (HiB) fraction was
found to be the major organic precursor of chlorinous odor for the effluent of RSF. Even the mass per-
centages of DOM fractions in RSF water were considered, Bas was the major DOM fractions responsible
for chlorinous odor. For ozonated water, two major precursors of chlorinous odor were HiA and hy-
drophilic neutral (HiN) fractions. Furthermore, the influence of trichloramine on chlorinous odor in-
tensity for ozonated water should not be negligible. Under variation of seasonal organic contents,
changes in precursors of chlorinous odor were observed.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

organic materials, is believed to be a major precursor of chlorinous
odor (Freuze ef al, 200%; Brosilon et ol 2008). However, the

Chlorinous odor, an undesired smell produced during chlori-
nation, can lead to consumers' suspicion on tap water quality
(Brachet ot ai., 2004, Yanagibashi, 2008). To avoid this negative
public perception on water supply service, the appropriate control
of chlorinous odor is necessary. Trichloramine (NCl3) has been
considered as a major compound causing chlorinous odor (Yiiy and
; i1, 1940), and it is formed when ammonium ion (NH4")
and some nitrogenous organic compounds react with chlorine.
However, the odor threshold concentration of trichloramine
(3.4 pg/L as NCl3) is still higher (i.e., its odor is less intense) than
those of some chlorinated-organic compounds (e.g., N-chlor-
oaldimines) (Freuze ot al, 2004, 2005; Yanagibashi, 2008). Thus,
the studies on the chlorinous odor have 1ecent1y focused on orgamc
odor precursors (e.g., amino acids) (freuze ¢t al, 2005; Brosifion
et al, 2008),

Dissolved organic matter (DOM), a heterogeneous mixture of

* Corresponding author.

E-mail address: s ii (S. Phattarapattamawong).

0043 1354/@ 2615 Elsevier Ltd, Al ughts reserved.

chemical characteristics of the organic precursors are not fully
understood. Identifying the DOM fractions responsible for chlor-
inous odor formation is an important step for designing treatment
processes for chlorinous odor control because different DOM frac-
tions behave differently. For example, compounds with high hy-
drophobicity and large molecular weight (MW) are easily removed
in coagulation/flocculation, sedimentation, and sand filtration,
while compounds that are low hydrophobicity or low MW (e.g.,
amino acids) are not effectively removed in these processes. Also,
DOM can be converted into smaller compounds in ozonation
(Marhaba and Vau, 2000, Chianyg ef al., 2002). Our previous study
found that the ozonation could reduce chlorinous odor formatmn
potential by approximately 50% (Phattarapatiamawong et al, 2011).
Howevery, it is still unclear which DOM fraction is mainly respon-
sible for chlorinous odor formation and if chemical oxidation (e.g.,
ozonation) changes the relative importance of DOM fraction with
respect to chlorinous odor.

A common approach to isolate the fraction of DOM that has
similar chemical properties is a technique of resin-adsorption
chromatography. The method is the separation based on the
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amphiphilic and amphoteric properties. Briefly, hydrophobic sub-
stances (i.e. humic and fulvic compounds) that is adsorbed at acidic
pH onto the XAD-8 resin is separated from hydrophilic fractions
(Leenhear, 1981). The XAD-4 resin is used for separating the
transphilic fraction, intermediate polar compounds, from hydro-
philic fractions. All fractions are more or less reactive to chlorine.
Hydrophilic fractions were the greater chlorine consumer than
hydrophobic compounds (i.e., humic and fulvic acids) which were
more reactive to chlorine than transphilic fractions (Crouc ¢t al,
2000). Leenhesy (2004 found that amino groups (i.e, common
exhibited in hydrophilic base fraction) were highly reactive to
chlorine. Then, it is reasonable to believe that hydrophilic fractions
of DOM that become predominant in finished water are more sig-
nificant to be precursors of chlorinous odor, particular in hydro-
philic bases. However, little information on chlorinous odor is
available due to the complexity and heterogeneity of DOM.
Therefore, isolation of DOM prior chlorination is an important step
to understand the role of DOM on the formation of chlorinous odor.

The objective of the study is to identify the major DOM fraction
causing chlorinous odor in water treated by the conventional
treatment (i.e., coagulation, sedimentation, and Rapid Sand Filtra-
tion (RSF)) and ozonation. DOM fractions were isolated by a resin
chromatography technique prior to chlorination. Also, relative
importance of organic odor compounds and inorganic substances
(i.e., trichloramine) was compared. Furthermore, the consistency of
chlorinous odor precursors under seasonal variation was investi-
gated. The major organic fraction responsible for chlorinous odor
was firstly introduced in the study. This can provide information on
designing a treatment process after ozonation for control of
chlorinous odor.

2. Materials and methods
2.1. Water samples

The RSF water was collected several times at a drinking water
treatment plant. The treatment process consisted of coagulation/
flocculation, sedimentation, and RSF. The sample water after RSF
was collected in 20-L tanks and stored at 4 °C before fractionation.
To compare the seasonal contribution of DOM fractions to chlor-
inous odor, 100 L of RSF waters were collected in the autumn
(hereinafter referred to RSFW1: dissolved organic carbon (DOC),
0.84 mg/L; pH, 7.1; ammonium ion (NHs*), 1 ug/L; bromide ion
(Br7), 22 pg/L) and in the spring (hereinafter called to RSFW2: DOC,
0.86 mg/L; pH, 7.4; NH4*, 2 pg/L, Br~, 40 pg/L). These two seasons
were selected because they presumably presented high concen-
trations of amino acids than summer and winter (Brosition et al,
200%). Also, summer samples may contain too much other odor
compounds such as 2-MIB and interfere the evaluation of chlor-
inous odor. A similar thing could be for winter samples, it may
contain too much inorganic ammonia that may interfere the
assessment of organic fraction responsible for the odor. To study
the effect of ozonation on chlorinous odor precursors, RSFW2 was
ozonated with a pilot-scale ozone contactor in the counter-current
mode at an ozone dose of 1.75 mgOs/L for 30 min. The ozonated
water was named as OW (DOC, 0.85 mg/L; pH, 7.0; NH4*, 4 pg/L,

Br~, 7 pg/L).
2.2. Chemicals

All the chemicals were purchased from Wako Pure Chemical
Industries (Japan), except o-dianisidine dihydrichloride, which was
purchased from Tokyo Kasei Kogyo Co., Ltd (Japan). Ultra-pure
water (Milli-Q water), produced by a Millipore (Tokyo, Japan)
Acadamic-A10 purification system, was used for preparing stock

solutions. Trichloramine stock solution was prepared by mixing
ammenium nitrogen standard solution (NH4Cl) and sodium hypo-
chlorite solution at a molar ratio of 1:3.15 under an acidic condition
(adjusted with sulfuric acid to pH 3—4). Then, the stock solution
without headspaces was stored in the dark for 24 h. Trichloramine
concentration of the stock solution was measured by direct UV
measurement at 336 nm (e = 190 M~ em™") (Schurior of al., 1993),
The concentration of sodium hypochlorite solution (at least 5%) was
determined by the DPD-ferrous titration method (APHA ot 4.
2008).

2.3. Fractionation

A resin adsorption chromatography technique was used
(Leenheer, 2004; fo, 2008). DAX-8 resin (Sigma—Aldrich), Dowex*-
Marathon®- MSC strong cation-exchange resin (Dow Chemical),
Amberlite® XAD-4 (Rohm and Haas), and Dowex®-Marathon®-
MSA strong anion-exchange resin (Dow Chemical) were employed
for separation. For each DAX-8, MSC and MSA columns, 0.5 L (wet
volume) of resin was used. For XAD-4, 0.2 L (wet volume) was filled
in the cartridge. All columns were cleaned with Milli-Q water till
the effluent DOC concentration was less than 0.2 mg/L. The flow
diagram of the fractionation procedure is shown in Figz. 1. One
hundred litter of the sample water was adjusted to pH 2 with HCl
before feeding at the rate of 15 bed volume/hr (BV/hr) to the col-
umns of DAX-8, MSC, and XAD-4, connected in series (Stage 1). The
hydrophobic acid (HoA) fraction in the DAX-8 resin at stage 1 was
eluted with 0.01 N NaOH at the flow rate of 5 BV/hr. Acetonitrile
(75%) with the flow rate of 5 BV/hr was used to elute the organic
matters on DAX-8 and XAD-4 resins at stage 1, and the obtained
organic matters were referred as hydrophobic neutral (HoN) and
transphilic (Trs) fractions, respectively. After stage 1, the sample pH
was neutralized (pH 7) and fed to the column of MSA (Stage 2) at
the flow rate of 15 BV/hr, The organic fraction desorbed from the
MSA column with 1 N NaCl was called as hydrophilic acid (HiA). A
fraction of the eluent (1 N HCl solution) from MSC resin was
alkalized to pH 12, and was passed through the column of DAX-8
(Stage 3) at the flow rate of 5 BV/hr. The remaining organic mat-
ters in the eluent that was not adsorbed by DAX-8 in the stage 3
were called as hydrophilic base (HiB). The fraction of hydrophobic
base (HoB) in DAX-8 of stage 3 was eluted with 75% acetonitrile
(CH3CN) with the flow rate of 5 BV/hr. The DOM fraction that was
not retained by this operation was considered as hydrophilic
neutral (HiN) fraction. The bulk water (i.e., RSFW1, RSFW2, and
OW) was called as “Control.” The DOC concentrations of each
fraction were calculated as below:

DOM = DOC1 (1)
DOC of HoA = DOC3 x volume of eluent/sample volume (2)
‘DOC of HoN = DOC1 — DOC2 — HoA (3)
DOC of HoB = DOC7 -~ DOC8 (4)
DOC of HiB = DOC8 x volume of eluent/sample volume (5)
DOC of Trs = DOC4 — DOC5 (6)
DOC of HIA = DOCS — DOC6 (7)
DOC of HiN = DOC6 (8)

The isolates were concentrated by a vacuum evaporator (Rotary
evaporator RE71, Yamato). The recovery of DOM was in the range of
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Fig. 1. The schematic diagram of the procedure for DOM fractionations.

78—104% with the averaged DOC recovery of 88-91%
(Supptementary Information 1), The pH of the concentrates was
neutralized in order to minimize the decomposition of organic
compounds, and stored at 4 °C.

2.4, Chlorination

The DOCs of all the fractions were adjusted to approximately
1 mg/L with Milli-Q water. The DOCs of original samples were
adjusted by using the vacuum evaporator. The concentration of
residual chlorine after 1 day was controlled at 1 mg/L. All the an-
alyses were duplicated for quality control. Note that “odor strength”
mentioned in this study means the odor strength after this chlo-
rination process.

2.5. Analytical methods

The DOC of the samples was analysed with a TOC-5000 A
analyser (Shimadzu). The specific UV-absorbance (SUVA), an
indicator for aromatic content, was calculated as the ratio of
the UVy3s4 to DOC. Odor strength was determined by a triangle
sensory test. The detailed procedure was described elsewhere
(Phattarapattamawong ef al, 2011). In short, the samples were
diluted with Milli-Q water at various dilution ratios (ranging from 5
to 400), and twa blanks were prepared for each diluted sample. The
sample and blank flasks were incubated at 40 °C for 20 min before
delivering to panelists. Six panelists were separately asked to
identify the flask with odor out of the three flasks (identical in
appearance). The highest dilution ratio that a panellist could detect,
the odor strength (dimensionless number), is expressed with the
unit of Threshold Odour Number (TON). Any TON value (odor
strength) shown in this study is a geometric mean of TON values,
obtained from four panellists (excluding -the highest and lowest
values). The sensory test was duplicated for all the samples. Tri~
chloramine concentrations were measured with a gas chromato-
graph (GC) {6890 Plus, Agilent) connected to a mass spectrometer
(MS) (JMS-AX505H, JEOL). The method originally developed by
Rosaka et al {2009), and used with minor modification
(Phatrarapattamawong et al, 2011). In short, trichloramine was
separated with a HP1IMS capillary column (15 m x 0.25 mm
i.d. x 0.32 um, J&W Scientific). Then, it was detected by selected ion
monitoring mode (m/z = 118.9096 for quantification; 84.0000 and
86.0000 for confirmation). The detection limit was 15 pg/L as NCls.

3. Results and discussion

3.1. The seasonal contribution of DOM fractions to chlorinous odor
in RSFW1 and RSFW2

The DOC concentrations of the DOM fractions (in parentheses)
and their percentages to the original DOC for the RSFW1 (0.84 mg/
L) and RSFW?2 (0.86 mg/L) are shown in Fig. 2, The HoA fraction was
the major DOM fraction and its percentages were 32.3% and 28.6%
for RSFW1 and RSFW2, respectively. Both concentrations of HoA
were similar (0.27 mg/L for RSFW1 and 0.25 mg/L for RSFW2). The
second predominant fraction was difficult to be identified due to it
depended on the seasonal variation. The secondary large fraction in
the autumn (RSFW1) was HiA fraction, while that in the spring
(RSFW2) was the Trs fraction. These indicated that the concentra-
tion of hydrophobic compounds in water treated by a series of
coagulation/flocculation, sedimentation and RSF was season-
independent, whereas the non-hydrophobic content was sensi-
tive to season change. The uncertainty in non-hydrophobic content
can be explained by the ineffective removal of hydrophilic com-
pounds by physical treatments (i.e., coagulation/flocculation, RSF)
(Croue et al, 1993). The concentration of the HoB fraction for
RSFW1 was negligible (less than 1% of DOM fractions). Thus, the
summation of HoB and HiB (hereinafter called to Bas) was used for
fractionation of RSFW2 samples in order to save time for the frac-
tionation process. To obtain the DOC concentration of the Bas
fraction in DOC7, DOC4 was subtracted from DOC2.

To compare the odor strength in the DOM fraction, the con-
centration of DOC was normalized to 1 mg/L prior to the sensory
test. For RSFW1, the HiB fraction, which presumably consists of
amino acids, exhibited the strongest average odor strength (140
TON) among all DOM fractions as seen in Table 1. The HiN fraction
also presented strong odor strength (72 TON), when compared to
the odor strength of the control sample (63 TON). The other frac-
tions showed less odor strength than the control sample. Thus, HiB
fraction was the major DOM fraction causing chlorinous odor at a
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Fig. 2. The DOC concentrations (mg/L), shown in parentheses, and their percentages in the DOM fractions for a) RSFW1 and b) RSFW2.

fixed DOC level for RSFW1. Similar results were observed in RSFW2,
indicated by the highest odor strength in the Bas fraction. This is the
first time, to our knowledge, that the Bas fraction (or HiB fraction) is
identified as the major precursor of chlorinous odor among DOM
fractions. Because of the difficulties in the removal of inorganic ions
without disturbing the nature of organic matters, the odor
strengths were determined in the presence of bromide and
ammonium ions, and their effects on chlorinous odor formation
will be discussed later.

To identify the DOM fraction responsible for chlorinous odor in
bulk water, the odor strength contribution (OSC), the odor strength
for DOC of 1 mg/L multiplied by the concentration of DOM isolation,
was used. The HiB fraction for RSFW1 and the Bas fraction for
RSFW2 showed the highest OSC responsible for 13.4 and 164,
respectively (Tabie 1). The OSC of HoB for RSFW1 was extremely
low (0.2). Thus, the HiB fraction was the primary precursors of the
chlorinous odor in water after RSF. Chlorination of the HiB fraction
presented the highest odor strength and OSC even if organic con-
tents in DOM were season-dependent. This is suspected that pre-
cursors of chlorinous odor such as amino acids still remains in the
water, and its products after reacting to chlorine generate un-
pleasant smell (Freuze ¢t al., 2004, 2605). Hence, the removal of HiB
fraction prior to chlorination is necessary for the control of chlor-
inous odor. The second major OSC for RSFW1 was dissimilar to that
for RSFW2. The second OSC for RSFW1 was the HiA fraction,
whereas that for RSFW2 was the HoA fraction. Therefore, seasonal
organic contents of DOM caused the different organic precursors of
chlorinous odor although the conventional treatment was used for
removing large-and-high hydrophobic compounds.

‘Tabie 2 shows chemical properties of RSFW1 and RSFW?2, and

Table 1
Comparing odor strength and odor strength contribution (OSC) in organic fractions
between RSFW1 and RSFW2 (DOC ~ 1 mg/L; residual chlorine ~ 1 mg/L after 24 h).

Organic TON 0sC
fraction RSFW1 RSFW2 RSFW1 RSFW2
Control 636 525 62.8 523
HoA 25+ 12 57 +23 8.1 164
HoN 42 + 10 24+ 10 3.0 18
JTrs 511 24 +10 9.1 44
HiA 462 32+17 104 4.8
HiN 72+9 34+10 6.8 59
Bas HiB 140 + 65 141+ 75 134 164
HoB 38x14 0.2

their DOM fractions after adjusting DOC to approximately 1 mgj/L.
For RSFW1, the chlorination of HoB fraction under low ammonium
ion (3 pg/L) produced very high concentration of trichloramine
(251 pg/L as NCl3), indicated that HoB fraction mainly contained of
organic structures with nitrogen. However, the HoB did not exhibit
high odor strength after chlorination, indicating that trichloramine
is not a major contributor to chlorinous odor. Trichloramine con-
centrations were extremely low for HiB fraction (below detection
limit after chlorination) even though the HiB fraction contained the
highest concentration of ammonium ion (90 pg/L) among the DOM
fractions. These unexpected results may be explained by the hy-
pothesis that organic compounds in both HiB and HoB fractions are
highly reactive to chlorine (faster than ammonium ion in case of
organic compounds in HiB fraction), but their chlorination
byproducts are different. The chlorination of HoB fraction primarily
produces inorganic chlorinated byproducts (e.g., trichloramines),
whereas the chlorination of HiB fraction mainly induces the for-
mation of chlorinated organic byproducts.

Trichloramine concentration was below the detectable level
when Bas fractions for RSFW2 were chlorinated (fabie 2). This
implied that HoB fractions in Bas fractions were rather low reactive
than HiB fractions. Therefore, compounds ranking from the
highest-to-lowest reactivity in Bas fractions were in HiB fractions,
HoB fractions, and ammonium ion, respectively. Furthermore, the
fact of Bas fractions giving the highest OSC and odor strength
clearly showed that our previous conclusion regarding to trichlor-
amine slightly responsible for chlorinous odor was reproducible.

Bromide ion concentrations can promote the formation of
hypobromous acid (HOBr), a stronger oxidant than hypochlorous
acid (HOCI) (Chang et ab, 2001). This led to awareness of HOBr
that may result in the formation of different chlorinous odor
compounds. Bromide ion concentrations before chlorination for
RSFW1 and RSFW2 are presented in Taisle 2. The concentrations of
bromide ion for each fraction were rather low (less than 50 pg/L).
Our previous study found that the elevation of bromide ion to
100 pg/L did not affect the odor strength after chlorination
(Phattarapattamawong et al., 2011). Thus, the effects of bromide
ions on the formations of chlorinous odor compounds were
neglected in this study.

To estimate the chlorine demand of organic compounds in each
fraction, chlorine consumption by ammonium ion was considered.
The formula to calculate chlorine consumption by ammonium ion
(with the molar ratio of 1.5 (chlorine):1 (ammonium ion)) is based
on the assumption that nitrogen gas (N3) is the major end-product.
Chlorine demands by organic compounds and ammonium ions in
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Table 2

Chemical properties for RSFW1 and RSFW2, and their DOM fractions after adjusting DOC (The presented values were averages of duplicated data, except HoB because of the

limited mass of HoB fraction for RSFW1).

Sample Parameter Control HoA HoN Trs HiA Bas HiN
HoB HiB

RSFW1 Chlorine demand (mg/L) 1.90 1.99 1.48 142 1.93 1.37 2.70 1.90
Residual chlorine (mg/L) 0.95 0.80 0.93 1.02 0.85 0.97 0.92 0.98
Adjusted DOC (mg/L) 0.84 1.00 1.01 1.02 0.93 1.01 0.89 0.85
NH4™ (ng/L) 6 11 11 16 74 3 90 44
pH 7.5 7.5 76 74 7.4 7.1 7.1 7.6
UVas4 (cm™") 0.021 0.026 0.010 0.001 0.009 0.001 0.008 0.004
SUVA(Lm ' mg™1) 237 2,61 0.95 0.07 0.94 0.10 0.91 0.38
Br (ng/L) 22 41 7 4 n/d n/d n/d 31
NCl; (pg/L as NCl3) 103 57 83 169 n/d 251 n/d 44

RSFW2 Chlorine demand (mg/L) 2.00 1.98 132 239 1.74 3.06 1.70
Residual chlorine (mg/L) 0.99 0.87 0.89 0.97 0.78 1.12 1.17
Adjusted DOC (mg/L) 0.86 1.11 0.99 1.09 1.00 1.02 0.81
NH4™ (ng/L) 2 92 19 52 51 121 105
pH 7.1 7.0 6.8 6.9 7.5 7.2 7.0
UVss4 (Cm”]) 0.009 0.009 0.003 0.010 0.005 0.012 0.000
SUVA (Lm~! mg™!) 1.05 0.81 0.30 0.92 0.50 1.18 0.00
Br~ (ug/L) 40 19 n/d n/d n/d n/d 47
NCls (pg/L as NCl) 43 38 70 111 34 n/d 41

Note: n/d Non detectable.

each fraction are summarized in Taiie 3. Among the DOM fractions,
HiB and Bas fractions accounted for the highest chlorine demand by
organic compounds (2.02 mg/L as Cl; for HiB fractions and 2.14 mg/
L as Cl for Bas fractions) for a fixed DOC. This is in agreement with a
previous study that amino sugars and amino groups in a Bas frac-
tion (HiB + HoB) showed a significant chlorine demand (L.eenheer,
2{304). The second largest consumer of chlorine for RSFW1 was
different from that for RSFW2. The second largest consumer of
chiorine for RSFW1 was the HoA fraction (1.90 mg/L as Cl), while
that for RSFW2 was the Trs fraction (1.99 mg/L as Cly). The organic
fraction with high chlorine demands was initially expected to
contribute the great odor strength. This is true for the case of Bas
fractions. However, the contrast was found for HoA and Trs frac-
tions in RSFW1 and RSFW2, respectively. This indicated that an
amount of reacted chlorine did not directly associate with the
chlorinous odor intensity. The major factor of odor generation was
played on characteristics of organic compounds.

To evaluate the odor strength originated from organic com-
pounds, the term ‘estimated odor strength’ from trichloramine was
used. This is defined as the ratio of the detected trichloramine
concentration to the odor threshold concentration of trichloramine
(3.4 ug/L as NCl3) (Yanagibashi, 2008). The assumption for the
evaluation is that the total odor strength is equivalent to the
summation of individual odor strengths. Thus, the odor strength
contributed from organic compounds can be calculated from sub-
traction of the estimated odor strength from the total odor
strength. Odor strengths of the DOM fractions and the contribu-
tions of trichloramine to odor strength are shown in 7abis 4. The

estimated odor strength from trichloramine in the original RSF
water (30 and 13 TON for RSFW1 and RSFW2, respectively) was
lower than observed odor strengths (63 and 52 TON for RSFW1 and
RSFW2, respectively). This indicates that the chlorinous odor does
not consist of only trichloramine, but also unidentified odor com-
pounds. In addition, because of very low contribution of trichlor-
amine to the odor strength in Bas (for RSFW2), HiB and HiA
fractions (for RSFW1), it is clear that organic compounds in Bas and
HiA fractions were the major components causing chlorinous odor
as mentioned above. Estimated odor strength for some fractions
(i.e., HoB for RSFW1 and Trs for RSFW2) was higher than observed
odor strengths. This inconsistency may be explained by the fact that
the calculation is based on the maximum potential for trichlor-
amine contributing to odor strength. Note that the odor strength
threshold concentration of trichloramine (3.4 pg/L as NCl3) used in
this study is 10-times lower than that reported by Bruchet e 4k
{20043,

3.2. The effect of ozonation on the DOM fractions contributing to
chlorinous odor

Water samples were collected at the outlet of RSF process and
ozonation to study not only the influence of ozonation on the
organic fraction causing chlorinous odor, but also the remaining
fractions responsible for chlorinous odor after ozonation. The DOC
concentrations of the DOM fraction and their DOC percentages for
the water after ozonation were summarized in ¥ig. 3. Comparing
the DOM between RSFW2 and OW, ozonation changed the property

Table 3
Chlorine demands of organic compounds in each fraction for RSFW1 and RSFW2.
Sample Parameter Control HoA HoN Trs HiA Bas HiN
HoB" HiB
RSFW1 Total chlorine demand (mg/L) 1.90 1.99 1.48 142 193 1.37 2.70 1.90
Chlorine consumption by ammonium ions (mg/L) 0.05 0.09 0.08 0.12 0.57 0.02 0.68 0.33
Chlorine consumption by organic matters (mg/L) 1.85 1.90 140 130 136 1.35 202 1.57
RSFW2 Total chlorine demand (mg/L) 2.00 1.98 1.32 239 1.74 3.06 1.70
Chlorine consumption by ammonium ions (mg/L) 0.02 0.70 0.14 040 03¢ 0.92 0.80
Chlorine consumption by organic matters (mg/L) 1.98 1.28 1.18 1.99 1.35 214 0.90

Note: * Data was not repeated.
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Table 4
Observed odor strengths compared to the estimated odor strength from trichloramine concentration for RSFW1 and RSFW2.

Sample Parameter Control HoA HoN Trs | HiA Bas HiN

HoB" HiB

RSFW1 Observed odor strength (observed TON) 63 25 42 51 46 38 140 72
’ Estimated odor strength 30 17 24 50 nfd 74 n/d 44

RSFW2 Observed odor strength (observed TON) 52 57 24 24 32 141 34

Estimated odor strength 13 11 21 33 10 n/d 12

Note: * Data was not repeated.
n/d Non detectable.
of DOM significantly. The concentration of Bas fractions in RSFW2 250 T T T T T T 100
was 0.10 mg/L (Fiz. 2). After ozonation, DOC of Bas fraction was Odar strength contribution (RSFW2)
recluce_d by 50% als sé]ow;: 1];1- §~z? 3. Slmlllf\]r trend was al?o found in ® Odor strength contribution (OW)
the oxidation of hydrophobic fraction (HoA + HoN). After ozona- 200 - Odar strength (RSFW2) 1o

tion, the DOC concentration of HoA and HoN fractions decreased by
more than 50%, whereas DOC concentrations of HiA, HiN and Trs
fractions were increased by 57,12, and 16%, respectively. This can be
explained with the hypothesis that after organic compounds in
hydrophobic fraction were oxidized by O3 and «OH, the products
become more hydrophilic (e.g., carboxylic acids and alcohols). This
assumption is supported by the fact that O3 and eOH can react
quickly with double bonds, aromatic compounds and deprotonated
amines (vonr Gunten, 2003). Muang et al. {2005 also reported that
the concentration of aromatics, amines and amino acids, commonly
presented in Bas fraction, could be decreased by ozonation,
whereas the increase of alcohols and aliphatic carboxylic acids
were observed. Chang ef al, (2002} found that ozonation could
decrease aromatic C=C double bonds, whereas the structures of
single bond (e.g., O—H, C—H) was present in ozonated water.
Therefore, hydrophilic fraction (i.e., HiA, HiN, and Bas) became
dominant in the ozonated water, accounting for 62% of DOM.

Fig. 4 shows the odor strength and the odor strength contri-
butions (0OSC) for the DOM fractions of water before and after
ozonation. Under the same concentration of DOC, odor strengths of
several non-hydrophobic fractions (HiA, HiN and Trs) increased by
30—50% with ozonation, while the odor strength of the Bas fraction
decreased approximately 60%. Furthermore, the odor strength of
the HoA fraction decreased from 57 TON to 20 TON, when RSFW2
was ozonated. This indicated that precursors of strong odor com-
pounds in Bas and HoA fractions were oxidized by ozonation and
their products were in Trs, HiA, and HiN fractions in which its odor
strength (TON) was less than the original odor precursors in HoA
and Bas fractions. Previous studies found that ozonation can oxidize
and convert amino acids (chlorinous odor precursors) to nitrate ion
(chlorine-resistant substances) (Berger er al, 1949 Leitner ot al,

HoA

0.02)
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10.05) e

019

Fig. 3. The DOC concentrations (in parentheses) and the percentages of DOM fractions
after ozonation (OW).
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Fig. 4. The odor strengths (TONs) (DOC ~ 1 mg/L; residual chlorine ~ 1 mg/L after 24 h)
and odor strength contributions (0SCs) for RSFW2 and OW.

2002 and references therein). This resulted in the odor strength
of the control sample (bulk DOC) for OW (25 TON) decreased by
50% compared to RSFW2 (52 TON), while changes in DOC con-
centration were not observed.

When compared to RSFW2, the DOC concentration of HiA
fraction after ozonation greatly increased (by 57%), leading to the
higher OSC for HiA fraction (21) than Bas fraction (3). Thus, the
major fraction responsible for chlorinous odor changed from Bas to
HiA by ozonation. The second dominant contributor to chlorinous
odor was the HiN fraction with the OSC of 14. The third major
fraction was Trs, indicated by the OSC of 8. OSC for other fractions
was less than 3.

Table 5 shows the chemical properties of OW. The SUVA value of
OW was lower than that of RSFW2 by 0.94 L m~! mg™!, accounted

Table 5

Chemical properties of OW.
Parameter Control HoA HoN Trs HiA HIiN  Bas
Chlorine demand (mg/L) 1.57 132 134 184 132 116 294

" Residual chlorine (mg/L) 1.28 094 1.08 114 077 076 122

Adjusted DOC (mg/L) 1.10 1.02 096 098 1.09 087 1.06
NH4t (ng/L) 4 22 2 10 69 33 117
pH 7.3 7.1 7.1 6.9 7.2 7.1 6.9
UVas4 (cm™") 0.001  0.006 0.003 0.006 0.002 0.000 0.014
SUVA (Lm~' mg™h) 0.09 059 031 061 018 000 121
104 :
Br (ug/L) 7 32 6 n/d n/d 86 n/d
NCl; (ug/L as NCl3) 68 39 36 66 34 53 n/d

Note: n/d Non detectable.



